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LATEST RESULTS ON EXPERIMENTAL TESTS
OF THE ELECTROWEAK THEORY AT THE CERN Pp COLLIDER

Patrizia Cendi
CERN, {21 Geneva 23, Switzeriand

ABSTRACT

The keptonic and hadromic decays of the Intermediate Vector
(M)thCERNppeoﬂﬂuhavebmw
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1. INTRODUCTION

The successful operation of the CERN pp Collider {1] has given the opportunity to
observe experimentally the existence of the IVB predicted by the by the unified electroweak
theory (2).
Mpcpudnaﬂ:qmmdthemaawmobmhlemmmdhm
channels as measured by the UAJ and UA2

ThedmuﬁcaunnofhpnommtheUAlmdUAZdﬁmnhdhaMTheNanu
and the production cross sections (times branching ratios) ase measured for the different leptonic
decayr These data provide the first teat of the univerlity of the weak coupiings between [VB
and leptoas at Q? = my,*. A study of the aumber of light neutrino specics as a function of the
mpmupufomedﬁommmm‘dvduuofmwt and Z° decay widths. A study of
IVB detection through their hadronic decays is presented and a signat! of a statistical significance
of 3.3 ».d. is reportzd. Finally, the measured Standsrd Model parametens and the theoretical
calculstions are compared.

mmuluplumedeoﬂupondmlh.dauconerudbythe UAl and UA2 experiments
during the whole operational period of the CERN pp Collider (1981/1985) at the center-of-mass
cuergies of /3= 346 GeV and /3@ 630 GeV. The data from the UA2 experiment (3} are final,
whilst those from UAL! arc the latest available at the time of writing {4) but some pumben fom
the electron channel are still preliminary. The integrated luminosities corresponding 10 these data
are shown in Table !

Teble 1:
Integrated Lasninesities (2d~")

Data sample JI= 546 GeV 1= 630 GeV
UA!L UA2 UAl UA2

Weer 136 142 S0 738
Wepr 108 - 551 -
Wer 118 - 597 -
Zee'e 136 142 563 768
Zep'p” 108 . 555 -
W/Z-qq . . . 730

2. LEPTON IDENTIFICATION IN THE UA1 AND UA2 DETECTORS

The identification of TVB and the quantitative measurements of their properties are done
studying their leptonic decays. The design of the UA1 and UA2 detecton is well known and has
been described elsewhers. [5).

Final states containing electrons are the simplest 30 be studied experimentally and have so
far provided the best tests of the Standard Model. The identification of muoas and taus is
possible only in the UA! detector.

. In this section a brief description of the lepton identification criteria used by UAI and UA2
is given.



2.1 Blectron identification "

" Electron candidates are selected by a scries of cuts requiring consistency betwrco
caonmetes, tracking and (in UA2 only}) preshower wformation. ln additicn the electron
candidate is roquired 10 be “isolated” in the sense that only a small amount of energy should be
observed nearby. These cuts reduce the Large background from QCD jet fragmentation.

Both cxperiments sart with high transverse cocrgy showers in the electromagnetic
calonmeters (Byp> 15 GeV in UAlL >11 GeV in UA2). Cuts are then made on the shower
profile exploiting the four longitudinal samplings available in UA1L and the smalj lateral cell size
of UAZ Small leakage into the hadronic calonimeters is also required, compatible with an
electron of the appropriate energy Nen the presence of a charged track is requised, whose
momentum s compauble with the showm cnargy. In UA2, track momentun measurement s
only posuble in the forward regions (20° < 8 < 40°, 140 * < # < |60 “ ) unce no magnetic
field 15 preseot in the central detector region. However the detector s equipped with preshower
counters over the full solid angle of the calorimeters, which arc required 10 give a hit compatible
with both the track and calorimeter thower profile. The dealled isolation cuts used can be
found in reference [6). The detection efficiency found by the two experiments is = 75%.

22 Neutrino identification

The presence of a non-interacting particle can be detecled from an apparent lack of
momentum conscrvation. However, since in a typica! Bp collision a large fraction of the epergy
13 camried out by particles that do not leave the vacuum pipe and therefoce remeain undetected,
only the component of the missing momentum transverse 10 the beam direction can be reliably

my
Far cvents containing a lepton candidate of transverse momenturn p-r(. one defines py” as

Frr = ~Ft! - 37

where P is 2 vector with magnitude equal 1o the transverse energy deposited in the it cell of
the calonmeter and ditected from the event vertex to the estimated impact point an the cell. The
sum is extended over all calorimeter cells (excluding the charged lspton). In UAl the jpp”)
distribution is found 1o have an almost gaussian resolution, whilst in UA2 this resolution shows
non-gaussan lails due to the incomplete angular coverage of the calorimeters.

2.3 Muon identification

The UA1 detector is equipped 10 detect muons. The signature for a muon is the existence
of a charged track aligned spatially with signais Lom muon chambers afler more than ¢
interaction lenghts of matedal, and 2 characteristic minimum ionizing energy deposition in the
calorimeter cells crossed by this track. A strong isolation of the muon candidate is required in
order to reduce the background from jets.

2.4 Tan entification ‘
The UAl collaboration exploits its central detector performance to extract a sample of

cvents consistent with the decay W = w, v = 7 + hadrons (x §5% of 2l 7 decays).
Since the r mass is small, these events are characterized by a highly collimaled single jet with
low charged-particle multiplicity. These events are selected by defining a “r likelihood”
combining three vaniables:

P : the fraction of jet energy in a cone . /(A¢® +4n?) < 0.4

1 : the angular scparation of the leading track from the jet axis

o : the charged multiphicity.
The expected probability distributions of these variables f{(F), fir), f{n), are coustructed by
Montz Cardo. The + likelihood is then defined a3

L, = kif(F)xfr)xfta)]
The final + sample is defined a3 those events having L, > 0.



12
3. IVB LEPTONIC DECAYS

The final data samplea for each experiment are isted in Table 2, together with associated

Table 2:

Summary of W and Z event sample
GV 46 630 546 630
Process UAl UA2
Weor sample | 59 240 2 206
signal 522279 219.6+15.6 37.9£6.5 184.6+14.5
background 6.8+1.8 204117 41104 214222
Wespur sample 1Q 7 -
signal 94232 418 . .
bu:ksro und 0.6£0.1 32 - -
W~ sample 32 - -
signal 29.7£5.7 - .
background 23203 - -
Zec*e” sample | 4 28 9 30
[t 8.843.0 289255
background <01 <07 0.2 1.1
Zwp*u~ sample] 4 15
signal
background < 0.l <10

3.1 The W sample

W - e Figure 1 shows the inclusive transverse momentum distributions of the electron
candidates in the two experiments. In both cases & cleer signal is seen at p7® ~ 40 GeVic as
cxpected from W dacay. Figure 2 shows the missing transverse energy distributions of these
events. In the cass of UAL a clear sigral is also seen at pp™138 = 40 GeV. Accordingly the final
W = e sunple is defined by sclecting those events with pp38 > 15 GeV/e. However when
measuring th: W mass, those events whose missing py vectors point within 215 * from the
vertical plane (near the edges of the calorimeter modules) are removed.

In UA2 the partial coverage of the calorimeters gives 2 non-Gaussian resolution function in
PT™* and the W signal is less clearly seen. The situation is improved by increasing the pr® cut
10 20 GeV (shaded area on Figure 2b). In addition UA2 makes a cut on the transverse mass m
of the ev candidate requiring mt > 50 GeVic?, where

my? = 2 pTpT™(1 —cosds)

and A¢ is the angle between the vecton in the plane perpendicular to the beam direction.
The electron pr distributions of the selected events are shown in Figure 3.
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The final sample sclected by UAL contains 299 events with an estimated background of
27.2, while UA2 has 251 cvents with s background of 264 . Due ©© a known track
reconstruction inefiiciency, the UA2 sample used for the cross sections and mass measurements
is reduced 10 248 events. From these numbens, together with the known efficizncies, acceptance

on® = o(fp - W+X)xBR(W = &)

The results obtained are given in Tabic 3 together with the ratios of the eross sections at
the two /s values available, and the theoretical predictions of [7]. The quoted errors are the

statistic and the sysernatic one, respectively. The agreement is good, although the measurements
are systematically above the predictions.

Table 3:
W Productisn Cross Sections (Electron Channel)
Jr 546 GeV 630 Gev
o, w‘(nb) .we(nb) 'we( 630)/ "ve( 546)
UAL 0.55:0.08%0.0% 0.632£0.05£0.10 1.15£0.19
UA2 0.60£0.10£0.07 0.57£0.0520.07 0.95%0.18
+0.13 +0.17
Theory 0'43-0.06 0.53_0.09 1.23
Wl O vkt ldta2e30b”t |
:_' T sectron (onggates E b
< | 4
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Fig. 1: Transverse momentum distributions of inclusive i
. electron candidates:
a) UA1 dasa sample with pr£> 1S GeV/c (1984 dasa only),

b) UA2 data sample with

P> 11 GeV/e (full statistics)
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The transverse mass diyaibutions are used by both experiments to measure the mass and
width of the W. This variable is lesy sensitive to the effect of the pr of the W than the
PT spectrum which has been used in the past. UAL obtaing a background free sample of 149
events for this measurement by cutting both pr° and pp™U8 st 30 GeV/c. The results of this
mdymuenmy:tﬁnl.Fxgtmu:hows!hcm-rd:m'b\monfonhecompmumphwmhﬂ

B

latest fit value is given in Table 4. The UA2 experiment, on the other hand, uses the foll mp
spectrum for pr®> 20 GeVie and includes the estimated background in the it The
experimental distribution is shown in Figure 4b, and the fit results sre summarized in Table 4.
The main systematic emror comes from the absolute calibration of the calorimeters, being $3%
for UAL and 11.6% for UAZ These exrors cancel in the ratio m,/m,,. Both experiments agree
well with each other and with the theoretical expectation (calculated using the measured values
of the coupiing constants [16], the value of sind,, fom neutrino data [18] and the radiative
corrections of reference {17]). Fmvﬂh&umummemndmmdthe
third is the energy scale error. :

Tabie 4:
Mass end Widsh of the W (Electron Channel)
My (GeV/e?) Ty (GeVic") T {upper limit)
'UAI 82.721.022.7 2.87)7 021 <5.4 (902 CL)
UA2 80.220.620.521.3 <7.0 (90% CL)
Theoey - 80.320.9 ’ 2.48
3] 3 L " - o
14
2) UA1 Wesev ) . e
290 EVENTS 52 evi (sVavertiau)
. acn » — :n-:;mau!"
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L1 ] 4
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(shaded ares) using my, = $3.5 GeV/c?.
b) UA2 sampls of 753 events with p1*> 20 GeVic. The solid line shows the total of all
background, the dashed kne shows the contribution from W

contributions

decays for mg ™ 90.2 GeV/c?,

expecistion from all sources including background



16
W~ w,: In order 10 select W decays into muons, 2 muon candidate with a py > 15 GeVic
and the presence of a pp™® > 15 GeV/e are required. The final sample consists of 10 W
events &t /= 546 GeV and 57 W's it f3 630 GeV, with 2 negligible background.

The transverse mass distribution of the u-pT™™ system is shown in Figure § for the W
events ot 630 GeV. The values of cross sections and masses extracted from these data are given
in Table 5 These values are consistent with those found for the electron channel However the
mass resolution is limmited by the precision with which high muon momenta can be measured,
and does not compete with the precision obtained in the electron channels.

Table 5:

Measurements from UAI Muon Events

Vi ow (ab) o7 (pb)
546 GeV 0.5620.1820.12 98" 73220
630 GeV 0.63£0.0820.11 66217211
My {GeV/c?) 81855 3=2.6
m,(GeV/c?) : 90.7%2-223.2
’ | ¥ L ] L 1)
H’-.u’v
wr S7 Events i
L fsx 630 Gav 4
~, 8} 4
~N
>
3 | ]
-
i (18 L .
: po -
§
S -
L J
2F 4
- r -y
0 A
0 50 100 ' 150 200
My (Gev/cY)

ﬂ!.&Tmmmdlb;yr“’i’mhmuMdeopmn
/3= 630GeV. The shaded region shows the expected background coatribution whils the full
curve shows the prediction for s W mas of 83.5 GeV/c?,
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W -+ w,: The sample of W decays into taus is selected by requiring (see section 24)s L, > 0

and a ppfI > 15 GeV. The transverse mass of the r-p' @13 symem is shown in Figure 6,
together with the expectation for a W mass of 83.5 GeVic?, and the calculated background.
Using this date, UA] extracts the cross section

o' = 0632 0.132 0.120b
and a best fit 10 the W mass of

My = 89¢326GV

in good agreement with other determinations.

1 L 1 1 1 F T

~U

S ot UA1 i

& 32 EVENTS Ly >0

= L

]

[~

[¥a)

[

z

wd

>

wd

0 20 W 60 0 w0 120 140
m, (Gev/c?)

Fig. & Trnsversc mass of the r-pp@is sysiem for the UA! sample of W= events. The
shaded area shows the expected while the curve shows the prediction for m,, =
$3.5 GeV/et,
3.2 The Z uample

Z® ~ ¢*s™: An increased rejection against hadronic beckground is achievable by requiring two
electron candidates. Therefore less ~zingent cuts are used for the selection of these events in
order 10 increase the matistics. The data samples are defined by requiring only one clectron
candidate to survive all the cuts. The resuhing mass distributions of the electron pairs are shown
in Figure 7. The Z signal is clearly seen at » 90 GeV, well separated from the QCD background
and the Drell-Yan peir production at lower masses. 1‘h¢ﬁmlnmpbcmddnedbyacmon
the electron pair mass at 70 GeV/e? (UAI) and 76 GeV/e? (UA2) giving umplu of 32 and 39
eventy, with estimated backgrounds of < 0.2 and 1.3 events respectively. The production cross
scctions obtained are given in Table 8 and show a good agrecment with the predictions of [7].

The Z mass and width are extracted from the sub-samples of well measured events, 24 from
UA1 and 25 from UA2. The results are given in Table 7 and compared with the theoretical
value. The sgroement wiik expectation for the Z mass is good.
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Table 7:
Mass axd Width of the Z (Electron Channel)

m; (GeV/c%) T, (GeVied) T, (upper timit)
UAI 93.1¢1.023.1 27730103 <5.2 (90% CL)
UA2 91.5¢1.22£1.7 2.7£2.021.0 <5.6 (90% CL)
Theory 91.620.7 2.54 ~
a) TwO ELECTROMAGNETIC CLUSTERS
-k . 92 Events ]
3
K] QLD Background shape *
E o Devr F
Z sj -
0 .
20 0 0 1] 100 i)
mass (Gev/cl)
2} b)  UAZ: tmal selections .
153 events
3st -
g w0 F 39 events
% r (13 events backgroud
< g F
H-a..0 &%_
9 60 ] 80 90 100

Moy (Gev)

Flig. 7: Electron pairs mass distributions:

a) UAI cvents with two electromagnetic clusters of ET> 15 GeV. The expectation from
QCD is shown as a solid curve. The shaded region indicates the Z+¢*¢~ candidates.

b) UA2 cvents passing all the Z selections except the mam cut at 76 Gev/c2. The shaded
region shows the sample vsed for the evaluation of the Z mass. The dashed curve shows the
expected QCD background.
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Table 8:

Z Production Cross Sectiors (Electron Charnel)

N 546 GeV 630 Gev
a55(pb) o2,°(pb) 0,5(630)/a,F(546)
UAL a2’3: 6 742141l 1.8£0.9
uA2 11639211 731447 0.6+0.3
Theory w2 ss2i? 1.25

Z° + a*r”: The cvents zre sslected requiring two mucn candidnies of py > 15 GeVic. The
final semple consist of 4 Z°1 2t 2 center-of-mass energy of /i 546 GeVoand 15 Z's a1 /3% 630

GeV, with negligible backeround.

The p-p mass distribution of these events is shown in Figure 8. The values of cros sections and

masses extracted from thess data are given in Tzble 5.

6 T T ¥ T i
20 —uty
v SfF 15 Events .
~
% ok -~ ~ISAJET ]
S MM 2901 Gev/sch)
3t -
N —A—
v // I
€ ik —~ N -
Q / \
> : . N
wd 1 L Zz N -
\\—.-
0 / 1 1 1
40 60 80 100 120 10 160
Mass GeV/c?

Fig. & Dimuon raam distribartion for the UAL ssmple of Z»pu cvents at /5 = 630 GeV. The
dotted line thows a prediction for m; = 94.1 GeV from the ISAJET Monte Cario program.
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3.3 Number of
The expected value of the Z width depends crucially on the theoretical mode] used, and in
particular on the number of light neutrinos’ {m, < m,/2). The full width is given by

Ty = IT,(0) + ZT5(q@ + N,T;07)

wher: the first sum is over all charged leptons with masses < m,/2, the second term over all
quk flavours, and the third term over all “light neutrinos”. It is assummed that the charged
me- .oore of aity new families are (0o heavy to contribute. UA1 has set 2 90% confidence Limit
[87 =xcluding new charged leptons with masses less than 41 GeV/c?. Unfortunately, given the
pitsent statistics and mass resolution, a direct measurement of T, (see Table 7) does not yield
aruch information.

A model-dependent method consists of measuring the ratio Regy=oy®/a;, which is
rel:ted to the ratio of the total widths by the equation:

Beutrinos

ogtio,® = [o(pp-= W+ X)/o(Pp—~Z + X) [T {er)/Tolee)] Ty,

This quantity iv well measurad, since the errors on luminosity c.roxl completely and those
.cter aimost completely. The extraciion of T, T, fom this measurement requires the
pina of the couplings of the Standard Model. Thin the 1otal qoss scetion ratio can be
clind, wath to sroor due 10 the upesrtainty wa the siructure functicns. Thy error does aot
cance) dnce the u and d quark structure fuactions cnter diffeseatly for Z aud W production.
Both the cross seciion ratio and the rano of the leptonic widths depend cn sin?éy,, but the
product of the two is insensitive to the value chosen.

The two experiments cbtain the values given in Table 9 (where the UA!l vatue includes
measurements from both the electron and musa channel). UA2 quotes the error duc to the
nnegtanty on the structurs fenctions ssparately in e vpper Bt

Table 9:
The ratio of W and Z widths
R“P [Ty T/ (uper limit)
UAl 9.171"7 0.9873"12 <1.30 (30% CL)
va2 72000 0.8220°17:0.6 | <1.1920.8 (952 L)

Even after the assumptions given above. this ratio is still affected by the cxistence of the
1op quark, mnce no contrivution from Z-» & occurs for my >m,/2, whiie the process W5t can
occur uatil m, > Mg, — my,. The expected variation of ', Ty, s a function of the top quark mass
1s showm in Figure 9 for verious assumed numbers of light neutrino species. The errors on the
predicuons come fiem the error on tin’fy,. Also shown are the two experimenta] measurements,
and the lower limit on ths tep mass fromn experiments at PETRA. Comparing the data points
with zxpectation the coafdence limits of Table 10 are cbtained.

These Lmits are now approaching those from e"e~ machines (N, <5 {9! ) and from
cosmology (N, < 4-6, m, < 1 MeV/c? {10} ). Their reliability would be greatly improved if the
stanstics o the Z were increased aad the top mass known. Progress on both directions may be
expected fro.n future Pp Collider runs at ACOL.

LAl has recently presented a 95% confidence limit {11} on the top quark mass of > $6
GeV. This hes not been used in the above confidence limity tince it depends crucially on a
difficult theoretical calculation of the cross section for Pp-=it+ X. For example, changing this
croas section by a factor 2 (within the uncertainties) would move the limit to 44 GeV.
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Table 10: --

Upper Bmits on the Number of Light Nextrino Species

Independent of my High top maws
UAI " <8 (90% CL) 4 (90% CL, myzmy)
UA2 <7 (95% CL) $3(95% CL, my > 74 GeV/c?)
3.4 Lepton_universelity

The UAI cross section data allow a test {4] of the universality of the weak couplings to e,
n, and r at QF = m, 2 The ratio of the mearured cross soctions, that is not afiected by the
systematics uncerteinties on the luminosity, ix «aual to the rato of the dacay rates T. Nzglecting
*Se very small phase-spoce differences amonyg the different lepionic decay, this ratio is just egual
30 the square of the ratio of the weak coupling constants.
For the charged current couplings UA obtains:

g = 1.01 £ 00720
g/ef = 101+ 011 & 0.06

while for the neutral current couplings they obtain
ghlgt = 1.03 ¢ 0.15¢ 003
conusient with unity as expectzd in the Standard Model

ri /5, ‘L

UAT UAZ L

VA1 90% (L

A2 95% (L . Ny:

e e PEEE R

e,

.6

1 ). !

; . .
0 |
2 60 &0 80 100 m, (GeVi

Fig. 9-Thcnunl‘zfl‘wpredmtedmlheSundudMo‘d:luaﬁxnmnoﬁhewpqwkmmfor
various numbers of light neutrino species. The errors on the predictions are due to the
uncertainties in sin’dy,. Also shown are the regions excluded by PETRA and the UAI and UA2
measurements, .
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4. IVB HADRONIC DECAYS
'mWBmewad:odeayimoquuk-mﬁqwkpdnlﬁthw:ﬂdeﬁnad[lZ]bﬂ.nchin;

[(Wq@IF(Wree) = 6
[(Z+qQ)T(Z<-ec*e") ™ 20

excluding decays with a top Quark in the final state.

The observation of such dzcays is an important check of the Standard Model, and provides
the first test-case of the ability of future Collider expexirnents [13) to perform spectroscopy with
kadron jets identified with their pacent pastons.

The zxperimental requiements are the selection of well measursd jets with optimized mass
2.3 2 gocd contre! of the ovarwhelming background from QCD two jet background.
ns hs et snolgy, 3 ccac is cornstructed around the jet axis, Lakes from the center of the
imierazuog regon to the cenuoid of the calorimeter energy cluster identified [14] as a jet. The
coETgSs d:;:a:izcd in the calorimeser cells within the cone ars added (ogether. The cone opening
angle (= 50%) is chosen in order to optimize the jet energy resolution. Folowing this definition,
a sample of two-jet events well contzined inside the UA2 central caloritmeter (jcos; el < 06
by = jet polar angle) is sclected. A.etofcuuuthmmphed[iﬂwmsmagcodmu:
n:.oluuan for the final sanpls. Only jets well contained both transverszly and longitudinally ia
the calorimeier are consdoed. Additional cuts are made on the transverss moinentumn
unbalance of the two-jet sysiern and on the quality of the jet ceconstruction. The overall
efficiency of the selection procedure is = 66%.

The mass resolution of the two-jet system, determined both by direct measurements and by
Mont: Cardo, is found to be of the order of 8 GeVc? for two-jet masees of 80 GeV/c?, and 9
GeVic? for maxs s of 90 Gevic?. Figure 10 shows the two-jet mass spectrum for the events
taken at ./3=630 GeV comesponding to an integrated luminosity of 730 ob~}. The data are
multiplied by a factor (M/100 G=V)? to reduce the effect of uxing wide mass bns in the steeply
falling QCD distribution. Given the quoted mass resolutions, the W and 7 peaks are not
resolved. However, a breed bump is visible in the expected region of the spectrum.

A maximum likelihood fit 1o these data is made by using the function:

F(m) = Alm~%exp{ —fm) + £S(m)]

The first term in the squers bracket parametrizes the QCD background. The ewcond tem s the
sum of two gauasien disuibutions representing the W oand Z signals respertively. The °%
distributic: 18 2ken to have & mzan value mg and rms. 8 GeV/c?, the Z distribution has mean
value 1.14m, and rm.s. 9 CoV/e?. The relative normalization berween the two gausas-s is
assumed equal to the eapoicd ratio (= 3) betwzen the numbers of observed W and Z devayy.
The parzmeters a, 8 and ¢ are sdiusted to maximize the hkehhood function, the constant A
being calculsted esch tiras 1o provide the appropriate normalization. The mass parameter my is
aither st to the expected vatue, my = 78.5 Gev/c?, or ticated as an additional free parameter.
Io the latter case m, is found to be 82 ¢ 3 GeV, in agreement with the value obtained from the
W leptonic deczys (see saction 3).

The significance of the signal is 3.3 standard deviations, and its magnitude correspands to
632 + 190 events (with m, fixed) and 686 ¢ 210 events (releasing m, in the ft). This number is
consistent with the number of events expectad from the Standzsd Medel after comrecting for the
acceptacce and the efSiciency of the selection criteria. The result of the fit is shown as curve (b)
in the Figure 10. A poor fit to the dats is obtained suppresting the signal temm S(m) in the &t
function (x? = 21.1 for 12 d.of); the fit is good, instead, if the data points contained in the range
65 < m < 105 GeV/c? are excluded (x = 4.7 for 7 d.o.f) as shown ia curve (a) 1 Figure 10.
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Other fits unng either 3 different parametrization of the QCD background or differ=at data
samples obtained by small changzs of the selection criteria, always give a agnal with a statisticad
significance consistent with the oumber of events in the sampie, A fit to any data sampie which
does not satisfy at least itwo selection criteria gves no evidence for a signal No known
systematic cffect scema capable 1o create the observed signal.

250 |
200 -
B
)
e 150
hd
~N
3
5
1=
g ok

56 h
L 1 L 41 JI R AU T
&0

S0 60 80 100 120 150 200
m (GeV}

Fig. 10: Two-jet invariant mass distribution. Curve (a): best fit to the QCD background. Curve
(b): best fit to the whole sample.

5. STANDARD MODEL PARAMETERS

The minimel standard model relates the masses of the weak bosons, my, m,, to the fine
mmmmmam.thechonmmGFmdmdemmgmgklwmmgw

my,’ = AY(1-ansind,]
m;’ = A‘ﬂ(l-Ar)mlo,mlo,]

where A = (manl.\/ZC.'q:)l/2 = (37.2810 ¢ 0.0003) GeV/c? using the measured values [ 6] of
ae and Gy, and &t accounts for 1 loop corrections 10 the VB masses.
Combining these equations one can extract sin#,, from the measured [VB masses:

tin'ly = 1 - (My/m,)?
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This method has the advantage of climinating errors due 0 absolute energy calibration, as
well as radiative corrections, but is limited by the statistical error on the Z mass.
A more precise result is obtained by using the measured value of Gy and e and the
calculated value of Ar. At present, Cellider data do not constrain the value of Ar (see later) and
30 we take the value from a recent calculation {17):

ar = 00711 £ 0.0013 .

assummg my = 36 GeV/c! and the mass of the Higgs boson equal to m,.
The final uoknown is the vajue of sin*#y, which must be taken expenmentally at Q* = m?
accerding to

oty = A/(1-Arkng? .

The results are given in Table 1. All the values are in good sgreement with each other and with
previous determinations { 18] fom the deep inclastic neutrino scatiering experiments. Averaging
their values and assuming a charmed quark mass of 1.5 GeV/c? (with no emror) one obtains

sin’e,, = 0.232 ¢ 0.004 £ 0.003

where the first error is experimental and the second theoretical.
The only parameter scnsitive 1o the Higgs mechanism used in the Standard Model is

s = myl/mylcosity,

whick in the minimsl model with & single Higgs doublet has a value of 1, neglecting small
radiative corrections. The valuss obtained experimentally (sec Table 1) are consistent with this
expectaton.

Finally sin®8,, can be climinated from the two definitions given above to yield a
measurement of Ar. The values obtained (see Table 1 and Figure 11) are not precise enough to
test the model, even using the most precise value of sin#,,. With incressed statistics, this
measuremnent could be sensitive to the Hipgy mess as well as the eximence of new exotic
parucles. In the table the Srst value of Ar is extracted using only collider dat:, while the second
uses the best value of sinf, as input. Figure 11 summarizes the measuremner ts of the Standard
Mods! parameters given by UA1 and UA2,

Teble 11:
Measrements of the Standard Model parcmiters

ar (D
Ar (ID

0.038 = 0.100 £ 0.067
0.138 £ 0.021 £ 0.057

Pprameter ) UAL UA2
e channel » channel
sin'te = 1 - mbv/mb | 0.211 = 0.025 0.19 £ 0.13 0.232 1 0.025 £ 0.010
snity = AY/(1-aimi | 0218 + 0.008 = 0.014 0.23* %3 0.232 £ 0.003 = 0.008
e 1.009 £ 0.023 + 0.020 1.0S 2 0.16 1.001 2 0.028 = 0.006

0.063 = 0.087 = 0.0%0
0.068 = 0.022 = 0.032
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Fig. 11: Measurements of the [VB masses in the m, vs m, planc from the UA! and UA2
esveniments. Oaly the systematic uncertaintics are represented. Curve (a): Standard Model
preaiction with radiative correcuons. Curve (b): Standard Modsi prediction without radiative
corrections. Shaded band: region allowed by the uncertainty on sin’dy, as measured by
low-energy r experiments.

CONCLUSIONS

The successful runs of the UA! and 1JA2 detectors at the SppS Collider have provided a
good confirmation of the Standard Model of electroweak interactions. From the study of the
IVB leptonic decays, the masses, production cross sections, and couplings of the TVB‘s have
been measured to be in good agreement with theoretical calculations. A signal compatible with
the hadronic decays of the IVB is observed in the two-jet mass spectrum in the UA2 data.
Both detectors are now being upgraded to take advantage of the ten-fold increase in luminosity
offered by ACOL. This high statistics dats will allow much more stringent tests of the
dmww.mmmm-hmumphmuwmmsm
M
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STATUS OF NEUTRINO COUNTING AND NEW QUARKS

N.G. Deshpande
Institute of Tncoretical Science
University of Oregon
Eugene, OR 97403

ABSTRACT

We review the recent limits on the number of neutrino species N, obtained
from e*e- colliders and from Pp colliders. If majorons exist, they contribute two units
to Ny in e*e” colliders and conflict with the %% CL of N,, < 4.8. We study the

consequence of a fourth family of quarks and leptons on neutrino counting at pp
colliders. Useful conclusions are drawn at 90% and 95% CL.. Effect of majorons on
neutrino counting at pp colliders is also reviewed.

I INTRODUCTION

Three methods have been use{ul in setting useful limits on Ny, , the number of

nettrino species. These methods are complimentary 1o each other and do not measure
the same quantity except in the standard model. The methods are

A. Nucleosynthesis and Cosmology

This method relates primordial Helium abundance to the number of neutrino
species. It is sensitive to light ncutrinos of mass less than a MeV, and the sensitivity to
night-handed neutrinos depends on their coupling strength. The traditional bound from
this method is N, <4.

B. Electron-Positron Colliders

The data comes frome* + & = Y+ ¥+ v reaction at Vs = 29 GeV ard 42
GeV. Itis sensitive in principle to m, < Vs/2 although there is a cut on photon encrgy
which reduces the mass limit somewhat. It is sensitive to all species of neultrinos that
occur in et + e — V + v reaction.

C. Proton-Antiproton Collider

This is an indirect method of determining I'z/Tyy. It is sensitive to my, < mz/2

and to only those neutrinos that occur in Z — vv decay. This includes right handed

neutrinos, for example.
In this talk we shall focus only on the latter two methods.
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1. Ny FROM ELECTRON-POSITRON COLLIDERS

The method depends on the process et + ¢ — ¥ + V + V first suggested by Ma
and Okada.(1'  The background for the process comes frome* +¢” — et +e +7Y
with e* + ¢- along the beam direction. This can be eliminated by cuts on 8, and
pry™". The cross-section can be written in the form

do/dx = f(E,,ppymin, B mim)gere—v (5) m

where x = 211/\’5 and s = s(1 - x). If there are extra gauge bosons Z; coupled to the
usual neutrinos or to extra neutrinos that occur for example in models based on Eg
group, then these can be incorporated in the e* + &= — V + v cross-section following
Barge:, Deshpande and Whisnant.(2) When the limits on extra Z boson mass from
neutral current data are incorporated the extra neutrino count AN,, is always less than

0.6 for the most favorable case with three families of light right-handed neu'rinos. This
15 loo small to obtain any useful bounds at present.
The present experimental limits from different experiments as well as combined

limit is presented from Levine.3

Scarch s Acceptance Le  Expected  Observed N,
GeV Cuts pbl  Yield Yield )% CL
MAC 290 E;,>4520 275042 1.1 1 17
2.6 GeV
6y >40
ASP 290 E >1GeV 66 2.2 1 715
e, >20
CELLO 426 E,>21GeV 13 by ] 15
07 >34

(S

Combined . 4 4.8
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We thus have a combined limit of
Ny <4.8 (90%CL) @)

This limit is already useful to put bounds on majorons however. The model by
Gelmini and Roncadelli¥) has a Higgs triplet with surviving particles % ++, % +, % ©
and MO where M9 is a pseudo-scalar Goldstone particle associated with lepton number
violation and % O is a scalar particle whose mass is less than 100 keV from
astrophysical considerations. Zg — M0 0 decay yields.(5)

IZ — MYy 0)=2I(Z — W) 3

Since MO and X0 will escape from the detector like neutrinos, the existence of
majorons increases Ny by two units. We then see that N, = 5 is not compatible with the

data at 90% CL. .
. LIMITS FROM SppS

Neutrino counting at SppS depends on an estimate of I'z/T'y, using theoretical

information on production of W ¥ versus Z0. The original method(6) suggested by
Halzen and Mursula; and Cline and Rholf has been used to limit new physics by

Deshpande, Eilam, Barger and Halzen.(?) The method follows from the equation:

Rexpe = (number of ev from W2} / (number of e*e- from Z0) )

= [0(W++ W)/ o@)[T(W = ev)/I(Z — e*e}[[zTwl

The first two ratios in the right hand side of the equation are determined using proton
structure functions and standard model with xy = 0.23. These are respectively 3.3 £

0.2 and 2.685 For Reyp, We use the most recent limits(®8) obtained by UA2 with
combined data of 142nb- at 546 GeV and 768 nb-! at 630 GeV. The limits are

+1.7
Rexpt = 7.2 5)
-1.2
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<9.52 (90%CL)
< 10.42 (95%CL)
‘When combined with theoretical uncertainities we have
I'z/Ty < 1.16 at90%CL
< 127 at95%CL ©

We shall discuss varions conseguences of these limits in the next three sections. The
discussion is largely based on a recent paper by the author with Barger, Han and

Phillips.®
A- N,,_and mass of t quark

Because T'yy is a function of t mass, the ratio I'z/T'y is a function of myand N,,.

We calculate ' using standard model fermion couplings with Xy = sin2 8y, = 0.23,
and Mz = 91.9 GeV. The contribution of each neutrino, charged lepion and quark are

I(Z — vw) = Tz0= (GpMz3)/(12rn¥2) =0.17 GeV (7a)
['Z - LL) = 0wy 2M,2) (Tb)
I(Z — QQ) = 3,0 Fimg?M,A(1 + /) (7c)
where
F(r) = 88[g,2(1 + 2r) + gAX(1 - 4p)] (8)
Here
B=(1-4N12, g, =Ty2-xwQ, ga=-Ty2.
We then find .

Iz=204+017N,+ 51F, ©)

where Fy = [0.59 - 1.93r]{1 - 4r}¥2 and 1, = (mymz)2.
We calculate Ty, using myy = 80.6 GeV and the standard formulas
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MW —e¥) = GpMy3/61V2 =y0=023GeV {10a)

(W —= LV) = [,%H(m; /m2) (10b)

(W — tb) = 3Tw0(1 + ay/x) H (mZ/mw?) (10c)

where H(r) = 1 - 312 + r32 forr <1 and H(r) = O forr > 1. The formula can be
summarized as

My =212 + 0.72 H, )

In figure 1 we plot I'z/T'yy as a function of m, for different values of N,,. The
bounds on I'z/T'y from the data are also plotted. We note that there is no limit on m, at
95% CL while at 90% CL there is a limit m; < 68 GeV. Our conclusions are more
conservative than those reached by Halzen(19) who used bounds which are more
stringent. The limit on Ny, assuming that there are no additionat quarks or leptons and
assuming m, = 45 GeV is:

Ny <5 90%CL (12)

Ny<7 95%CL

B. Mass limits on fourth gencration quarks and leptons

We now assume there is an additional family with a lepton of mass mg_
accompanied by a light neutrino and an addition quark v of charge - 1/3 and mass m,,
We assunm that the additional 2/3 charge quark is heavier than my,. The widths for Z
and W are now given by

[z=204 +0.17N, + 051 F + 0.51 F, + 0.17 F_(GeV) (13)
Mw =2.12+0.72 H, + 0.23 H_(GeV) (14

where F(r) and H(r) are defined as before and N, = 4. In Fig. 2 we plot I'z/T'y as a
function of m, for three cases: (a) when my 2 my, my = 24 GeV, (b) m, = 41 GeV
and m, = Mz/2 and (c) mg, = 41 GeV and m,, = 24 GeV. We arrive at the interesting
conclusion that if my = 24 GeV then my < 45 GeV (60 GeV) regardless of my at 90%
CL (95% CL). :
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allowed
1.OF region -
0.9 R | L l |
20 40 60 80
m; (GeV)

Fig. 1. T/ Ty predictions assuming no fourth generation charged fermions compared
with the 90% and 95% experimental upper limits; results are shown versus the t
Quark mass, for Ny, = 3,4 and 5 light neutrino species.
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Ny my my

{a) 4 My, 24
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|

P ARYTOR M}:ﬁ =y

3ol 2

Fig. 2 TIz/ Ty predictions for three illustrative cases of fourth generation fermions: (a)

my = 24 GeV, mp > My; (b) my_ = 41 GeV, my > Mz/2; (c) my = 24 GeV, m_=
41 GeV. 90% and 5% limits are shown for comparison.
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i
() (b))

50—

20

Fig. 3 90% limits (dashed curves) and 95% limits (solid curves) in the (m, m,) plane for
three illustrative cases:
(a) mp = 24 GeV m(vy) = 5 GeV,

(®) my_ =41 GeV, m(v) = 0GeV,
(c) my, > My,. The allowed regions are to the left of the curves.
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In Figure 3 we plot the allowed regions in m, vs m; plane for different values of
my_ at 90% CL and 95% CL.

C. Mai | Neuti .

If majorons exist in triplet Higgs representation, the widths of W and Z are
altered, We have to include

W+ xt+ 1 (15)
W+ o+ + 90
W+ g+ + MO
as well as
Z 90+ M0
>+ (16)
ma MY

Assuming three generation, the widths for W and Z are affected as

Tz = [pstedand 4 515
17
Ty = Mystandad 4 STy, (18)
We define the effective neutrino count due to these additional channels as
8 Negr = (ST2TZY) - (Sgy/TZ0)(Tstandand; [y standardy 19)

This quantity depends on my+, my++ and weakly on m,, but can be shown to
lie within the range

122 < ONggr<2 (20)
with value approaching 2 as my + > My, and 1/2 as my+and my++ 0. f mp <45

GeV (60 GeV) there is no constraint on the model at 90% CL (95% CL). If m, > mw
however my+ < 30GeV at 95% CL. We show results in igures 4 and 5.
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ol L o 1 o | |
0 20 40 60 80 100

Fig. 4 The majoron-related contributions expressed as an effective number of additional
neutrinos 8N,
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region
0.9 1 l 1 l 1 J 1 l ]
(o} 20 40 60 80 100
my. (GeV)

Fig. 5 The rato Tz/ Ty for N, -Basaﬁmcﬁmofm(x*‘)forasetofm,vﬂus.
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Iv. CONCLUSIONS

1. Frome* + e-dataN,, <4.8 at 90% CL. Majoron excluded at 90% CL.
2. From pp data, if m( = 45 GeV and no other light particles, N,, <5 (7) at

90% CL (95% CL)

3. If N, =3, my < 68 GeV at 90% CL and no limit 95% CL.
4. If N, = 4 and no other light particles, m; < 55 GeV (75 GeV) at 90% CL

(95% CL).

5. If Ny, =4andm, =24 GeV and m_ arbitrary, m; < 45 GeV (60 GeV) at

9C% CL (95% CL).

wE N oW

6. If m.'l+>M,,thcnm(<4SGcV(6OGeV)at90%CL(95%CL)
7. If my > m,, then my + <30 GeV at 95% CL.

REFERENCES

E. Ma and J. Okada, Phys. Rev. Lett. 41, 287 (1978); K.J.F. Gasmers, R.
Gastmans aud F.M. Renerd, Phys. Rev. D19, 1605 (1979).

V. Barger, N.G. Deshpande and K. Whisnant, Phys. Rev. Lett 57, 2109
(1986).

T.L. Lavine, University of Wisconsin Ph.D. Thesis, December 1986, WISC -
EX - 86/275.

G.B. Gelmini and M. Roncadelli, Phys. Lett. 93B, 411 (1981). H.M. Georgi,
S.L. Glashow and S. Nussinov, Nucl. Phys. B193, 297 (1981

V. B;rgcr, H. Baer, W.-Y. Keung and R.J.N. Phillips, Phys. Rev. D26, 218
(1982).

F. Halzen and K. Mursula, Phys. Rev. Lett. 51, 857 (1983) D. Cline and J.
Rohif, unpublished.

N.G. Deshpande, G. Eilam, V. Barger and F. Halzen, Phys. Rev. Lett. 34,
1757 (1985).

UA2 collaboration: CERN-EP/87-05.

V. Barger, T. Han, N.G. Deshpande and R.J.N. Phillips, University of
Wisc;msin preprint, MAD/PH/335, (1987), to be published in Phys. Letts.
(1987).



39

TESTING THE ELECTROVEAK STANDARD MODEL
AT _HCRA

J.BLUNMLEIN

Institute for High Energy Physics
Acadaemy of Sciences of the GDR
Plaranenallee 6, Berlin~Zeuthen, 1615
GDR

Abstract

The results are presented of a systematic study/1/ of HERA's. po-
1entia; to test the electroweak standard model. The measurcment
ot sitn“@ and M_ appear to ba possible with statistical preci-
sions of .002 and 100 MeV. The theoretical errors are dominated
by the quoark distribution uncertainties and are estimated to be
less than the statistical errors, Limits can be set for the top-
quark mass and the Higgs-boson mass. Extensi ne of the minimum
model can be tested with high precision,

1, Introduction

The investigation of deep inelastic neutral and charged current
elp-reactions at HERA /2/ provides the possibility to srudy the
electroweak standard theory at high Qz. A test of the minimum
SU(Z)LxU(l)-model has to take into account the existence of the
various parameters of the theory and their mutual dejendence.
Among the quantities defining the electroweak sector (the Fermi-
canstant GF.the weak.mixiqg aﬁgle 6, the fine structure constont
Q{and the weak boson masses M, and Mz) only three are independent.
Conceptually, measuring one of these cuantities one has to fix
two others,which are precisely known,and to express the remaining
parameters in terms of the basic set choosen, e.g. one can fix
oL and GF and measure_sinze or M. With MZ determined at LEP /3/
with better than 1% one can as well replace G by M.

As the sensitivity of the measurement to a parameter depends
on the choice of the fixed parameters due to the different functio-
nal dependencus implied a systematic search for the best statisti-
cal precisions has to ba performed. }

The theoretical errors of the analysis are implied by the
experimental errors of the input parameters, the ratio R:Oi/o'T.
quark mass cffects, the experimental errors of the Kobayashi-

Maskawa matrix elements and the uncertainty of tie quark distri-
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bution parametrizations.

The kinematic area has been limited to a region where calo-
rimeter resolution effect are tolerably small /4/. Still,a valid
estimate of the potential systematic error is beyond the aim of
this study as it would require detailed detector orientated Monte
Carlo cslculations, We have also disregarded the effect of radis-
tive corrections /5/. Currently, these topics are under investi-
gation in different working groups in prepearing the workshop
“"Physics at HERA", Oct. this year.

The.outline of this talk is as follows: Section 2 summarizes

basic relations used, In section 3 the statistical errors of
different electroweak quantities are derived assuming an integra-
ted luminosity of 200pb'1.Section 4 deals with the theoretical
errors of the analysis, In section 5 the strict parameter rela-
tions of the standard model are given up and the sensitivity of
modifications of the minimum theory 1% studied to a varying Q-
parameter, for nonvanishing right handed weak isospin components,
additional w- and Z-bosons and an eventual composi‘eness scale of

the weak bosons.

- 2. Basic relations

The inclusive deep inelastic scattering cross seciion for neutral
+ . :

and charged current e—p-reactions may be written tsing the nota-

ticn /6/

t_ dleetp—ot)  2m
re= ACEE=N) «{y[FmZLvﬂu)G +G (% a2\, |

+ i Y. [ £ ae W) G+ (7 We A (a"-v’)xn;]%

-O.c*c d'olet p= V'x)

1
SRR s ) e

bed
with2v=-1/2+2sin"9, 8==1/2,Y = 2-2y+y2/(1+R),¥_21-(1-y)? R« o /o,
¥= Q°/Sx, S=4EeEp= 98400 GeV”™ and the structurs functions

.

2 2
(Qq.ZQ Va'Vq

x

+ 82) {a+g) (3)
(Qqa . vqaq) (q-q) (%)

-
k3
z
. . L]
W -2 x %‘qd(u) MTIL (s)
q

X3 R AR TR TR ©

(xGS,xH3 ) = 2 x
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2
ﬁ denotes the electron polarization and kz$§)are pro -
)

pagator functions given by

ot Q"
K (@)= e = 7 4.0 z (7
(@ Yhon0ad® A (A'r QPUSO wn* D )
Q? a* (8)

Ki(@)= @y & D = FUAL + @awmtd )

expressed by the weak mixing angle and either the Z-boson mass
or the Fermi constant, Hare A:Ao/(l-[5r)1/2,Ao-(ﬁh[/GF{§{)1/2
and Ar = (X /47()x(M2,Mw,MH,mt) A 07 for M =100 Gev and
mt=40 Gev /7/. Mw and MZ are related by cos® = Mw/Mz.

The derivation of electroweak parameters is most conveniently
performed through cross section asymmetries and ratios which
are less sensitive to systematical and theoretical uncertainties,
Studying a variety of different possibilities we found that best
sensitivity to the electroweak parameters is provided by

AT = [OnE (D = st ENV/[oRT @+ 05 €XY] (9)
ana

R = gX@ /o (A (10)

~{°\N; rsquires tc have polarized beams,

3. Statisticel errors

In this section the standard electroweak theory vill be assumed
to be valid, The asymmetries AL and the ratios R~ are calculated
using the quark distribution functions as parametrized by Duke
and Owens for A =200 MeV/8/ &t maximum HERA beam erargies (Ee=30 Gev,
Ep=829103V and an integratgd luminosity of 200pb—1,;hich means
100pb™ ~for each beam for A" {A), cf. fig.1. In the Q“-range of a
few thousand Gev2 the prbpagator effect of the 2Z-bosons is clear-
ly visible (fig.1a) and neutral and charged current event rates
tecome of comparable size (fig.1b).

Since the kinematic range at s;gxos Gev2 is rather wide one
has to carefully study the kinematic dependences and cuts. Fig.2
displays the statistical precision of ain29 derived from A~ (dashed
line) and R™ (full line) as functions of minimum x,y.and Q2
included. Although it appears advantageous to include very small x
data, we limit x> 0.1 to reduce the uncertainties due to sea quarks
{cf. sect, 4), The minimum y-values are dictated by the detector's
resolution and sre ymin"01 (.1) for jet-(electron) measuremant /4/.
Furthermors, to ensure A >> 5% and R™ < 50 we somewhat arbitrarily
demand 02 > 500 Gev2 ., Thus, 8 “working erea *
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ig defined by x >.1, y > .01 and Q2;> 500 Gevz. If not stated
differently both A™ and R™ are calculated for |Al =.8 /9/.
Searching for the maximum sensitivity of A” and R~ fixing be-
sides 0L a second electroweak parameter and MeaSuring sinze, Mz
or M_ we find the statistical precisions summarized in table 1.

fixed >
f:{ sin"@ Mz Mw GF

sin’@ A~| = .005 005 .007
R™ - 002 002 .005

M_/GeV ATl 3.02 - .25 1.09
R™ .51 - .10 .76

M v AT 2.53 .27 - 1.

W/Ge - 38 Table 1
R L45 .10 - .95

A" gives B 2.5 times worse result than R~ if M, is fixed
and a 1.4 times worse rasult 1if Gp 1is fixed. Thus best sensei-
tivity to both einze and M, 18 provided by R~ fixing (( and MZ(LEP).
The avallibility of two saensitive observalbles A~ and R~
suggests to simultareously to determine two electroweak guantities,
e.9.fixing of and measuring both M, and M. The two-parameter
]}nanalyais yields 10 -error contours roughly extending from
Mw,z-zscev to Mw,z'10 GeV with Earabolic arraors of about 200 MeV
for R , The error=contour for A is almost parallel to the former
and does not allow any reduction of the errors., This is due to
the dominating influence of the functions Rw,i(qz) which are
still of comparable size in average in the kinematical range of
HERA. Therefore, with A- and R~ two parameter fits of electroweak
paremeters are not possible, -

It is of importance to quentify the influence of the beam-
polarization in theae congiderations. As shown in fig. § AM,
1f measured via R* or R~ is only werkly gapendend on A, Other-
wise a strong dependence is implied if A~ ars used, Since R~ 19
the most ssnsitive cbservable for measuring sinze and My, the
polarization of the slectron beams 1s not needed for this pur-
pose. If|Al«,8 18 replaced by A =0 for R™ A sine increases
from .0020 to .0023 and AM, from ,100 GeV to .250 GeV.

The W-exchange form factor Ars F -1 entering.the functions
{(7,8) may be used to derive limits on the top quark- and Higgs~

boson mass /7 /. Fixing &,Geand, M, the statistical error for Ar
+) Tha weak dependence of Afsin e A if mpasured with R+/~-
wes also noticed in /10/.
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are .022 for A"and .006 for R™. Fig. 4 illustrates the Ar-msasure-
ment for R . The * statistical error is shown as the dashed area
assuming HH= 100 GeV for the central value. For m > 100 GeV 11/
a precision of Am = + 20 GeV is found, Furthermore, A r(M,=1Tev)-
Ar(MH=1O GeV) is larger than 20 in this range.

4. Uncertainties of the analysis

The above derivation of statistical precisions of various quanti-
ties were carried out assuming & saries of parameters which may
introduce nonnsgligible errors. Their effect will be discussed in

this section.

4.1, Experimental error of electroweak parameters fixed

& and GF are known to a precision which does not significantly
influence the precision of the measured quantities. This can be
different for M, and sinze if used as input parameters which are
fixad. Taking both values from LEP /3/ Asin‘d = ,001, # =50 Mev
the error for measuring M with A (R7)} fixing 5in%8 implies
an errog of ,58GeV(.28GeV) which is largerthen the statistical
precisions., Otherwise, fixing Mz the corresponding crrors for
9in%0 and M, are .0001 and .05 GeV for A” and .0uG2 and .05 GeV
for R™,

4.2, Ra (.T'L/C]'T

Replacing R = O by the rather large value Rs,1 (still allowed by
experiment) an error of sins  of .0003(.,0C008) 1is introduced

for AT(R”). The corresponding errors AMw are 15MeV(40 Mev),

4,3, Ouark masses and mixing

Replacing the description of cross sections (1,2) by the expressions
with explicit quark mass dependence /12/ and using the quark distri-
butions /13/ a shift in sinze of .0001 and in M  of 4 MeV is esti-
mated. The inclusion of the errers of the Kobayashi-Maskawa matrix
/14/ yields corrections at the per cent level of the statistical
precisions (cf. also /10/).

4.4 Uncertainty of quark distribution parametrizations

The dominant uncertainty is implied by the unbertainty of the
quark distribution parametrizations, Performing 10% changes of
the sea, u, and d distributions introduces the following deviations

in sin’e
se8 Uy d,,
- * .0003 ¥ .0014 + ,0011
]R™ + .0017 + .0031 + ,0015 Table 2

are found,
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This uncertainty thus remains only smaller than the statisti-

cal precision 1f the parton distributions can be controlled at
the 5% level. As cutlined in /1/ (cf, also /15/) this seems
to be possible using F2(Q2 < 1000 Gev?) and (r;c/(r;c,which
can be determined without referencs to electroweak parameters,
as constraints. Furthermore,one will calculate the electroweak
guantities under differnt cuts and from different quantities

(A‘, R’,R') which further minimizes this uncertainty. .

5.Extensions of the model

In this section we will give up the strict parameter relations

of the minimum theory and allow for different type extensions.
5.1. 1

Giving up the relation Q = (M /M, C0s6) 2.1 and fitting (Q ,sin e)
one finds parabolic errors Ag =.01 andAs*n 8=.(106 (CCFa-,96}).
Fixing 51n2e yleld559=.003 /16/.

5.2. M, and M, fitted from the propagators

Iznoring the reiation between My, and sxnze one can fir th;

gauge boson masses from the propagater terms only fixing sin™6
in the couplings. One obtains AM, = 3GeV(5.6 Gev) for A (RT)
and the interesting number AM, =450Mev for R%

5.3. Right handed isospin components

tModifying the vector- and axialvector couplings v and a to
L _.R 2 L _.R
vz 13+I3 ~-2Qsin"g, a=I3-I3

determined. Best precisions are obtained from AYT with
AIg(e,u,d) = (.056,.034,.,016) for A_; tor AT Alg(e) improves
to .03 which is comparable tc the present world average/17/.

the sensitivity to IS(e,u,d) 1s

5.4. New W- and Z-bosons and the scale of weak boson -

compositeness

Assuming one oxtra W- or Z-boson resp. and fixing the masses

and couplings thus that the standard model low energy limit is
conserved R allows to detect an additional W-buson for

M,. < 190Gev(390GeV) at the 30 (1¢") level. Stmilarly, A” can
be used to detect an additional Z-boson if My < 230GeV({400GeV) ,
assuming in both cases the same coupling for the standard and
additional gauge boson,(The explicit coupling dependence 1is .al-
culated tn /1/), According results for an addition W'-boson have
been obtained also in /18/. In a first approximation the compo-
sitenass scale of the weak bosons should show up as an additional
factor x 1/(1+Q2//\2) in the functions Kh 2" Whereas A~ can

not be used to set significant limits for A:(cf./l/), R™ is sensi-
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tive to A< % U GeV at the 20 level.

6.Conclusions
Referring to the standard theory best sensitivity to the electro-
weak parameters was found for R™ . Assuming a luminosity of 200 p'o-1
sinze and Mw can be determined with a statistical precision of
.002 and 100 MeV resp. in a kinematic range where the systematics
can be controlled édequately. The corresponding precisions for A~
are 2 to 3 times worse. The theoretical error is dominated by the
uncertainty of the quark distribution functions and is estimated
to be less than the statistical precisions, While the measurement
of AT requi res highly polarized electron beams the measurement
of the electroweak parameters via R is only weakly dependend on
the electron polarization, Extensions of the minimum theory can
be tested with high precision. HERA should allow for meaningful
tests of tha electroweak theory complementary to e'e -colliders
and more accurately than the presently existing pp-experiments .
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siacls The effective eloectroweal: theorv with composite I in

the version proposed by Boudjema and Dombey {11 leads to
the predicton that the electromagnetic couplings of the Z
are substantially larger than they are in the standard
electraoweal: theorvy.

We found that this anomaious Z2)p coupling may be
observed 1n the prouess e+e—~->ZZ ar energy ¥s b1 qaer
than 270 GeVv .
~- This coupling may as well be seen in the inclusive IZ

production in @ E callision for at energy V¥s >300

“ror
GeV.In the Py dicstribution the large contribution gue to
caompesite Z may be abserved in p E -—> 22 X already at

Vs = &30 GeV for Py larger than 70Gev/c.
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Introduction

The standard electroweak theory works perfectly in full
agreement with experimental data. Nevertheless there are attampts
to xnvestiggte other models which would share the success of the
standard theory having at the came time less parameters and
avording the i1ntroduction of Hiqggs particles . not seen so tar
experimentally.

Here we consider the composite model by Boudlema anda Dombey
{11, where massive vector bosons W and Z are assumed to he buwnd
states of elementary canstituents,called haplons . fhe y and
other basic objects of the electroweak theory fleptons and quarks-
are elementary particles and are described 1n & conrventional
manner. Similar ideas were discussed same times ago by Greenbog
and Sucher L[2], Chen and Sakurai (3], Fritosch and Mandelbaui bL<d,

Abbott and Fahri (513.

4

Haplons are assumed to have spin 1/2 , they carry color (Nc=
and flavour ( Nf=2 ) quantum numbers. To reproduece bEnown resulis
for law energy electroweal processes ( say for Ys up to MN } they

have to carry new quantum number, called hypercclour (NH—V

.

According to the prescription dane by Boudjema &nd Dombey (11,
hhich we adaopt here, all parameters +or these hypcothetical
particles are estimated using the old vector dominance i1dea .

The nan-elementary structure of vector bpsons W, Z leads to
the effective ‘three boson couplings due to the baplon luaop.
These couplings happen to be qﬁite large '1n contrast to the

corresponding couplings due to lepton and quark 1loops in the
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standard theory. In the work [1] the possible observation of the
effective ZZy coupling with one virtual 2 (ZZ'r) in the process
e+e———>2r has been discussed .

Here we propose to consider the ZZy effective vertex with
virtual » (ZZr') in the high energy process e+e——~>ZZ and the
related hadronic process p p ——> 22 x.'

We start with the description of general features of standard
and composite contributions to the 2ZZ production in  fermion
~antifermion annihilation processes. Then we will present the
comparison of the compasite and standard approaches to the process
e+e_——>ZZ . Next we discuss the inclusive Z2Z production in the

high enerqgy p E scattering.

General remarks

We would like to test the effective er' coupling by comparing
the lowest order predictions for the process ff-em>1Z in the
composite model [1) and in the standard electroweak theory
(f stands for an electron or a quark ) .0ur aim is to answer the'
question whether and ‘where this anomalous coupling may be
observed. Thereforelwe will simﬂify the computation of composite
and standarq contribution as much as possible .The more detailed
analysis will be given elsewhere .

In the composite model this effective coupling is due ‘to the

haplon loop diagram (fig.1)

® . .
Similar method of testing the compositness of gauge boson 72 was

dicussed in ref.(71.



52

hh

' Nt Py Pop B

fig.1
For the process $F~—>2Z this leads to the *s-channel”

contribution with the effective ZZr' coupling constant (fig.2)

f z
p 4
y /
””“”"t\\\\ (t=fermion)
f z
fig.2
1In the standard mcdel a similar diagram exists R with Haplon

loop replaced by gquark and lepton laops. Hawoever, aczerding to  the
anomaly cancelation the size of this efrective vertex 15

negligible . Therefcre,for the reaction f¥-->2Z in the standard
thirory we will consider only the “t— or u- channel" diagrams

(fig.3).




si1nce we are i1nterectea 1n high energy processes we neglect in
the foliowing analysls masses tor all standard termions . For the

boson 7 we tale "Z = %2 GeV . fhe other standard parameters

are takren 1n a simple way :

a =1/128 , s:nze =1/4 . 1)
et w

To describe the composite Z contribution we follow the approach
of reft.(!) where the couplings of haplons to boson Z , ﬁH are
determined (as weil as their mass "H . charge uH and other
attributes!) from the experimental low energy data uwusing the p-W
mixing and the 1dea of vector dominance. We refer for details to
the original work £1).

For the composite model we consider 1n detail only the
"optimistic parameters” (giving the largest chance for the
observation in the near future) from [1J:

a2 (gC=g:=gH . gﬁ/qn = ap M=200 Gev G176 N3 ()
where ﬁH is the average electric charge for haplon doublet.
ﬁH=1/6 corresponds to the charge assignment +or haplons Ssimilar
to that for u and d quarks.

He wi1ll consider also this set of parameters

with different values for mass of haplon : HH=400 and 600 GeV.

The differential cross section 1s equal (1n the CM system)
do pz _ 2
= M) 3
dcos8 16 n 57 s N

where DZ is the momentum of the boson Z , .pz= 1/275-4 M - Ihe
-2 . '
matrix element f[iml” is averaged over the initial and summed

over the final spins .
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1) In the composite model we found (see altso (1))

22
1 (s-4M_) 2
|n| -Ns -3k 1+ cosfer J1, | : (8

z

. . + -
here 9 means the scattering angle in the e e CM system ,
’

2

N = (16 ael aH NH Nc(2 uH)J‘ )
and the integral
I‘(5)=
1 X, X
1 72 (&)

l-x1
= J‘dx1 Jhxz -
o o HH + (x1+x2) (x1+32—1) HZ —x1x25

To evaluate this 1ntegral we used the following approximation,

Justified for qH>>HZ,

1 1-»
1
172
== lese e 7
If(sJ— )JENI Jhxz .
(o] (e}

2
HH X XS

2) In the standard model the elementary coupling Z <~—>f; 1S

equal to
Q ] e e’
m1 oo d-rHS ~ = e T ——
cos r“ (cv Cﬁ Y )« where g sin 8 . a 1= an t
with

&
A
e 2 }+Q7Electron
v

= 472,
1/2+2sin Bw

In the standard theory we have for e+e-——~>Zl (see also (o64):
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4q

-2_1 1 e e 4 e e 2 e?2
IM]7= 5 3 "TTi el-5 Cle) +tcy) +oic, ) e )73,
sin 8 cos 6,
v W - 9}
t u 4 H§ s 4 1 1
P i -M, -5 + ~z) 3 .
u t u t z tz 2

+ -
Results obtained tor e ¢ ——> ZZ , +or the total cross section
and far the angular distribution , are presented in fig.4 .a and

-
4.b.

Comparing the 0TUT in the standard theory (with parameters
(1)) and in the composite model ( with optimistic parameters (2)),
presented in fig.d%a , we see that the latter contribution dominates
at energy > 270 GeV. For Ys >400 GeV the composite model with
MH=°OO GeV gives more than two orders of magnitude bigger
predictions than the standard model .We present alsa the
predictions for haplon masses equal 400 and 600 (eV, where the
domination of the composite model occurs at higher energy.

The angular distributionyare very different in both apnroaches,
as can be see 1n fiq.4b .For standard contribution the torward ang’
backward scatterlngsdominate,whereas in the composite model we
observe the 1+c0529 dependence. In +4ig.4b we 1lustrate these
behaviours for "H=2°° Gev and for eneryy 27% GeV, where the cross

sections are approximately equal.

Note that the sharp turning of the total cross sections 1s due to
the different behaviour of the intearal (7} for 7s biagger and

less than ZMH' =~
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TJo calculate the total or tﬁé differenti1al cross section for
the inclusive ZZ production in the ps collision we used the above
formulae for qa -->Z1 subprocesses with obvicus modifications ~

for couplings:

c: =1/2 orfi- quark

c3 =1/2-4/3 sinzau

C:’s ==1/2 orfl.s —quark
- cS's =—=1/2 +2/3 51n29h

for charges:
=2/
qu 23

=-1/3

qd.s
and tor the probability the factor =1/Nc.

Note ,that the charm quark contribution is neglected 1n the whole

analysais.

The total cross section for IZ producticn in pp collision 1s

equal to
1 1 1 aq---->£2
. > aqa o ~
otsr=1dn F(:_ U7y ] dx_Fx_,U07) Jdcos®@-—m-——n {5} Thaw
L 1° 2 2
. acos 8
[¢) 4] -1

. - -
here 8 means the scattering angle i1n the qg CM systea and s X KD
15 square of the total enerqy 1n this systes. Functicns F(x.uzi

are structure functions of proton or antiproton.

Numerical calculation for p 6 were doné using Monte Carlo

program on FC liM-type computer. We have consitdered total cross
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sections and pT~ distributions for Z bosons. We used the Duke

and Owens parametrization of structure +tunctions (9] (set 2,

denoted by DO2 - with the energy scale D=MZ .We have checked that

the other choices of @ (equal to Py or invariant mass M = ¥ s

would not change the results i1n a visible way. This same 1s true

1¥ one changes the parametrization tao the parametrization by
Eichten et al.l10] (set 2, E12) with the energy scale Q@ = HZ‘
DT or M.

The results obtained for the compaosite model with the

optimistic parameters and for the standard model with parameters

(1) are presented in figs.S. The total cross section 1n the
composite model starts to be greater than in the standard case

already at 900 GeV , at higher energy there is one order of

magnitude difference between these two approaches (f19.5.al.

In the pT— distribution (+t1q9.5 b,c) the composite model dominates
the large Py tail. For the scattering energy 7Ys = &30 GeV the
craoss over o+ the predictions of the composite and sténdard model
~

occurs at pT~ 100 GeV/c for the l/pTda/de (fig. S5.b) and far pr

70 GeV/c for the integrated pT - distribution (fig.5.c).
o

We see that the possible signature ot the composite Z producticn

1n the high energy pp scattering for the energy Ys<1 [eV would be
than standardg

the higher/production rate for the events with larqe Py Z .Une may

expect a similar effect for the W production 1n the same process.

Conclusion

We consider the ahomalous effective couplina ZZZy. reflecting

. ‘ + -

the composite structure of gauge boson Z. in the high energy e e

annihilation and in the inclusive pB scattering.

For these processes the predictions ot the composite model 1n



58

version proposed by Boudjema and Dombey (11 {(with the optimistic
parameters ) and the standard theory are compared.

For e+e_——>ZZ these two approaches qgive similar predictions tor
the total cross section at Ys=270 GeV 3 there are two orders of
magnitude d:fference for the energy ¥Ys > 400 GeV . Unfortunately ,
even the energy 270 GeV will not be reach in near future for this
process. .

The saituation in pE-—>ZZ looks more promising .Here the
composite contribution may dominate in the pT ~ distribution even
at the enerqgy accessible now. At energy Ys=4630 GeV this may happen

in l/pTdo-/dpT for pT 2100 GeV/c and 1in the integrated pT
(¢}

-distribution already for pT>70 6eV/c. The composite Z may show up
rather snon also in the total cross section — for Ys > 900 GeV.
For higher enerqy the standard contribution is agprosimately an
order of macnitude smaller than the o©ne with composite Z.

Frobably the srgnature of the anomalous coupling ZZyp may be
registered in the e+e_ or pE data betore the cross over of thexza2
two competitive model! predictions tales place L,that means at:
lower enerqgQy or trancverse momentum DT quoted above.

Is there any relation of the results for the Pr distribution in
pE-—?ZZ with unusual eveﬁts with large Pr Z and W production from
UAl collaboration (8) 7 To obtain any reliable estimation in this
c;;e the more detailed analysis has to be done +for ZZ as well as
for the WW and W! producticn and for the passible backgrous
{now under preparation).
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4.Results tor e*e——->21 1n the composite model (- — -) and 1n  the
standard theory ( )
a.total cross section
b.angular distribution
in the

5.Results for pE—>ZZ in the composite model (- ~ —-) and

standard theory ( )
a. total cross sectipn
b. pr— distribution l/prd07de

c. p.ro—distribution uaTmp_[x/p_raa/de
TPT
o



6 ‘ ete~212
------ Lapipipiiintuin St ke teba ek T
100~ ' ! IR L
00 ;' ;Hu:m&v’/ M, =600 Gev

M,=200GeV / J

] / /

Y

10 - ‘l‘l ’l” l/{’ ‘WN’“

ll‘ l'l l”

," . ’II /I

! 3 /

" II l’

1 o l’ ,’ I”
l: ! I/ standard
0.1 ! :" ll” 1 L 1 1 1 |
200 600 1000 1400 1800
VS GeV
Rys. La
6
_d_ﬁ pb
deos® ™ ok ete~22 ]
VS =275 GeV




62

Oror » Pb
A pp~11
002 Q%=M?
10"+
100_ ’,,///

4 1

-
-
-
-
-
-
-

standard

-
-
-
-
-
-
-

bl

1000

N
1500

M N
2000

| -
2500
VS,GeV



1, 2 63

pfde pb/Gev
D02 Q7-M3
VS = 630 GeV

107

<. ' — ! ey [
W20 10 & %0 00 10 10 %0 %0 200
Rys. 5b Pr.GeV/e

pp-zz
D02 @?:=M3
VS =630 GeV

0 20 0 60 8 100 120 &0 160 180 200p Gev/e
Rys.S¢ Te



65

Standard—Model HigQs Searches at the SSC

Jan Kalinowski
Institute for Theoretical Fhysics, Warsaw University

Hoza 69, 00681 Warsaw, Foland

fpstract: The procedures for exploring the Higgs sector of the

standard model at the SSC are shortly reviewed. The comparison of
the effective-W approximation with the exact calculation for the
process ff + ffWW shows that it reproduces the Higgs signal, while
the continuum background can only reliably be computed in the
exact calculation. The ability to isolate longitudinal W decasy

modes is discussed.

Intrpduction. With the discovery of the W and I gauge bosons
the model of Glashow, Salam 9nd Weinberg has been accepted as a
standard model (SM) of the electroweak 1nteractions. Certain
aspects of the model, however, have not been tested so far
experimentally, for example the structure of the triple-gauge-
bason coupling, the p;uperties of the Higgs sector and the origin
of mass. In the model the symmetry breaking is achieved by the
Higgs mechanism and a single neutral Higgs particle emerges.
Unfortunately, the present theory does not constrain its macs mH.
In the minimal three—generation SM the Higgs boson mass should be
greater than about 10 GeV [1). If a top quark mass m, 2 50 GeV or

if a fourth generation of fermions exists, this lower limit

disappears [(2]. There is no upper limit to m Nevertheless, it is

e
generally assumed that mH is somewhat below 1.5~2 TeV. Qtherwice

1 R
Supported in part by the Ministry of Science & Higher Education,

Research Problem 01.03.
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the Higgs self-energy coupling becomes strong and the perturbation
theory breaks down. Even in such a case, however, use of ordinary
perturbation theory may be justified by the fact that the
deviations from the perturbative calculations will signal new
physics. .

For mH < 40 BeV, the Higgs boson can be found at SLC or LEF if
these machines reach their designed luminosity. With LEP II the
range can be extended to about 80 GeV. The process considered

-

there 15 the assaciated production e+e—+ H + Z followed by 2 +
l+l~. For a review of these topics see for example ref. 3J.

In high energy hadron collisions the Higgs boson will be
ccpioucsly produced. At the SSC, a pp collider with energy of 40
TeV and luminosity of 1033cm_25_1, a larqge number of SM Higgs
bosons is expected, of order loslyr for myy = 300 GeV [41. However,
1t turns out that it will be more difficult ta detect it because
of strang SM and GCD background. Thus hadron colliders will
pr;marxly be of interest if mH is above the reach of e+e_

machines. I¥f th < om, 2mu, no way has bean found to overcome the

H
QCD/SM background [5]. In this paper we will discuss the case of a
heavy Higys boson, "y > Emw‘ The heavy Higgs boson decays almost
exclusively into WW and ZZI pairs. Only purely leptonic decays of
the 7 boson are background free. However, they suffer from low
event rate. Assuming thét both p’s and e’s can be identified, H =+
22 » 017 ¢ 171 has a branching ratio = 1.2 x 107 which leads
to 12 events in a standard S5C year. The mixed hadronic/leptonic
Higgs decays have a haigher rate. Although the separation of the
si1gnal from the background appears to be a serious problem, we
will see that it may be possible teo study the Higgys sector at the
S3C for mH < 1 TeV. Purely hadronic decay modes are overwhelmed by

the QCD background events.
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There are two significant production mechanisms for a heavy
Hig3s boson in the SSC energy range. The first is the gluon—gluon
fusion [&] in which two gluons couple to a fermion loop and the
Higgs boson is emitted from the loop.The second is the WW fusion
mechanism [7] ;n which W’s or ZI’s emitted by incident quarks
collide and form the Hig)s boson. it has been pointed out [4] that
the latter aechanism doninatgs for ny z 300 GeV, because the
coupling of the Higgs boson to longitudinal W’s or Z’s is
proportional to LW Duncan, Kane and Repko [8] have studied the
properties of the on—-shell WW scatering and the Higys boson signal
using the effective-W approximation (2] in which distribution
functions for W’s inside colliding protons are {olded together
with the on—shell WW amplitudes. The validity of this
apﬁroximation has been found to be of order 20% for total cross
section calculations for W+N~ 4+ H [102 and qg + q’UD [113 (where U
and D are the quarks of a new generation). lt has not been tested
for the WW scattering. Moreover, in thé context of Higgs boson
searchés the effective-W approximation cannot be reliably used to
assess the impact of possible triggers on spectator quarks present
in the final state. Such triggers may prove to be critical to
isolate certain aspects of the WW scattering at the SSC, as
advocated in ref.12. in addition, the W’s in the final state will
be identified by its decay products and it is important to assess
the impact of kinematical cuts imposed to ensure that W’s are
reconstructed and their polarization measured.

%o address the above issues the complete gauge invariant set of
amplitudes for an arbitrary process $f 4 ffiW has been cdmputed
[131 without the effective~W approximation. Pelow I will present
main results of this work. (For another éxact calculations see

ref.14.)
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The calculations have been done using the massless spinor
technigues of ref, 15 in which the final state W’s are
automatically decayed to massless fermions, so0 that the results
include the full spin density matrix correlations for all final
state particles. We have tested the gauge invariance by examining
the scaling behaviour of our results. In refs. 13 we have focused
exclusively on the charged current reactions to which WW » WW
scattering diagrams contribute. The charged current sector has
more singular structure in the effective-W approximation (a
Coulomb pole from the photon exchange in the t channell) than e.q.
ZZ1 4+ WW and therefore shauld yield the most sensitive comparison
with the exact calculation. For simplicity explicit numerical
results have been presented for the quark scattering subprocess
us + dcw‘w'. . (%)

Comparison of the exact and the effective-W calculations. The
comparison between the effeétive—w approximation and the exact
calculations has been done both at the subprocess (%) level and
after folding with the proton’s quark distribution functiens and
we focused on a single center of mass energy for each reaction:
Ecm=V;:; = 1 TeV and 1§;p= 40 TeV, respectively. We considered
only my = 0.5 TeV or o Our results are illustrative of thoce for
other energies and Higgs masses. In order to make a comparison, 1t
15 necessary to 1mpose a cut in the effective-W calculations to
avoird the t-channel singularity from the photon exchange. We have
chosen to restrict the WW center-of-mass scattering angle 6:u>
em:n' Al thougn the exact calculation is free of this singularity
for ccmparison the same cut has been used.

The L W-pair mass Spectrun_at the subprocess level is

presented in fig.1 and for pp collisions in fig. 2. In the case of

pp collisions only the single subprocess (%) is incorporated, the
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£HLG, Nset = 2, structure functions with the scale G = LI, are
used and no rapidity cut on the W’s is imposed. The angular cuts,
at o . = 10°, 30° and &0°, are imposed on the effective-W
calculations at subprocess level and after folding and on the
eszact computations only at the subprocess level. Both figures show
that the effective-W spectra normalization is very sensitive to
this cut, while that of the exact calculation is much less so. The
continuum level for nH = o varies by a factor of 10-20, as enin
‘changes from 100 to 600, whereas for the exact calculations it
varies by a factor 1.5-2, depending on L value. Note, however,
that at any given amin the excess of the mH=0.S TeV peak over the
m, = ® continuum is nearly the same in both methods and mildly
dependent on Fhe emin cut. This confirms the results of ref. 10.
Similar results to the above apply in the case of rapidity cuts.
We anticipate that there will be a better level of agreement
between the effective-W and exact calculationz 1n sectors ZZ - WW
and 2Z -> IZ, due to the absence of the singular photon e:xchange
diagram. Therefore one can hope to identify those channels and
cuts for which the effective-W spproximation can reliably be used
to evaluate not only the Higgs signal, but also the magnitude of
the vector-boson scattering amplitudes.

Froperties of the éagg& calculations. The Higgs boson decays
almost exclusively to longitudinally polarized gauge bosons.
Therefore in searches for Hiqggs it may prove very useful to
neasure polarization of Ws. The polarization of the final state W
can be detected by the decay distribution of the £ pair in the
rest frame of the W, which should be of siqze‘ form for longi-
tudinal W and 1+c05:0' for transverse. Fig.3 shows that at LI

0.5 TeV the decay is pradominantly longitudinal if m, = 0.5 Tev,

while is predominantly transverse for My = &, as expected.
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In the hadronic decay mode, W 4 jet + jet, the above anqQular
distribution cannot be used due to strong OCD/electrowesi back-
ground from events containing W + two jets that simulate a second
W. It was shown in ref. 16 that in such a case the lorgitudinal
W’s can be revealed by a careful study of correlaticns between
transverse momenta of the two jéts, Py and Pyoe The longitudinal
W's populate the region of constant g +r s while transverse

in Mmax

and other backgrounds contribute mainly to the rmin = 0 region,

where M oin = pTl/.vv’ Fpax = pT2/.vv’ Pry < Pya- Taking o= 0.5

TeV, r = 0,225, we observe in fig.4 a peaking in the r_.
Mmax min

distribution at large T oin for m, = 0.5 TeV (so that longitudinal
W’s are copiously produced), whereas it falls rapidly at high rmln

for ny =@

The totally new feature of the exact calculation is the ability
to discuss the pT distribution of the spectstor guarks present in
the process (%). In the effective-W approximation spectater gquarks
and W's are necessarily emitted in the forward dircection. It hasz
been sujgested in ref.12 that triggering on the P of the
spectator quarks can significantly reduce the background to the
H:gys ei1gnal, because the background processes tend to have

spectator jets at low pT, In fig.5 the pTlow spectrum is

presented, where pTlow is the smallest Pr of the spectator jets. We
fi1nd that a Pr cut on spectator quarks, while improving quality of

the selected Higgs sample (stronger r correlations),

-
min  max
tends to increase the background/signal ratio, as seen in fig.5.
Finally, I would like to mention that potentially dangerous
.qluon exchange diagrams with W’s emitted from quarks do not, in

fact, present a problem, if rapidity cuts on the W's are imposed .
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+ -
Cone Tve e Detectron of a standard model Higgs at an e e

Alider 1% relatively stiarghtforward, but limited to y £ BO GeV

v planned accelorators. 'nopp collicions detection of Higgs is
tar from o0y tnly purely leptomic decays are background free.
'he m soed hadronic/)eptonic modes moy be accesible for 2 ny < ™y <

1 eV, i sufficiently slrong cuts and resolutions caﬁ be imposed.
The effoctive W appro<imation reliably reproduces the Higgs

cuniel . troduction of the longitudinal W's in the hadronic decay
a1 wen be revealed by examining correlations between the
Lranveree mueento of the two decay product jets. The imposition

o cuta on the speclator jets aust be done with care to avoid the

baclgrounds {0 the Higgs signal.
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Figure captions

Results for do/dmvv for the subprocess (¥} at fg;s= 1 TeV., In
all three comparisons the exact results are represented by
solid (nH=0.5 TeV) and dashed (nH=m) lines and the effective~-W

results - byA dotdashed (-H=0.5 TeV) and dotted (nH=m) lines.
The angular cuts are dersribed in the text.

Results for da/d-vv for pp collisions at f;':_p= 40 TeV in cases:

a) mH=0.5 TeV; and b} mH=m. The exact result is represented by

the solid line and the effective-W results are given by dashed,

dotdashed and dotted lines for @, = &0°, 30° and 10°,

respectively.
The |cos 9" distribution of the §f decay products of one W at

.vvso.s for nH=0.5 TeV (solid) and L {dashes) in the

subprocess (3) at Y5, = 1 TeV and with the cut |y_|<1.5.

The r correlations for r =,225 plotted as a

nin—'nax
function of rnin' All parameters are the same as 'n fig.3.

lomw lomw
do/dnvv/dp.r as a function of de at -VV-O.S for
mH=0.5 TeV (solid) and -~ (dashes) in the subprocess (3%)

at vs = 1 Tev.
us
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1S THE ANAPOLE MOMENT A PHYSICAL OBSERVABLE ?

H. CzyZ, K. Kolodziej*,n. 2Zratek

Dept. of Theoretical Physics, Silesian University, ul. Uniwersytecka 4
PL-40-007 Katowice , Poland

and P, Christova

Dept. of Physics, High Pedagogical Institute, Shoumen, Bulgaria

aeatim

Cauge dependence of the charged lepton anapole moment is investigated.
Tt is shown that the anapole moment is a gauge dependent guantity.

Thirty years ago Zeldovich fﬂ repoted that a spin- ; particle
in a parity-violating but CP-conserving theory, apart from well
known static electromagnetic characteristics such as charge or
magnetic moment, has another characteristic, that is coupling with
an external electromagnetic field which he called the anapole moment
of the particle. This has prompted certain researchers [2] to
investigate the electron anapole moment within the standard theory
of electroweak interactions., As weak interactions violate parity,
electroweak radiative corrections to the basic electromagnetic
interaction would give rise to an anapole moment, as in fact occurs.

Theoretical predictions both for electron and muon magnetic
mon2nis provide an excellent tool for testing a theory (QED) against
experiment hence it was tempting to essay a simple test of weak
radiative corrections by numerical evaluation of the electron anapole
moment and then to compare this with an experimental findings.

* Talk presented by K. KolodzieJ.
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However the question arises of whether or not the anapole
moment can be regarded as a physical observable. While there exists
a simple proof that an electric charge and a magnetic moment have
to be gauge invariant it cannot be extended to an anapole moment [3].
We have investigated [4] the charged leptoh anapole moment within
the Glashow=-Weinberg-~Salam theory in the one loop approximation and
in three different gauges, i1.e. the linear “t Hooft-Feynman, the
non-linear “t Hooft-Feynman and the unitary gauge. We found that
the anapole moment 1s gauge dependent.

To find the electromagnetic structure of a spine é particle
we consider an interaction term of the following form

- M
H: = J:‘-Autx (1)
where Aﬁu - an external electromagnetic field and JF = an electro-

magnetic current.
The electromagnetic current for a spine ; particle, in momentum
representation, has the following form

e = —tet(pd) (pplulp), (2)
where p; and p; denote the 4-momenta of an incoming and outgoing
particle, respectively, spinors u(p,), u(p:) satisfy the Dirac
equation and 4-vector M*(p,,p,) is a 4 x 4-matrix in Dirac space.

To construct the matrix ™M™ in a general form we can use the 16
Dirac matrices I, y*, ¥s 'V"'K’L' 6’""=§-[XV;)/"_] and two independent
4-momenta: py and pz.

For our purposes it is more convenient to introduce new momenta P
and g which are related to the previous ones as follows:

P=P1+’o= J a/=P2.-r’1-
Imposing the conditions of hermiticity of current and of current
conservation, the matrix ™ i1s obtained in the following form:

r""(F’.Gl,/) = FQ{)‘ +RP+ Fub’?(a/zxﬁ*'zmwﬁ) +£F5X5pf"’ (3)
where the formfactors Py ,F; ,F,and Fgare real functions of q*

FosF(e") ,- ¢ =4,2,4,5
and m is the mass of the particle.



79

By means of the formfactors we may define the static character-
istics of a spin- 2 particle {c¢f. [5] ): an electric charge
Q = 2mE(0)+E(0), a dipol magnetic moment M = E(0)/2m, a dipol
electric moment D = =E(0)/2m and a dipol anapole moment A= §KO).
The dipol anapole moment is the one currently of interest. It is
relatively simple to show that nonrelativistic coupling for the

anapole has the form

-
He= -2 A6 (VB),
where & - Pauli matrices and B - external magnetic field.
Let us consider the discrete symmetries of /™ given in formula
(3). 1f any theory is P invariant then it leads to the following
relationship for the matrix M*

- M (p* &
b’orﬂ(Pa;Wﬂ.)a," - r' (p 19’);
(R« ,qx and F*,q" denote the covariant and contravariant components
of 4e-momenta P and q, respectively) which is the cause of the

disappearance of formfactors F, and Fg.
C invariance of any theory leads to the relationship

Crn(Rg)C = - (P) , =-iy1¥e),

giving as a result F;- 0,
Finally T (or CP) invariance gives

,(. - —.
TP,.(B,,% Tar (P 0,') (T—szb'g),
and hence Fg= 0.
Thus, if any theory violates C, but conserves CP, then, for q’- 0,.
the matrix [ is obtained in the form

PP |yoao™ 2mMy” + (g5 ~M)PF + ImA g, (%)
where Q is an electric charge, M = a magnetic moment and A - an
anapole monent of the particle.

We calculate the leptonelepton-photon (lly ) vertex in the
frame of Glashow-Weinberg-Salam theory (GWS), in the one loop
approximation and in the three different gauges:

i) the linear ‘t Hooft-Feynman gauge {all values of gauge para=-
meters are equal to 1) with the gauge fixing term in the fora

her == fO,uW" - it - (W2 -me) - £ (’)/‘A”)i)
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where Au, ZF.and w; denote photon, Z and W gauge fields,¥¢
and\ﬁ -~ charged and neutral Nambu-Goldstone bosons, Mw and
Mz -~ gauge boson masses (We use gauge boson masses, Higgs mass
and an electric charge as initial parameters);

i1) the background field gauge (with the values of gauge parameters
as in the previous case) with the gauge fixing Lagrangian in
the form

+ +12 1 M 2 ‘ 2

WESITON ,Y—--— s WM -3(%2 “Mopy) -7 (A",

where AF denotes the third component of the SU(2) gauge field
before mixing

= & (P A =M Zp)

111) the unitarv gauge (cf.[6] ).
The diagrams which contribute to the anapole moment in the three
gauges under conslderation are drawn in Fig.1. The diagrams with
AA, AX' and Ay,' vacuum transitions, do not contribute to the anapole
mom>nt because of, respectively, pure vector, pure scalar and pure
axial couplings of photon, Higgs and ?ﬁ with fermions. These
couplings either do not violate C or violate it in some trivial way
(as in the case of ¥; ).

After performing the on mass shell renormalizetion [7] we obtain
a renormalized vertex function, for q‘- 0, in the form

P e, = 2mMoy” - a P* + 2mAys 9, (5)

£ 0
where :‘x -e/2m + &y is the l-lepton magnetic moment,q; stands for
an anomalous magnetic moment of l-lepton; A; 1s the l-lepton anapocle
moment. Thus formula (5) has the form predicted in (4).

We obtain the follawing results for the charged lepton anapole
moment in the three gauges considered
i) the linear gauge

AW = - 2 e e fl2 - 2m2 [_&;L@;a:%ﬁ

for ME(MZ-ME) D(Mz,m m,)

5 D(m.,‘,M.,,rm) [S(mi-miy - (2-Fy)me] + #27,. [-3tam}
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+ SRchy y y)(nD(m,,mhM) 7~
(6)

+(-§-—

N ML e

Mw I
g‘ +ft§§- )(MHw dewo(u‘“/”““ﬁz))}j
ii) the baciground field gauge

A = A [§+(-5- 45 un
LT unn-n:9 5 Mt W

(7

1
"!dg Ut D {he, M, M2) ] ;
131) the unitary gauge

L 2
W _ & lx 2 4 M mi-mvyd o, .
AL - (3 3 H\t+ H\: )li "ﬁmtcpaft, (8)

where m, and my, denote l-lepton mass and mass of appropriate neutrino,
the sum in (7) runs over all fermion flavours and colours, =
Q;(2g¥- (1-MW/M‘)Q,), Qg- an electric charge, Ty~ the third component
of a weak isospin, the function D is defined as D(my,mz,m3) =
(1-y)m,+yml-y(1-y)m-it ’ €' = a positive infinitesimal; the g in
formula (8) is a dimensional regularization parameter, ¢ = 4=n, n=space
dimension,

Considering formulae (6), (7) and {8) it may be seen that the
anapole in the background‘field gauge differs slightly from that in
the linear gauge while the anapole in the unitary gauge is infinite
in the limit £—?0, (n—*4) which can happen because this gauge is
nonrenormalizable,

Therefore, the conclusion can be drawn that the lepton anapole moment,
as defined in formula (3) is a gauge dependent quantity and hence
cannot be regarded as a physical observable,
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Fig.1. The diagrams which contribute to the lepton anapole moment
in the three gauges corisidered in this paper: 1,2,3,4,5,6,7,8,9,10,
11 and 12 = the linear gauge;1,2,56,8,9,10,11,12 and 13 - the backe
ground gauge; 1,2,6,10 and 11 = the unitary gauge,

AP AL

Fig. 2. The diagrans which do not contribute to the lepton anapole
sopent.,
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INTRODUCTTON

Neutrinos being very light, neutral and weakly interacting, they are
still poorly known objects:; we don’t know yet if they are massive or
mansless, if they are Dirac or Majorana spinors and we have little
information about the flavour mixings of their mass eigenstates. Trying
to investigate those yxoblems is not merely curiosity but addresses
fundamental questions in both paticle physics and cosmology.

Experimentally the neutrino properties are tested in direct mass
measurements, in oscillation experiments, in searches for neutrino
decays, in cosmic underground detectors and in double beta decay
experiments, We will dsal here only with the last item. The interested
reader is refered to VU86 for a general and detailed survey of the
properties of neutrinos.

This report is intendsd for people not familiar with the subject. In
the first chapter, we introduce notions of Dirac and Majorana spinors
and of flavowr mixing., In chapter 2, we present the basic background
specific to double beta decays. Chapter 3 reviews the experimental
methods of double beta decays and chapter 4 overviews the present
experimental results. The report ends with a short summary.

L._THEORETICAL FRAMEVORK

Our present knowledge of the neutrino charged currents (CC) is
compatible with a Lagrangian intsraction term

LCC ~ Tr’ (vl_ + 0y, ) W 4+ h.c.
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vhich changes a left- and a right-handed neutrino v into its flavour

associated charged lepton 1 in coupling to & W boson. The so far
unobserved interactions of right handed neutrinos is summarised in the
factor n which is measured to be smaller than 0.1.

For a single neutrino flavour, the Lagrangian mass term may be of the
usual Dirac form

—_ - ¢
L=a Cv-y + @ ),y )L ) + h.c.
This term splits the four degrees of freedom ofgv into left- and
right-handed neutrinos and antineutrinos. The symbol v stends for the

charge conjuwate of v and represents the antineutrinc. In case of
neutral fermiona however one may also introduce a Majorana mass term

M - —
L =n (v )_-vL +m vL-(v ). + h.c.

vhich somehow “couples” v to v and thus violates the lepton number by
two units, The mass n being small, the mass term may be conveniently
seen as a perturbation corresponding to the graph

(v‘) e s s 3 )
] L

We also observe that the left- and right-handed firmions may have
. different masses,

Introducing now N flavours, we should expect that the weak interac-
tion flavour eigenstates do not coincide with the mass eigenstates. For
Dirac neutrinos, ve thus write

v=U_U- v,
vhere v is the column N-vector of the flavour eigenatates, U is the NxN
mixing matrix and v, is the column N-vector of the Dirac mass
eigenstates. In case of Majorana mass terms, this changes to

v = UL Voo and v, = u. Ve
with now two distinct matrices U for the left- and right-handed parts.
The symbols v, and v represent the left- and right-handed N-vectors
of the Majorana mass eigenstates.

More generally the mass term in the Lagrangian may be the sum of a
Dirac- and of a Majorana-term., There may elsf exists a massless
Goldstone boson, called majoron, coupling to the (v Jv current and which
could be emitted in neutrinoless double beta decay. We will however not
consider thase cases here.
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Between the two nuclei (A,2) and (A ,Z+2) we expect the seguence of
two usual # decays. This is a first order process in the weak
interaction ctoupling constant, It would thus be largely dominant and,
for that reason, one should limit oneself to those nuclei where it is
forbidden,, i.e., to those cascades whose intermediate ground level of
(A.2+1) is more energetic than the initial ground level of (A,2). We are
then left with the allowed double beta decay Bﬂ;' with the emission of
two electrons and two anti-neutrinos. But, remembering a possible
Majorana mass term, we ought to expe‘ct also the the neutrinoless double
beta decay Bﬂn,the tuwo emitted (v ). ammihilating each other via the
"mass term graph”. Both these processes are second order in the weak
interaction coupling constant. The decay rates are

2 2
!‘(EEI) ~ f 'IHII and I‘(BB.) ~ q_-fn-IHnl

The mass term 9. the quantity to be measured, reads
= ! ay Inm> <1> 1-
A (l)“ a+n< )u b +In ® )u c,

where we use the abbreviated notation O, = };_ U“'U‘“ x, and where the
n are the mass eigenvalues, The phase space factcre f and f are
precisely known., However, the nuclear matrix elements L3 and M are
hardly calculable to within one order of magnitude. But, as soon as an
experiment provides a measure of both !‘(Bﬂ’) and r(BBG), since the
matrix elements are believed to be of the same order for both decay
types, it becomes possible to estimate the mass term through the nuclear
mode]l almost independant ratio r(an° )/I'(EB: ). The coefficients a, b and
c, finally, are known quantities.

In the present state of experimental results, it is sufficient and
illustrative to interpret the mass terwm in the simplest cases. Assuming
no right-handed cuxTents (n=0) and only one flavour, > o, the
electron-neutrino mass. With a second flavour, we obtain

2 -2 2
@ == -cos 8+ n e -sin 8

Purthersore CP invariance requires p=0 or x/2, so that

<n>u =m -co-’ﬂ +n -sin’l or " -cos 6 - . -sin"

Cancellation may be important in the second solution,
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Sorth noticing, finally, is the fact that the possxbxe candidates for
double beta decay are transitions from an initial 0 state into either a
D' or a 2 final state, Hhereas the 0 transitions are possible with
Majorana mass terms only, the 2 transitions may have contributions from
right-handed currents also.

3, EXPERIHENTAL METHODS

A. Geochemical methods

The geochemical method consists in comparing the isotopic abundancies
in old ,Sre with H\e atmosmenc awaiazncxes Resullt.’s are nva‘lzla.ble s0
far on Te into Ye, on *Te into Xe and on Se into Kr. One
of the Te experiment (KI83) finds a large excess of "**Xe and no excess
of '“Xe, leading to the ratio of half-life times T(128)/T(130) > 3040.
The nuclear matrix elements are believed tc be roughly the same for
those two nuclei so that they cancel in this ratio. The theoretical
calculations indicate that such a large value can only be reproduced by
83,  transitions. The other experiment (HE78) on Te finds
T(128)/1T(130)=1580, a lower value which could accomodate B8, transitions
also, The two experiments on "se also find an evxdence for BB decays
corresponding to the half-life times T=(2.76+0.88)- 10 y (SR73) and
T=(1.4520,15)- 10 y (K124). In that case however no nuclear independant
ratio is available and the mass term is thus more difficult to extract.

The rather large spread of these results should give an 1dea of their
credibility,

B. Ionisation detectors

A group at Irvine {s presentl runnmg a time projection chamber
vhose central cathode plane conteins Se The S8 candidates should have
the rather clean signature of two tracks spiralising in the magnetic
field and flying in opposite directions from the central plane toward
the anode wvire planes. MNeasuring the energy of the transition, this
experiment should be able to separate, in the energy distribution, the
88, peak from the broad BB spectrum, The experiment however may not be
ablc to distinguish 0 from 2' transitions.

Other time projection chambers or multiwire cells are developed by
groups from Caltech, NeuchAtsl and SIN and from Milano.

C. Ge crystals

Up to 200 o single crystals of Ge have been used as both high
reso}ution intrinsic sesi-conductor detectors and as sources of g8 decay
of Ge, whose natural abundance is about 7.7x. The advantage of this
method 1s its very good energy resolution, typically 3 KeV at the sg
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transition energy of 2 HeV. The Bﬂz can be separated from the 88, as
well as the 0 from the 2" transition. In order to reduce the cosmic
background these detectors are operated underground and/oc surrounded by
vetos, To fight against natural radicactivity they are heavily shielded
and only vervy clean material may sit in their immediate neighbour. So
far no evidence for BB decays have been reported and t.he corresponqu
lower limit on the Hhalf-life time is about 1.0- 10 y (BE86), T
experiments presently run or built with natural or enriched Ge, by
groups from Pacific North West and South Carolina Universities, from
Santa Barbara and Berkeley, from Bordesux and Zaragossa and from
Caltech, Neuchdtel and SIN are expected to improve that limit by one
order of magnitude.

4, RESULTS

The table below summarises the expsrimental results on B8 decays as
of today. It is only meant to give the reader an idea of the
sensitivities already reached and is by no mean complete.

Nucleus Measured half-life times Theoretical estimate

ve in years, (90% CL) of <m> inev
- > 1.0- 10 » (BEBS) < 10

".Sa > 1.4-}? (HO34) < 47

e ‘l'c”' > 810 (K183) <9
Te/ Te >3040 (K183) <5.7

The theoretical estimation of @ obviously assumes that there are
no right-! 4 cucrents and, as already mentionned above, should be
taken with much carz when not extracted from a nuclear independant
ratio. The limits quoted for @ =~ are the most conservative from
different nuclear calculations (HMA and GR85), scaled (VUB6) to
rurﬁlgnu the absolute rates observed in "5e for "Ge or in '"‘re.
for Te. Remember also that in its most naive interpretation, > is
the electron neutrino mass,

Observe that those figures are around the presently best limits on the
electron neutrino mass from dirsct mass measurements.

CONCLUSTON

Double beta decays has been observed in it by geochemical
experiments. Thesa events are suspected to be allowed 88, events,
The experiments presently running or in preparation are hoped to reach
the level of other #8, decay rates: this would settle the problem of '
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nuclear matrix elements calculation and lead to much more credible
estimates of the mass term, But the real breakthrough would be the
observation of B8, events which would incontestably establish the
exi1stence cf Majorana mass terms in the Lagrangian.

While preparing this seminar, I have greatly benefited from the
patient and very competent help of Prof, J.-L. Vuilleumier. I rest
tiowever solely responsible for any mistake or awkwardness left in spite
of his collaboration. I would also not miss to thank the organisers of
the 1987 Kazimierz Symposium for their warm, generous and stimulating
hospitality.
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ABSTRACT
¢+ new way of describing the multiplicity distri-
butions by wusing the Negative Binomial Distridbution is

¢ritacally discussed. Some misundeprstandings often
encountered in literature are pointed out.

i1. Iniroductiion

During the last two years, the Negative Binomiatl
Distribution made a rapid career as a parametrization of
multiplicity dastributions and a candidate for the ncw empirical
taw of physics (1].

1 would like to point out some misunderstandings and
difficulties in this approach. Fresented work has been done 1n
collaboration with R. Szwed and A. WrobiewsKl. More details on this
subjyect can be found }n Ref. [2).

The paper 1s organized as follows:

In Section 2 the problem of using the so-callcd “Fake Negative
Binomial Distribution” 1instead of the +true Negcative Binomial
Distribution 1s discussed. Section 3 contains the discucsicn of
the questien: *Is KNO-scaling really accidental?" Sectison 4 is
devoted to the comment on a "new method" to subtract diffractive
compeonent  from multaplicity distiributions. The Jast section
contains a short discussion on the energy dependence i the K-
prarameter and 1tc interpretation.

Al) remar¥ks will be 1llustrated by the pp noan-di1ffractive
data {5) and the pp SPS Collider non-diffractive data {6, 7).
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2. "Fake Hegative Binomial Distribution®

The Negative Binomial Distribution (HBD) 1s described Ly the

following formula:

nek-t (p/k) "
PNBD () - —_— 1)
n (1+a/K)N*®

1t has two parameters. The n parameter has the interpretation of
the average. The k-parameter 1s connected with the dispersion
D:{nZ-#2 and the second central moment C, pzn2/i? by formulae:

Dupp2 = A + 62/K t2)

C = 4+ 1A 2 /K (3)

where n takes values of 0,1,2,3,... .

The NBD can be wused to describe distributions of chargecd
particle multiplicities P(n_,), but for the pp data n., 1s always
even, 30 n.,:2,4,6... The theoretical probability distribution
function 1s defined for all non-negative integers. Thus, instead

of n., , the genutine multaplicity measure n should be used
according to the formula n,, :=2en + 2 . Hote, that genuine
multiplicity measure n (n:=0,1,2,3,...) coincides in case of pp

data with the number of negative prongs in an event n:=n_

Unfortunately, another procedure of calculation of the
probabilities based on the NBD 1s very often encountered 1n the
literature (6,7). The authors take from the NBD only
Probabilities P(n) for-even 1ntegers and renormalize the whole
distribution. This procedure, strictly speakKing, leads to the
fitting of the different theoretical distribution, which we call
"Fake Negative Binom:ial Distribution* (FHBD). Let me siress that
for the FNBD formulae (2) and (3) for the dispersion and the C,
moment are no longer valid, Nevertheless, the name "NBD" is used
by many authors also when they fit FNBD, which leads to
mi1sunderstandings.

The argument that the FHBD‘approxlmates the NBD for large i
1s not useful), because 1t is valid onlyY 1in the ESPS Collider
energy range. Figure 1 1llustrate how different are those two
distributions. It shows the ratio of the K-parameters obtatned by
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fitting the FHLD and the NBD to the pp and pp data. It 1s seen
that <o11ider polnts are close to the unity, but deviations are

Mromatically 1ncrcasing at smaller energles.
Thus, 1n fact there are two different distributions: the NBD

and the FAEBD.

2. 1s ¥MC-scaling rcally accidenial?

Tre statement that the ENO-scaling was accidental has
ayppuarod firstly 1o the VUAS Collaberation paper [6). The way of
crening by the autliors of Ref. [B) is schematically shown in Fig.e2

Ls seen 1n Fig. 32a the dependence $/a+i/K vs s has a flat
minimem 1n the energ) range between 10 and 60 GeV. Hence (based
tn the formula (3)) the authors c¢onclude that the C,, ., mement
iF3g. 32} has a simlar flat minimum. Then, using the statement
that the F¥HNO-scaling requires Crn_, » to be constant, they argue
that KNO- scaling s accidental.

The arove argumentation contains inconsistenciles:

Firstly: fermula (3) 1s valid only for the NBD, and for the
“..z moment  defined for the genuine multiplicity n. But 1n the
"AS Collizboration paper the FNBD and the Cn., , moment are used.
It should be stressed, that the sum 1+4t/fi+{/K is not the same as
the Cn., , (compare Fig. 32 and 3h).

Secendly: Fig. 3b shows that Ca.y,p has no minimum! This can
I proven by the three lowest energy points, omitted in original
UAS publication [6). Moreover, simple arithmetic shows ithat at
ithe energy threshold Cn‘__,,_2 goes to unity i1n contradiction with
hypothesis about the minimum.

Thirdly: In the original formulation [9) KNO-scaling
requires Cn.p 2 1o be constant only for asymptotic energies.
Properly formulated KNO-scaling [10) correctly describes the rise
6f the Cn., , moments from the energy threshold up to ISR
energies [11].

In conclusion: The statement that KHO-scaling 1s accidental
seems to be a triple misunderstanding.
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4. A "pew method” to obtain the non-diffractive eveni samples

Separation of the diffractive and non-diffractive component
is usually difficult. Recently a new method has been proposed
{7), based on a supposition, that the NBD describes very well
Just the non-diffractive data. This method 1is 1llustrated 1in
Fig. 4, showing the multiplicity distributions for 800 GeV/c pp
collisions. The open points corresponds to the inelastic sample
The diffractive component is 1limited to the events with few
lowest multiplicities. Hence, one can take inelastic data, omit 3
or 4 1lowest multiplicities, fit the HNBD and take the result as
the non-diffractive data {(full points).

We have tested such procedure for the world pp data [4]) and
we have compared the results with those obtained by the standard
methods (5) (missing mass plots etc.). The comparison 1s
illustrated 1n Fi1g.5 which shows the +total diffractive cross
section. Open circles represent standard methods and full circles
- RBD method, It 1is seen that the points corresponding to the
standard methods are self-consistent within errors, whereas
fluctuations of the HNBD method are gigantic (up =»o 15 standard
deviations).

There is a more direct way to prove this in tability. One
c¢an compare the HBD fit to the full non-diffractive distribution
and to the same distribution without few lowest mmltiplicities
An example of the result of omitting 5 from 20 points of the
distribution at energy 62 GeV is illustrated in the Fi1g. 6. The X2
contours presented as a function of the i and K show the goodness
of the frt. The full distribution (Fig.6a) has a quite well
localized minimum, with A and K not strongly correlated. After
omitting % points (Fig.6b) the correlation rapidly rises and the
minimum radically shifts (note the change of the scale) in spite
of f1tting to the same non-diffractive distribution. Conclusion:
the mentioned NBD-method is completely unusable.
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5. Energy dependence of the K-parameter and its interpretation

Figure 7 shows i/K dependence on energy for the NBD (open
circles) and for the FNBD (full carcles).

In existing models [1] the K-parameter is treated as the
number of clusters or as a probability. So, 1t should be
positive. But as seen from Fig.7 this 1s not the case. It is
difficult to understand in terms of models why at certain energy
the K-parameter changes sign although other experimental
observables do not show any such violent change 1n the mechanism
of multiparticle production. '

Moreover, the NBD does not have any predictive power since
1t involves two free parameters for each multiplicity
distridbution and has no build-in scaling. There 1s no model to
predict the dependence of the K on the energy, particle type or a
phase-space region in agreement with experiment

For the {full phase-space pp data the only proposition of a
parametrization for K was g.ven by the UAS Collaboration {v, 8}.
The authors propose the linear dependence ¢f the 11/k vs 1n s.
Tney fitted data for energies higher than 10 GeV. However ihe
proposition has weak points because, farstly, as illustrated 1n
Fig.7 the 3 lowest energy data points are in contradiction with
this dependence, and secondly, the FNBD was used instead of the
HBD. For the HBD the linear dependence 15 even less convincaing

At the end of this section I would 1liKe to underline one
mere difficulty of the NBD approach. The NBD does not describe
the pp data as good as 1t 1s otten claimed. Figure 8 shows the
ratio ot the experaimen al probabilities and the probabilities
calculated with the NBD, at the 1SR energy range. The points
should be randomly scattered around the unity which is not the
case. The explicit systematic deviations are seen.
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6. Conclusion

Concluding this paper, 1 would like +to point once again a
11st of misunderstandings and difficulties of the NBD approach:
Many authors use the FHBD instead of the NBED without clear

distinction.
The minimum of the 1/f+1/K has nothing to do with the EKNO-

scaling, so the conciusion that the KNO-scaling 1s accldental is

Just a misunderstanding.
The NBD-fit method to obtain non-diffractive multiplicitiecs

1s unusable.
There 15 no model +to predict the dependence of the K-

parameter on the energy, particle type or a phase space region

and its reasonable interpretation.
Lastly, the NBD does not describe the pp data so good.

Thus, in my opinion, the NBD can be treated as one of
Possible parametrizations of data, but by no means the best.
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1GURE_CAPTIONS

Flg. 1

The ratio of Kypp/Kryao vE VS
Fig. 2

Scheme of the way of arguing 1in Ref. [6] {left part of
diagram) and conrtrarguments (the right part).
Fig. 3

a) The values of {1 + 1/i ¢+ {/k from the FNBD fits to non-
diffractive sample. The curve shows the UAS Cellaboration
interpolation [11}. '

b} The values of Cn_,,2 moment for the same sample.
Fig. 3

The LEBC-MPS Collaboration pp inelastic data (800 GeV/c) and
the "nondiffractive data" obtained by using the FNBD fit
Fig. 5

Comparison of the experimental diffractive cross section
with the "diffractiive component” obtained by subtracting the NBD
fitted cross sections from inelastic topologic cross sections for
Aoy } 105 '
Fig. 6

The contours of constant X2 values in the FNBD fit to the
non-diffractive pp multiplicity distribution at s = 62 GeV as a
function of parameters i and k;

a) all data points used;

b} data for n., ! 10 omitted. Notice the shift 1n the best
value of k between a) and D),
Fig. 7

The 1/k Pparameter of the NBD (open circles) and FNBD (full
circles) fits for the non-diffractive sample. The straight line
illustrates fit to the data with s < 10 Gev, done by the UAS
Collaboration [11].
Fig. 8

The ratio of PEXP(n_,)/PNBD(pn_.) plotted as a function of
reduced multiplicity n.,/<n.,> for the pp data at 30.4 < §s <
62.2 Gey !
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Transverse Energy and Multiplicity Distributions
in High Energy Reactions

by

M. Plumer.) and R.M. Weiner
Physics Dept.
University of Marburg
Mainzer Gasse 33
D-3550 Marburg
Federal Republic of Germany

Under rather weak assumptions a set of analytical relations
between the moments of the transverse energy distribution and
the moments of the underlying multiplicity distribution is es~-
tablished for high energy collisions. Where applicable, the re-
lations are in good agreement with data.

In the last years, the study of transverse energy distribu-
tions in high energy collisions has attracted considerable inte-
rest, among other things because at high energies and/or with
heavy ions calorimetric measurements gain more and more impor-
tance and thus transverse energy distributions become one of
the main sources of information about multiparticle dynamics.
Therefore it is of high theoretical and practical interest to
relate the transverse energy distribution with other physical

observables.

As far as we can gather correlations between multiplicities
and transverse energies have been obtained so far only via Monte-
Carlo calculations''2!. The present contribution represents an
attempt to derive an analytical relation between the transverse

energy and multiplicity distributions.

*
! Postdoctoral Fellow of the Deutsche Forschungsgemeinschaft
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In a given rapidity interval, the transverse energy distribu-

1 do is related to the corresponding multiplicity

tion, w(ET) H 5 a——T:
distribution, P(n) = -2, as follows (o = Lo, is the inelastic
[}
cross section) =
-»
w(E,) = T P(n) £(E,|n) (1
d a0 P

where

£(E[0) = §(E)s (2)

n
E(Egln) = fdeg,...fdep, (80T cpy - Eq):

! 3% } )
O e S —————t— n 2 1
On dsT1...deTn

is the conditional probability to observe a transverse energy ET
at a given multiplicity n and €p is the single particle transver-
se energy. Since experimental data on % gg_ in general do not

contain the zero multiplicity contribution, from here on only
the modified distribution

" e
W(Ep) = I P(n) f(BTln):
n=1
{3)

Bin) = P(n)/(1-P(0))

will be considered; moments like <E$> or <n™ will always refer
N
to W(E;) and P(n), respectively.
If the single particle transverse momentum is weakly or not

at all correlated with multiplicity as it is the case at Fermi-
lab and ISR energies3), one finds for the first moments

"
<BT> = ﬁ P(n) - n - <¢.:T>n A <n> <gT> {4)

In order to obtain corresponding relations for the higher
moments, one has to make assumptions about the n-particle in-
clusive transverse energy distribution. We shall assume here
that it factorizes into a product of n single particle trans-
verse energy distributions g(eT), i.e. that the transverse
energlies &p of individual particles are uncorrelated:
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1 don n
e ;—————~;——— = 121 gleq) (5)
n deqg...dbg,
The validity of this assumption has been tested"z’ up to

encry.es of «s = 32 GeV in Monte Carlo calculations of corre-
lations between ET' <n> und <Pp”-

Together with (5), (1} and (2) yield

<E$’ = ? apy <A - {n=1) - ... ° (o-3e1)> {6)
3x1
with
ayy = “&p” -
a,, = <:T>2, a, = <£;> etc.

With an exponential ansatz,

“beg

gleg) = uz €&p - e (8)
the results further simplify to 2n-1

o “ET’ -“BT

w(Eq) = I B - TR e (9)

n (2n-1) 1
and
m 2,0 . 1, . . m=-1
<Ep> = (E) <n (n+g) - (ne=-) > (10)

in the following, this formalism will be applied to the discus-
sion of experimental data.

For pp-collisions at /s = 31 GeV, the chargedz’, neutrald)
and totals’ transverse energy distributions in the central rapi-
dity region have all been measured in separate experiments. A
customary parametrization is

-al
"1 (1)

v (E

& (2P e
I'(a)

The value of <Ep>,a and p as well as the respective rapidity
interval for the 31 GeV data are given in table 1, where we have
alsc included data obtained at 27.4 Gevsl. In ref, 2, the char-
ged Ep-distribution has been cbserved for |[n]<0.8. Integration
over that distribution yields '

¢

2
<th> = 1,38, <(Egh) > = 3,12 (i2)
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With an average Pp in this region of 0.40 Gev7
from eqg. (10) <nch> = 3,25, Yo = 0.48, where

). one obtains

72 = (<n2> - <n>2)/<n>z.

This is to be compared with the values found in the same rapi-

dity interval in ref. g, “nop> " 3.27 (3.13) and Y, = 0.46 .
(0.49); here the values given in brackets were obtained by the

authors of ref. § by correcting the data on P{(n) in order to

fit KNO-functions measured at higher energies,.

Thus, in the case of charged particles, the first two moments
of B(n) as calculatea from 3(ET) through eq. (10) are in good
agreement with the corresponding experimental data on 3(n).

If one corrects for the slight differences in rapidity inter-
vals (cf. table 1), comparison of the charged, neutral and total
ET—data for a fixed interval in the central rapidity region in-

dicates
<E;h> <gg> :
tot, © ot =37 (13)
<EEOt,  (gtot,
T T

Since the Eg-measurements did not distinguish7’ between pions
and n-particles, this result does not necessarily imply, as sug-
gested in ref. 9, that isospin symmetry is violated. On the other
hand, if isospin is indeed violated {which is conceivable for a
narrow rapidity interval), the great similarity of the charged
and neutral ET-distributionsz", {at least in the region where
both distributions have been measured, i.e. for 1.5 GeVSETS12 GeV)
indicates a correspondirg similarity of the underlying multipli-

city distributions, i.e. Pch(n) ~ Pyln).

However, to obtain an unambiguous interpretation of the data
one will first have to clarify how much the n-particles contri-
bute as compared with the neutral pions.

For an analysis of ET-distributions obtained at collider
energies, the present model will have to be generalized to in-
clude correlations between multiplicity and transverse momentum.
Also, to get a better approximation the er-cortelations can be
taken into account in the derivation of eq. (§). Work in this
direction is in progress.
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: Parameters of experimentally observed

Table 1 :
Ep - distributions
/s pseudo rapidity <BEp) a p
(GeV) interval {GeV)
S | 31 | [nl < 0.8 1.38 - -
ey | 31 | Inl < o9 1.5¢ | 1.62 £ 0.01 [2,50 2 0.0
CEEPH[ 31 | Inl < 1.0" 3.67 | 1.16 ¢ 0.04 | 3.56 £ 0.2
tot
(B[ 27 | -0.65 < n < 1.32 3.06 0.98 3.0

*
) Particles were grouped in clusters, and only those with cluster
pseudorapidity Inc} <-0.7 were kept.
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ﬁinijets‘

Meng Ta-chung
Fachbereich Physik der FU Berlin, Berlin

Recently there has been much interestli'a/ in "minijets" or

"low-transverse energy jets" in hadron-hadron collisions. Why
do they attract so much attention? What are they?

Perhaps 1 should begin this discussion by reminding you: Mulcti-
particle production processes take place in approximately 80%
of the high-energy hadron-hadron collision events. An event of
this kind can be characterized by the multiplicity (n) of the
produced charged hadrons and/or the energy flow (ET) in the
transverse direction of the beam. Distributions of n and ET
have been measured for various processes (pp, pp, mp etc.) at
various (total cms) energies (/?) in different kinematical
regions (defined by the pseuvdorapidity n and the azimuth angle ¢
of the final state hadrons).

It hes been observed by UA1 collaborationll/ that a considerable
fraction (approximately 6% at /=200 GeV, 17% at 900 GeV) of
minijet-events exist in the data sample of minimum-bias events.
Minijets were foundli/ when the n- and the ET-distributions were
measured in the kinematical region Inl<2.5 under the condition
that at least 5 GeV enters the trigger cone of radius

R={ (aAn)2+(44)2]1/2=1 in the n-¢ space. The characteristics of
the minijet data sample are indeed very striking: It is seen in
particular that the average multiplicity of minijet-events is
approximately twice as high as that in non-minijet-events; and
that the multiplicity distribution of the minijet-events, when

plotted in the KNO form ,is much narrower than the corresponding

14

*Supported in part by Deutsche Forschuﬁgsgcnlinschaft
(DFG: Me 470/5-1)
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curve for minimum-bias events. Perhaps this is the reason why
it is expectedlz/ that minijets should have very much in common
with the jets (high-ET-jets) in hard collisions.

Chao, Pan and myself took a closer 1o0k/3/ ot the datali/. The

result of our analysis/a/ strongly suggests that the minijet-
events and the ordinary minimum-bias events are closely related

to one another, and that-their relationship can be described by

standard statistical methods.

The attempt of applying standard statistical methods

to the minijet problem is motivated by the observation/4/
that such methods can be used to describe the rapidity-dependence
of multiplicity distributions in hadron-hadron/s/ as well as in
other/G/ collision processes. Having learnedlq/ that the multi-
plicity distribution data in limited rapidity intervals ("rapi-
dity window") can be described simply by the binomial distri-
bution law, provided that the multiplicity- and the rapidity-
distributions of the particle-producing system(s) are known, it
is rather natural for us to askja/ whether the minijet pheno-

menonll/ can be understood in & similar way.

There are several reasons which make us expect that statistical
fluctuation should play an important role in this phenomenon.

(a) It is known empiricaslly that transverse energy ET and charge
multiplicity n are approximately proportional to each other.

(b) High-energy hadron-~hadron as well as the collision experi-
mentls’ show that multiplicity fluctuations in small rapidity
windows are larger than.those in larger windows. (c) The procedure
used by UA1 collaboration/l/ is in fact a measurement of n- and
ET—distributions in a given rapidity window under the condition
that a minimum amount (ET0=5 GeV) of ET enters the trigger cone
where the trigger cone itself is a window in the n-¢ space.

Consider an inelastic nondiffractive hadron-hadron collision at
cms energy /s. Let P(ET;s) be the ET-distribution of the emitting
system that dominates the rapidity region under consideration.




m

The probability density of observing an amount of transverse
energy ETw in the rapidity window w inside the rapidity region

is

PW(ETw;s) J.dE P(ET,S)B(ET, Twi Oy se). (1)

Here, qw(5)=<ETH)/<ET> is the average probability, at total cms-
energy vs, for a unit of transverse energy to be inside the
given rapidity window. (The energy scale is fixed by the para-
metere). <ET> and <ETw> are the average values aof ET and ETw
respectively. B(Er; ETH; qw;s) is the generalized binomial
distribution for the continuous radom variables ET/s and ETH/s:

E- /e~ ETw/t

r(e /:H) / 1

[ 4
BET:Eqyiayie) = F7E7 /cﬂms T o] “ (1-a,)

(2)

Since the minijet-trigger can be viewed as 3 moving window
with an energy cut, the probability density for a given amount
of transverse energy E%H {(j for jet). to be inside w and for

a part of it (E%H) to enter the trigger cane c with threshold
energy ET0(=5 GeV) can be written as:

b I EJ/Z 3
Pw (ETw;ETo) = I dETw h(ETw's) B(ET\\/2 ETv‘qc 1€ HET -ETO’ (3)
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Note that the trigger cone receives contributions from the "jet
side” only, while those on the "away side" which compensate the
momentum of the jet are not included. We caiculated the trans-

verse energy distribution for minijet events from Eq.(3) where

we used the empirical value for qc=2$E$NT/<E%w) and an empirical
fit for P (E;,;s). The result for <E%N>Pa,_when plotted as a
function of zH=E%N/<E%H> is shown in Fig.1, where §he datall/
for the_corre§ponding multiplicity distribution <na>Pa as 8

function of.na/<n%2 are given.

', " Pl
w
o'k ©'E
« 200 GeV (@ minimum bias
- aso GeV &) Er, = 15GeV
o S0 Gey o © Epe 5 Gev
« 800 Ge - 0
©° 3 dh Erg+10 GeV
0! 0
] cb™,
[ ‘a
‘o-? w-? 3
1 1. | 1. . NS T T I IR |
0 1 2 3 _j e 5 o 1 3
z, a4 s
Fig.1 KNO-plot for minijet Fig.2 Threshold-dependence

of KNO-plots for mini-

events (see text)
. jet events (see text)

The calculated result, as well as qualitative arguments (given

in Aef. 3) show that the narrowness of the distribution for the
minijet sample is attributable to the method of event selection.
We also calculated other quantities measured by UA1 collaboration
in this connection: the multiplicity distribution for non-mini-
jet events, the average multiplicities and the average trans-
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verse energy per particle both for minijet- and for non-mini-
jot-events, and the relative occurrence of minijet for different

The obtained results are in agreement with the datall/.

s-values.
It should be pointed ouvt that all thess gquantities depend signi-
ficantly on the threshold energy ETO of the trigger cone. This

dependence is illustrated in Fig.Z2.

The fact that minijets/low—ET-jets phenomena can be understood

in such a manner has led us to ask the following questions:"Is

it useful to differentiate between events which have low-,

mvdium- or high-transverse-energy in a given n~ and/or ¢-window?
"vihat is the relationship, if ary, between such events?" We think
these questions should be of considerable interest. It is because:
fxperimentally, minimum-bias events, minijet-events and jet-
events are collision events which have different values of trans-
verse energy in given n-¢ windows. Theoretically, according to
the popular parton and/or QCD based dynamical models/z/, such
events are due to "soft processes” "semi-hard processes" and
"hard processes” respectively. Hence, it is generally expected
that experimental data for different cetegories of events will

vi2ld useful information on different kinds of reactions.

A systematic data analysis/7/ has been carried out in Berlin,
the 2im of which is to answer the above-mentioned questions.
The time is too short for a detailed discussion. Let me just

tell you the general conclusion and show you some examples.

The result of this apalysis can be summarized as follows: The
transverse energy spectra in pseudorspidity and/or azimythal
angle windows are related to one another in a simple way. In
fact, the relationship is nothing else but that given in Eq. (1),
wvhere q, can in general be calculated by the geometry of the
experimental apparatus. Exceptional behaviours appear only in

events associasted with very large transverse energies ETR 40 GeV.
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As examples let me show you some of the test we made:

Test 1: We consider the experiment of B. Brown et el./B/, in
which high-transverse-energy events produced in proton-proton
collisions at 400 GeV/c were studied using'a large-acceptance
myltiparticle spectrometer. We use the cross section obtained
for A% = 271 as input and calculate that for A% = 41/5 and that
for A® = n/5 (See Fig.2 of Ref. 8). Here, the corresponding
values for 9 °Te respectively 2/5 and 1/10, which is simply

a consequence of azimuthal symmetry.

First, we calculate the slopes of the curves. This is of some
interest because empirically/B/ all three sets of data are well
fitted by simple exponential functions do/dE~exp (—aET) in the
large-ET region. In fact, the following values for a have been
given by Brown et al./a/: a = 0.84 £ 0.02, 1.25 £ 0.05 and
2.5 + 0.1 for A% = 2n , 41/5 and n/5 triggers, respectively.
B8y using a = 0.84 for A¢ = 27 as input, we calculate the a—
-values for 4% = 4n/5 and 49 = n/5. The values are: 1.3 and

2.4 respectively.

Secoﬁd, we calculate the cross-sections dc/dET for Ad =4u/5

and 4% = n/5 by inserting that for 8¢ = 2v inta Eq.{(1). We use
the value for ET = 0 to determine the proportionality constant
between dc/dET and P(ET;S) and thus obtain the absolute do/dET—
values for 4¢ = 41/5 and for AP = n/5. These are shown as solid

curves in Fig. 3.

Test 2: We consider the total transverse energy distribution in
the UAl-experiment of G. Arnison et al./sl at the CERN proton-
antiproton collider. The data/g/ are for /s = 540 GeV, and pseudo-
rapidity regionin|<1.5 . Here we use exactly the same input as
that in Ref.3, which is an empirical ET-distribution for

Inl<2.5 at v/ = 540 GeV. Because of the §-symmetry and the flatness
of the n-distribution in the central rapidity region, q, can be
obtained also in this case from the geometry: q, = 3/5. The calcu-
leted result is shown, together Qith the datalgy. in Fig.4.
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We consider the transverse-energy distribution over the

;:;:::;apidity interval |nl<1 and an azimuthal range A9 = 300° in
the UAZ experiment by M. Banner et al./lol. In this proton-anti-
proton collision experiment at /s = 540 GeV, a segmented calori-
meter is used to study large ET-jets. Here, we use 8s input the
ua1 data’3’ for Inl< 1.5 and 4¢ = 360° for the ssme resction at
the same energy. The values for q, are determined from the geo-

metry, where the symmetry in ¢ and.the flatness in the n -distri-
2 ° 5
bution are taken into account. They are: 73X %%g; =3 and % x ggﬁ°

= é Tespectively. The calculated resvit for Ad = 300° and that
for 49 = 60° are shown in Fig.5 together with the UA2 datalio/.

1 Fig.3 Cross section abtained
with three different azimuthal
. acceptances as a function of

] transverse-energy contained with
the trigger modules. Data are
taken from Ref.B. The salid
lines for the A% =43/5 and the
4% = 7/5 data set are the col-
culated result of Test 1. The
dashed line is explained in
Ref, 7.
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S 1 Fig.4 Totsl transverse-
< o T Bp: $3:540 Gev | -egergy distributign in
K - i< 15 the rapidity region
= o7 I 1 lal<i.5 Gev. Data, shown
§ i _-_ as dashed lines, are
W S 1 teken from fef. 9.The
E oY 1 calculated result of
v . - Test 2 is shown as solid

wr ~=——=t=-~=1 lines.

0%}

0 20° 40 60 80 100 120
E;{Gev}

Fig.5 Transverse-
-egergy distributions pp:Vs-540GeV
over the whole azi- \ AcNet
mythal region. Data = «30% @ <330°
are taken from Ref.10. > oA p-60°
The solid curves are 8
the calculated result e
of Test 3. =

-

w
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1. IRTRGDUCTION

Hard scattering of elemertary particles with production of
high traagverse momentum jete is one of the most important
teste for partor models end Quantum Chronodynamics (GD) {1].
Studies of leading particles in jets showed that knowle@e

of the particle identity directly gives infermation abdout

the underlying parton scettering ([2]. Identification of leading
megons in large pn Jets allowed the separation of gluon
ecattering from other bigh p, processes {3). The behaviour

of leeding baryons produced at high Pr showed necw features
vnexplained within a standard parton model: ithe relative
proton yields ¢ (p)/6 () depend on p, at fixed scattering
argie 6 , on @ at fixed p, , and on c.m.s energy 3" at

fixed x, = 2pn/ Y8 and Q; in contrast, relative K and P
yields ere rnzarly independent of kinematic variasbdle {#].

In this short report I will present the recent recults of

the anslysis of high Py Frocesses at ISR energice obtained

in the Iplie Field ilagnet detector by ABCIHW Collaboration (51,
ihe experiment is briefly descrited in seciion 2. In sgeciion 3
the ratios of inclusive cross soctions for negative and
positive picna separztely are disscussed. In phass gpace
regions limited by geometric acceptance of Cherenkiv ccunters
the retios are studied as functions of transverse .omenium

Fr o reduced lerngitudinal momentun x = 2pL /Y3 aad
scattoring angls 0 and compared with parton model :salsulations,
The data on cerrelations between theidentified trigger
particle and the properties of spectator jets are pressnted

in sect, 4.

2. EXIERINENT

The exyrriment was performed with the Split Field Magnet
{37) Detecter ai the CER! Intercactirg 3torags Rings (ISR),
The detector concists of a2 system of multiwire proportionsl
chionvers and an array of scintillation counters for time-of-
filicht mea~urcments {6b).



A three step trigser logie sclecis fnon%g vith & hizh Pr
track At 4 CeleGe SC& aopie i, 26° o 45t
“l.ese tricks can be idcutificd wiith throshold Chavrenke
couniera [S,Gb]. ine precent stotiviiel for recawlirusied
high pn avents is of the oxder of 105.
3. PATIOS OF IRCLUSIVE CROSS-GuCl I

iion ratioo of inclusive crics-secticon 1+ = o {7ty
GiEY+ 57 v p)and ¥ = 0 {ET) & (Fr— + T) far protin-
proton intersctions ul 6a40° 2¢% are h;o wWers Loasurt. &
Lus ChameC. €nergilest s = 31 eV ond 63 GeV as functions

a4 3 for different fixed veluss of
i 7eluc, the fraction ¢l neg 2
riving function of x, At % =
civasr section da left for heavioy
walue s of pT. Tpe freclicn of posci
teheviour., Starting from r ~ 0,6
withh increasing =x.

The dependence of R" and ®” en x, observed nere at neciun
and high velues of Pp s resembles closely the behavic
positive and negative pion fractions at low $ranever
Jn the soft hadronic interacticn this behavieur is gencrall
mnderstood as a reflection of the leading proten effect {71
In the quark models of soft hadron scattering this effect
is explained by the diquark content of the forward~brekwirl
Jets in proton-proton ccllisions. Similar propsriies of piovn
production at lew and hi-h Pp sugeest a comzin erigin of
this tehaviourt! the fre;entation ¢f diguarks wisk e
contributicn of fast protens whick suppreasas
poritive pion comtribution at higher x, For negative particles
this process is absent and picns deminate.

To describe the pp dependence of RY und R shown 1n figs &
end 5 for different fized values of the hard ssattering of
quarks aud. glucna was simulated by 4he Uconte Car’- program
desertbded in dotefl in rer.[B), The proceos of diguark
acettering was not ineluded in this version of the simulation
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pregrarn. The medel deseribes rouscnably well the regative

picn retvios &t bolh energiecs byt the pesitive plon ratios sre
rot deacribed properly by the model, The discrepancy vetween

the medel and the &ata iz imecrescing for smaller anpgles (9'=-20°).
4 ginilar discrepancy woe observed previously for the complemen-
tary davz on high Pp baryon pxroductiean in preoton-proten
cellisfens [5e]), Althouzh the preduction of antiprotons was

well described by the standard quark model; in the case of
preton preducticon this rodel fgiled to describe the magnitude
tnd B eng P dependence of the proten relative yields,

The coniritution from diquark scatterirs [9] was proposed to
explain the featurss of high py proton preduction [10).

Tre mcdel epplicr to particlea with Fp ~ 2.5 GeV/c., The predic-
1cue of this modsl for B shown in fizs 4 and & are in good

grrecment with the high p, end of the data. About 90%

or th: high Pq rotons originate from diquark scattering in

this phase space region.

We ceounclude that the qualitative and quantitative predictions
¢f tre diquark model are in good agreement with the data at
Sisher values of Ppe Th.is indicates the presence of diquark
frarmantetien alco in high Pr jets, The confirmation of thic
Yyvethesis chould come from the correlation data,

b, CORALLATIONS BETWERY TRIGGER AND SPECTATOR JETS

For *he events with high po baryon production a typical
hird secattering feur jet structurs is observed: scattered
pzrtons fragacnt into high Pp "triggar" and "away" jets
znd noninterscting partors forn two low P spectator jets.
“ne kyorihesia that high Pp baryons are produced by bard diguark
soamttering landz to the prediction of well definmed correlations
beivaeen theze lets es shown in fig, 6. The spectator jets,
2% Bﬂ;o should be due te a system of two valence quarks
i~ the czoe of v031tive meson trigpers and to single valence
qvarar for proten triggers from diquarks fragmentation.

A atuay of the ratice R (p/7c*) = g*(p)/ g* (M%) of densities
of pesitive pirticles acsoclated with proton and 7frmeson
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triggers respectively allows to diecriminate between fragmentatior
of diquarks and querks in spectator jet reglon {(x >0.3).

If high pq protons are diquark fragments R {p/7c") should
decrease with x since for large x positive fragments are
dominantly protons which are eaeily produced in diquark
fragmentation and are suppressed in quarks fragmentation [11],
This kind of behaviour is indeed observed in £ig.7,8 and 9
for triggers at 6‘%-10°, 20° and 45° respectively, These data
are in qualitative agreement with hard diquark scattering
giving rise to high Pp protona, Similar correlations have
been observed recently for events with high Pp trigger
particles detected at §« 90°[12].

If high py protons indeed originate from diquark scattering
the correcponding spectator fragments should be compared to
charge densities from single quark {ocurrent) jets in deep
inelastic lepton scattering (DIS)., For pion triggers on the
other hand the spectator particles should behave like target
jets in DIS. The correlation between the fragmentation
variable z and the reduced longitudinal momentum x 28 measured
in this experiment can be obtained from strajightforward
parton model calculations [13). The ratio Reo = g'/g+ turne
eut to be a very sensitive indicator of the nature of the
parent partons, In fig.10 acoeptance ocorrected values of
Rg are shown as a funotion of x for different trigger (X*, T, 13)
particles and compared with predictions from deep inelastic
neutrine scattering [14]. The agreement for (uu) and (ud)
jets in vp, yp and X and W*triggera is indeed striking.

On the other kand Re :for preton iriggers shows an increase
of negative charge Eineity g'at large x. By comparison of

these data with models the nature of corresponding scattered
&iquarks can be inveatigated: if omly (ud) syetems are involved
in high Pp diquark scattering then Rs should correaspond to
single u - quark scattering. As cen be seen in fig. 11 the data
fall well above this predictiom and indiczte a subastantial
contribution from scattered (uu) diquarks., Further evidence

= for the scattering of (uu) diquarks comes from the appearance
of CL resonances in the trigger jet as shown in fig.12,
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5. CONCLUSIOKS

The conjecture of hard diquark scattering leading to
substantial production of high Pp baryons in high energy
proton-preton collisions gains further support from the
recent data from Split Fleld Nagnet detector. Both the peculiar
properties of the inclusive high Pp preton production and
the charge correlations between trigger and spectator jets
can be explained by the scattering of tightly bound two quark
objects, Further confirmation of the existence of such objects
should come from studies of baryon production in deep inelastic
leptor scattering and e'e” annihilations,
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FIGURE CAPTIONS
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Pion ratios R' = g (7)V/o (Y + k¥ + p) and R =5(1")/
(R~ +K + F) at fixzed Pp = 2.1 GeV/c and two c.m.e.

energien Y3' = 31 GeV and {3' = 62 GeV as functions

of a reduced longitudinal momeatum x,

Pion raties R’ = 5 (A")/6 (r+ E' + p) and k™ =& (X7)/
(X" + K +7) at fixod Pp = 2.5 GeV/c (R”) and

Pp = 2.9 GeV/e (R*) ana two c.m.,2. energies Ye = 31 GeV

and Ye'= 62 GeV as functions of a reduced longitudinal

momentum X,

Pion ratios R = & (FN)/6 (K™ k' + p) and K =& (X)/
O+ K + P) at tixed Pp = 1.3 GeV/c {R") and Pp = 1.5

GeV/c (E*) and two c.m.s. energies Y8 '= 31 GeV and

r_ﬂ 62 GeV as functions of a reduced longitudinal

pomentum x, The R data from the experiment [6a) at

' = 53 CeV are shown for comparison.

Positive and negative pion fractions at V§‘= 62 GeV

and fixed scattering angle & = _26° for R and O = 18°

for R~ shown as functions of transverse momentum,

The predictions of the parton models described in the

text are also presented. :

Poaitive and negative pion fractione at V’"- 31 GeV

and a fixed scattering angle = 20° for R and

9= 1-’4° for R shovm as functions of transverse momentum,

The predictions of the parton models described in the

text are also presented.

Expected flavour composition of epectator jets for

pion and proton triggers.
' Ratios of positive spectator secondaries associated

with proton and W’*riggera at @ = 10° with plab

13 GeV/c. The error bands indicated at large x are

predictions from deep inelastic neutrino scattering.

Ratios of positive spectator secondaries associated

with proton and 7" triggers at ©+20° and P1ap > 13CeV/c.
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Fig.10

Fig. 11

Fig.12
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See fig. 8, but for proton and 7T’meson triggers

at @ 45° and py > 3.5 GeV/c (<pp> = 3.9 GeV/e).

Charge density ratio ¢7/¢¥ as a function of x for pion and
proton triggers. The shaded strips are predictions from
deep inelastic neutrino and antineutrinc scattering
experiments for {ud) and (uu) target jet systems,

Charge density ratio g‘/g+ for proton triggers compared
to predictions from deep inelastic neutrino scattering
for pure u - quark fragmentation and for a mixture

of 33%d - quark and 67%u - querk.

Uncorrected invariant pAt* - mass distributions for proton
trigger particles at (a) 8~ 10° and 13 GeV/e < Pigp <
18,1 GeV/c, (b) &= 20° end 13 GeV/c < Piap < 181 GeV/e,
(c) 9= 45° and Py > b GeV/c.
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ASYMPTOTIC KNO SCALING FOR QCD JETS

by
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fle exhibit the asymptotic KNO profile function for QCh

Jets in e*e- annihilation.
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Perturbative Qch provides us with a definite
prediction for the multiplicity distribution of partons
occurring in 8 jet evolution [1],

In the leading logarithmic approximation (LELA),
related to the asymptotic regime in which the transverse
momentum Q of the parent parton is much larger then
other hadronic scalea, this prediction takeas the simple
form of a non-lipnear differential equation for the gene-

rating function of the multiplicity moments Mk [s) =
- (’W('\\~1)-..(¢--K#I/>

o
0o K
o) - 3 ey ST LR o
' k=0 k! e

Pnks) being the probability of producing n gluons out
from an initial gluon jet ¢(*? [(1.2)

AL

T (e FlE wloo Fls w)- g
s’ j ‘

'

(2)

(e In DLA the radiation is dominated by its soft gluon

content.
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The physics leading to the equation (2) is carefully
explained for instance in ref. [1] and will not be
repeated here.

If we set W = E/‘JO [“ ‘g/(‘1|> ]and consider the
limit s»®», the solution of eq. (2) exhibits a KNO scaling

behaviour (31, j.e.

F(g ; ‘e"}“(‘,.s/<"">J —> ‘1];(,:3} y (3

S 500

qﬂ(ﬁ )being the solution of the differential equation
. .

Lejir;=%~4 (4)

vith boundary conditions

Foifi)-a .

qﬁl S) is ip turn related to the asymptotic limits of
4

A*

the normalized multiplicily moments

3 = fine mK(s)[m/s}}-k (6)

I § 00
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and to the KNO profile function f(x), according to the

equations
o
%o K AX
” -
%(;} = Z (_‘J)—\ z | e 3{)<):{x .
’ K=o ! 1K m

Bq. (4) with the conditions (5) can be molved for
¢(B) in an implicit form, which is insuitable for per-
forming an inverse Laplace transform. Alternatively it
can be converted into the following recursive relation

for fx (3]

£ .2 =z 4
leo ] !
2 | k-4 n ’ ' (8)
r KK. Y fam K=~ ’
O AN AR
K gt ammr anan ! fica ka0 oy 7

which can be solved by simple iteration giving rise to a
.
unique sequence i T 3 .
We are lead in this way to a problem of moments (i.e.
to reconstruct f(x) from the sequence {fx}).
One can show (3! that #(p) is analytic in the disc

{8l<(Ba| with : .

{ i 9
e fde [ L e,

X lyarfx-1- L7x) x -1
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As a consequence apn analytic continuation is necessary
before taking its inverse Laplace transfora.

We have solved this problem of moments in the Hilbert
space L2(0,0) 141

—131x

. N
.i(x) = f‘ t&kt €. l 2?

! K=0

~
-
+

LK(I'QOI x) (10)

K
N =06

Lk being the complete set of the Laguerre polynomials
Fal
and the sequence {fx) being uniquely determined by the

sequence {fx} according to the equations
' - ‘ 7+I
S TR L N S0 Y R
. g=9 — g (11)

Few polynomials are aufficient to obtain a good
approximation, once the expansion veriable has been
suitably chosen ( $= ,ﬂalx ). In the e*e- case, assuming

!

that the two q,q jets evolve independently, we have [3)

) o
Po-lfl8] 55 o
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The ENO profile function f<p) (x) can again be obtained as
an expansion over lLaguerre polynomials starting from the

recursive relation (31

(el (el
AR

o
o] (13)
f' 1-K K-1 ' {-
k-11 tpf
F =P _fﬁ F (kg f f '
u« g =1 an! (n-amfl e TH
K>z,

snalogous to eq. (B). We report in fig. 1 for 90 values
of x between 0 and 4.5 the results with N=10 and N=30.
(dotted and continuous line respectively).

Finally we compare in fig. 2 (P> (x) with the negative

binomial distribution

K k-1 -KX

F ( x) = X e g
Y S ¢ LY
K jﬁ

N3 Pl /

(continuous and dotted lines respectively).

AR

2

1.9
T

T T T b 1 T s T T
[ Fig. 1 " Fig.2
r » - o
- r
- 1 - ; j
: ] I ]
. °t [
P 4 ;E; ]
o 3
: - i
L 1 .ﬁ 1
! ] /SR ]
‘T y Yo 2 2 e prs



141

The similarity between the two curves is  not
surprising as they share the firat two moments and the
exponential fall-off at o. It might explain the behaviour

of the first few moments noticed in ref. (3]

f .
£+t y

—_— —— N

[
—]_L:: ¢ K (1s)

The value of k¥ ip egq. (15) is 1lower than the ones
found in present e*e- data [8), whose energy is certainly
still far from the region where our asymptotic expansion
might apply. As however the observed value of k is seen
to decrease with increasing energy (7}, it is not
inconceivable that' our result might start being.relevant
already at LEP energies, at least as "zeroth order” asp-

proximation.



(1]

(2)

(3]

(4]

(5]

(6]
(7]
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RECENT RESULTS FROM THR EUROPBAN MUON COLLABORATION

R. Windmolders

Université de 1°'Etat, Mons, Belgium

IXTRODUCTION

The results presented in this report have been obtained in recent
phases of the experimental program developed at CERN by the Eurcpean
Huon Collaboration (EMC). In the fi-st two sections we will discuss
spin asymmetries measured in interactions on a polarised target.‘ The
spin dependent structure function 31 is derived from the muon
asymmetry and its integral compared with sum rule predictions. The
asymuetries observed for positive and negative hadrons give further
information on the contributions of the constituent quarks to the
nucleon spin. In the. third section we analyse the profile of the
hadron jet resulting from the fragmentation of the struck quark and
derive- a value of the QCD coupling constant LR in the context of
the Lund string model. Properties of baryon and antibaryon production
in the fragmentation process are derived im-4he_last—eection.
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1. S TRU 10! N DE INBLA: RIN

a) Formaliss

In the leading order of the electromagnetic coupling the double

differential cross section for the resction uM-+ux is given by

2 2 .2
40, LI 20 2 2 [}
et o cos 2(H 2(».Q ) + 2 Hl(v.Q ) tg 2) (1)

where 6 is the muon scattering angle, v=E-K° the energy of the exchanged
virtual photon and (-Q:) its four-momentum squared (fig. 1). The scaling
hypothesis implies that at large (v.Q’) the two structure functions H1

and "2 depend only on the raduced variable x-Q’/zuv:

v W, (v.0") » r, 00
)

U (v.Q) > B0

n:l:l [¢.4]

fiaal etate hadesns (X)

st N — pt X

Pigure 1
Lowest order Feynman disgram for muon-nucleon scattering



145

wWhen spins are taken 1n§o nccountzthe right-hand side of formula
1 d’ o d’o
i = ( s il
(1) defines the average 2 (dnds "+ E ) for beam and target

spins parallel (14) or antiparallel (™).

2 2
R d o [- )
In a similar way, the difference (d9d3'1‘ aFTTH 1) can also

be written as & function of two structure functions Gl and Gz (1]:

goty 4ol L fa Elyg (v.0") (B2 c0s8) - Q%6,(v,0T) (D)

with scaling properties given under the same conditions by:

w v (v,Q") » g, (%)
)

2 2
My Gz (v,Q ) » 52(x)

In this experiment we measure the asymmetry, defined as the ratio of

(3) to (1), for projectile and target spins along the beam direction:

dots - dott
doté + dott (5)

In the quark-parton model the structure functions Fz(x) and
Gz(x) are given by the probability of finding a quark of flavour i
carrying a fraction x of the nucleon momentum and having its spin

+ -
projection along (qi) or opposite (qi) to the nucleon spin:

2, + -
rz(x) = X : . (qi(x) + qi(x)) (6)

+ -
25,00 =1 .; (g, (%) - q;(x)) )
1 .
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By measuring the asymmetry A(x) we thus investigate the spin structure
of the constituent quarks.

The Bjorken sum rule (2], derived from light cone algebrs,

predicts that the difference of the integrals of sl(x) for protons
and neutrons is proportional to the ratio of the axial and vector

coupling constants G‘ and Gv measured in 8 decay. Including a
correction for QCD radiative effects, the relation becomes (1}:

G
1 P n 1A 2
fe (g, (%) - g,0x)) dx = o Icvl 1 - a @0 . (8)

Separate predictions also exist for the integrals of ;z and g:. i
The Ellis-Jaffe sum rule [3]), based on SU(3) current algebra and
assuming an unpolarised strange quark sea, predicts the values:

In ‘: (x) dx = 0.200 £ 0.00S

9
I s: (x) dx = -0.010 £ 0.005

b) Experimentsl Dats ?

The EMC has evaluated the spin asymmetry (5) by collecting large
samples of interactions of polarised muons on nucleons polarised in the
direction of the beam or in the opposite direction. :

The positive muon beam, obtained from pion decay, was polarised
to ~BO%. The target consisted of two 38 cm long sections of irradiated
ammonia cooled to 0.3°K and located in a 2.5T magnetic field produced
by a superconducting coil (4}. The two sections were polarised in
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opposite directions and separated by a gap of sbout 20 cm, in such a
way that the sign of the polarisation could be unambigucusly determined
from the position of the interaction point. Scattered muons were
detacted by the EMC forward spectrometer which had been upgraded in
order to allow data taking at intensities as high as 4.10’ muong per
accelerator pulse (fig. 2). Large data samples were collected ot

3 different beam energies with at least one reversal of the target
polarisation during each data taking periocd. The numbers oi accepted
events and the imposed limits on the kinematic variables are listed in

Table 1.
Iable 1
100 GaY 120 GeV 200 Gev
Q*min 1.5 Gev" 2.0 Ga¥’ 3.0 Gev"
v min 10 GeY 10 GeV 20 GeVv
(y-vll)m 0.85 0.85 0.85%
8 =in 1° 1° 1°
Nr. accepted events 182000 417000 605000

Kinematic cuts and statistics for different besam energles

The systematic reversal of the target polarisation cancels in
first order the apparent asymmetry due to the different scceptances of
the upstream and downstream parts of the target. The remaining effect
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due to the change of the ratio of the acceptances of the 2 parts before
and after the reversal is small, when averaged over all data taking

periods, and has been included in the systematic errors.

NA2 POL_TARGEY EXP

L '“\ ¥ ','

N N vy
20—
e
s u.))
[ 4
A
Ptmtrmpuntped
AEEES )

Figure 2
The EMC apparatus for the polarised target rns

The measured asysmatry 4, defined as the average of the
asymmetries before and after polarisation reversal, is related to the
physical asymmetry A, defined in (5) by:

A = Prp'fA (10)

when pr and PB are the target and besm polarisations and £ is the
fraction of events due to interactions on polarised protons in the
ammonia target. This fraction is of the order of 3/17 since only the
3 free protons in the ammonia ("HS) are polarised but also contains
an x dependence due to the variation of the ratio r:(x)lrg(x).
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Since two independent structure functions G1 and Gz contribute

to the cross section (3), the asymmetry A(x) also contains 2 terms:
A 2 D (A1 +n Az) (11
weighted by the kinematic factors

D = y(2-y)/(y +2(1-y) (1+R))
and (12)
n o= -y /CEYCL-y)/2)

where R = 0_/0_. .
LT

The first term (Al) represents the virtual photon-nucleon asymmetrcy

o
A, = M2 (R, (13)
1 o ,+o0 F.(x) "1
/2 a2 2

whare °1/: (°./:) is the photon-~nucleon cross t;ction for total spin
1/2(3/2). The second term (Az) arises from the interference of trans-
verse and longitudinal amplitudes and cannot be measured with the target
configuration used in this experiment. It can however, be shown that

AZ < YR [5] and, since n is small in the covered kinematic range, the
second term of eqn. 11 can be neglected and included in the systematic

etrrors.

Summing up the contributions due to the change of the ratio of
acceptances with time, to the uncertainty in beam and target polar-

isation, to the uncectainty on the fraction f, to the effects of A
and of the use of different value of R, the uncertainty on the

2

radiative corrections and the effects of electro-weak interference,
we estimate the systematic errors to be less than 0.017 at low Xx
and loss than 0.065 at high x.
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c) Results

The values of the asymmetry Al(x) measured in this experiment
are shown in fig. 3 with those obtained previously in two SLAC-YALE
experiments [6,7]. The results are consistent in the mediun x region
where the data_setl overhp'. The predictions of the Carlitz-Kaur model
(8] agree with the data for x>0.25 but strongly overestimats the
asymmetry at low x.

Ay

Figure 3

Spin asymmetries measuced by EMC and by the experiments of ref. [6,7).
The dotted curve represents the prediction of ref. (8]
and the dashed curve the parameterisation described in section 2.
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The presentation of Al as
a function of Qz for different
intervals of x (fig. 4) shows that
the present experiment consider-
ably extends the kinematic range
of the data. Within the errors we
do not observe any evidence for

scaling violations.

The values of x ;I(x)
corresponding to the asymmetries
of fig. 3 are shown in fig. S.
For comparison with the sum rules
we also show the values of the
integral I;;l(x')dx' ss a function
of the lower limit. Extrapolating
to x = 0 with the parameterisation
repressented by the dotted line we
obtain

I:sltx) dx=0.12210.013 (stat.)

$0.027 (lytt.)(l‘)

for a mean Qz of 10.7 ce¥’. This
value is compatible with a
previous evaluation bassed on the
{6,7] with & much
larger extrapolation to x = 0
(0.155 £ 0.050) but is aignif-
icantly lower than the Kllis-
Jaffe sum rule prediction (3)
(0.185 £ 0.005 after the QCD
correction).

data of ref.

ol

02

L2 )

X

[ X

02

T T T T T
b= B This gspervment 001 < X € 0.8 _]
Qt-»
™ 0% -
eyl
e
ui| ! I ! ! I
T T T T T ]
- 008 < x <020
|
+ 4
S g -
- ¥ ‘l 2
! '
' !
A 1 : . S

0.20 € x € 0.5C

gl L n_ 1.

Figure &

The spin asymmetry ‘1 as 3
function of Q' for 3
different x intervals, for
EMC data (#) and for those
of rof. 6,71 (¢.@)
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This discrepancy suggests that some assumptions used in the
derivation of the sum rule predictions are not fulfilled. An inter-
pretation in terms of a polarisation of the strange sea seems rather
unlikely, taking into account the size and the sign of the effect.
Another explanation recently presented by Jaffe [9] is based on the
non-conservation of the U(1) axial current in QCD. It suggests that
QCD could drastically modify the sum rule predictions and reduce the
integral of sf(x) to values close to the present experimental result.

| 3L T L LR L R I T LI LA
022} 9
-==Sum rule ® xg, {x) 40.10
0w a /g, (xMdx 4
L -0.08
w 0p | - 4
= I 3.1 4R {008 =
-eoof T R 'S ] e
~ i #\ ' 40.0¢
/| t. ‘\
006} ; -
L ,{’ t-. ‘\ 40.02
P e, \
Y 733 _{_-I—’ ’ft \
sc1aals ";‘: TR | P R | .l‘n.“._] 0
0.01 01 10
X
Figure S

The values of xg, (x) and of ];gl(x')dx' derived
from the asymmetries of fig. 3.

In order to satisfy the Bjorken sum rule {2} with the measured
value of [:;’;(x)dx. the contribution from the neutron structure function
4 :x'l'(x)dx) has to be negative and much larger in absolute value than
previously expected (~ -0.08). Assuming this to be trus we may
calculate the net spin carried by a quark of flavour i
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F OIS + .
s1 =3 f. (qi(x) ql(x)) dx (15)
by combining the resulta of (7) for the proton and the neutron if

strange quarks do not contribute

S = 0.334 £ 0.024 (stat.) & 0.049 (syst.)
u

(16)
sd = -0.239 £t 0.024 (stat.) t 0.049 (syst.)

These results show that the total spin of the quarks (su+s d) reprasents
only s smsall fraction (~ 20%) of the nucleon spin and imply that the
rest must be carried by gluons or be dus to orbital angular momentum.

2. SPIN ASYIMETRIES 1N HADROS PRODUCTION

Additional information on the u and 4 quark contributions to

the inclusive asymmetry A, can be obtained from the asymmetries for

1
positive and negative hadrons At(x). If we define the ssymmetry

for a quark of flavour 1 by

A0 - 4 an
ql(x) +q (x)

and consider all charged hadrons as pions, the hadron ssymmetries can
be written:

AR (X)u(X)+A (x)C
At ) @ —8— 4

Au(x)+A(XIC+39(x) (14C)
(18)

A,
ey - A (x)u(x)ﬂh(x)d(x) ]
Au(x)CHI(X)+SR(x) (140
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In these formulas, { repressnts the ratio of the unfavoured to the

favoured fragmentation functions for a fractional snergy z above some
threshold z,:

o(e,) = I: Du(z)dzlf:'bf(z)dz . 19)

Por a large snough z., A'(A7) will thus approsch A, (Rp).

2 1.
<o7s
Figure 6
0.8
Spin ssymmetries for
0.28 +
positive (A ) and
0. negative (A7) hedrons
ss 8 function of x.
Bl g The curves sre obtained
-05 b with the parameterisation
of Au and A " described
=-0.75 p in the text.
-' I I8 a A A & Ill s 'S 2 4 AR
: - ]
1072 10” X!

The values of A" and o™ obtained for £>0.1 sre shown in fig. ¢
for different intervals of x. Although the errors are rather large
and do not sllow s determinstion of ‘u and A‘ separstely for each
intervsl, it can be seen that the asymmetries for negative hadrons sre
sasller than those for positive hadrons. Using the full x range we
obtsin the sversges ‘




for <x> = 0.1,

+
<A > =

<A> =

0.150 ¥ 0.034 (stat.)

0.037 £ 0.037 (stat.)

(20)

It may be noted that the existing data on the muon and on the

hadron asymnmetries can be well reproduced by a simple phencmenolog-

ical model in which the u and d quark asymmetries are para-

meterised as

A

Values of A? (x) obtained from the parameterisation of
A“ od A‘ descrided in the text.

«

(3
A“(x) = x
X=X
A (x) = —— x‘
] 1-x,
’,
4
’
/
s
’
r’
I4
e /
\ ,
,I /.,-cn
’
/
y 2
/
/7
Y4
N s
A rd
», 7’
I A L
) [Q [
4
Pigur, 7

(21)
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With the exponents a and 8 adjusted to fit the measured value of
Jig5(x)6x and to satisfy the Bjorken sua rule (s = 0.49, 8 = 0.14)
and x_ arbitrarily set to 0.5, we obtain the curves shown in figs. 3

and 6. The spin asysmetry on neutrons A'; derived from this pacs-

metecisation has large negative values at low x and becomes positive
acround x=0.3. A different cholce of x_, changes the shape of A'; but
does not change its sign at low x (fig. 7). Our results thus imply
that the spin asymmetry on neutrons must be significantly diffecent
from zero at least over a part of the x range. This feature should
be investigated by future polarised target experiments.

3. DETERMINAZION OF THE QCD COUPLING CONSTANT o FROM THE HADRON
E¥ERGY FLOY

In this section we analyse the energy flow of the hadrons in the
forward jet within the formalism proposed by Ochs and Stodosky (10}. The
aim of this analysis is to evaluate the relative contributions of the
vacrious processes involving gluons in QCD (fig. 8b) with respect to the
fundamental QPM diagraam (fig. 8a).

* *
| q | q
q 9
*
¥ q
q
hadrons g q
() (b)
Figurs 8

The mechanism of deep inelastic u-¥ scattering
in the quark-parton model (2) and in first order QCD (D)
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The energy flow will be presented as a function of

|
A = x'/pr = P‘J(z pr) = (2 cotg 8)/W (22)

where W is the total energy in the (y*N) rest frame, P’ and pr are

the momentum components of a given hadron parallel and perpendicular to
the y* direction and 6 the angle between the hadron and the virtual
photon.

FORWARD

—T T T T v T T ™

- - S
WyzbcW « BGeV || WosBeW < 12GeV |[ Woc12<W <16 GeV || Wistb<W <20GeV
- \

15 \
s \ B
PN ’\\ "t '\
S0y, - - Y% C
s |t i \ oo\ -\
° \ \

 § h {
oSt i RS
5 A\ N \; Y
r » 2 N o b Y o -
1 1 \-. a N \_. 1 x \ﬁu N L ‘M
0 =) === N0 0K —f =)0 0 —h —=1=—\"'= 0 0=— A —=1—2"'— 0

Figure 9

Differentisl energy flow in the forwsrd heaisphere as s function

of As=xp/pp for 4 intervals of the hadronic ~ms m"!’z“i R
The curves are the fitted profile functions p(\) M/(1+M L) .

Figure 9 shows the distribution of the reduced energy "'1/‘jot’
where B ot is assumed to be the sum of the energies of all charged
hadrons in the forward hemisphere, es e function of A for 4 intervals
of W. It has been noticed previously [11] that these distributions
ars consistent with scaling in the backward hemisphers. In the forward
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hemisphere they show a characteristic energy dependence which may be
uged to discriminate between various fragmentation models. The
comparison of the dc/d\ distributions for the different W intecvals
clearly showu a shift to lower values of A when W increases. To
evaluate this effect we have fitted the profile function proposed
in ref. (10]:

e — (23)

o (anx)*?

excluding the low values of A(A<0.2) where the distributions may be
affected by overspill from the backward heaisphere.

The resulting values of the parameter M are shown in fig. 10 with
the predictions of the Lund string model {12) and the lhdopondont jet
model [13]. The latter fails to reproduce the W dependence of M, even
with values of A as large as 1 GeV. On the other hand the Lund model
fits the data quite well and the optimal value of A can be expressed
in terms of a, using the leading order QCD formula:

a Q) = —A20 (28
s (33-2n,)10g(Q"/A™)

For an aveéago Q' of 20 ch’ and A quark flavours (nE-A) we obtain:

a' = 0.29 £ 0.01 (stat.) £ 0.02 (syst.) . (23)

In this result, the quoted systematic error reflects only the uncertainty
in the definition of the hadron sample. The result is derived in the
frame of the Lund string model and no attempt was made to evaluate the
uncertainty resulting from the choice of this particular fragmentation
schame .

RN
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AlGeV)
1.0
18 ~— Lund
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Deep inelastic scattering can be further investigated by measuring
the distribution o( conserved quantum numbers among the final state
hadrona. These distributions are sxpected to vary with the dominant
flavour of the interacting constituent and provide more detailed tests
of the fragmentation models. It has been shown previously that the
total charge in the forward hemisphere is directly related to the charge
of the struck quark {14]. A similer property has recently been cbserved
for the strangeness, with an excess of (S = +1) over (S = -1) particles
in the forward hemisphere for the kinematic regions where the inter-
sction occurs preferentially on a u quark (x30.05) {15]. A similar
effect is also expected in relstion with the baryon number conservation
and has been observed in the NA9 experiment where charged particles
could be identified by time-of-flight or by Cerenkov counters over a
large momentum range [(16].
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Rapidity distribution of the excess of protons on antiprotons
in 4 inrtervals of x (pu-p and p-D data st 280 GeV ).

In fig. 11 we present the rapidity distribution dN/dy of the excess
of protons over antiprotons in 4 intervals of x. Targat remnants produce
in all cases a large peak in the backward hemisphere. In the forward
direction a small excess of protons is obsarved around y=1 for x0.035.
This effect can be explained by s preferential emission of the proton
(i.e. the particle containing the lntc;tctlng quark) in the forward
direction when a (p-;) pair is produced. The relation between forward
protons and (p-p) events is further illustrated by the peak in fig. 12
which presents the ratio of the proton rapidity distributions for events
containing an antiproton and for all events.
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Ratio of the proton rapidity distribution obtained in
events containing an antiproton to the proton rapidity
distribution in all events

CONCLUSJONS

Spin asymmetries have been measured for the first time in high
energy muon nucleon scattering. The obtained values of A: are
consistent in the overlap region st medium x with those measured
previously in e-p experiments at much lower energy. At low x, tho‘
asymmetry is close to zero. This leads to a value of I:g:(x)dx much
lower tian the one predicted by the lllllfJatfc sum rule (0.0122%0.012
$0,027 vs. 0.18530.005). If the Bjorken sum rule holds, this result
implies that A: must be negative at least over a part of the x range
and larger (in absolute value) than expected.
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The spin asymmetry is larger for positive than for negative
hadrons suggesting that the d quark has a negative asymmetry in the

low x region.

The hadron energy flow in the forward hemisphere is consistent
with the Lund string model expectations with o'=0.29to.0120.02 for

an average Qz of 20 GeV? and 4 flavours.

The proton and antiproton rapidity distributions show that in p-;
production the nature of the struck quark favours the production of

leading protons.
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THE NWEW MUON EXPERIMENT AT CERN

Eva-Maria Xabu$

Max-Planck-Institut fiir Kernphysik, P.0O. Box 103980,
D-69200 Heidelberg 1, F.R. Germany

Bew Muon Collaboration

The extension of the muon programme at CERN by the MNA3YZ
collsboration will mainly study two aspects of deep inelastic’
muon-nucleus scattering. Firstly, a simultenecus high luminosity
measurement of the hydrogen and deuterium structure functions
will allow to dstermine the neutron structure function "2"
r‘z’-r'z' and I:Irg with high precision over a large Q* and x range..
Secondly, detsiled studies of the nuclear dependence of the
;/rg. of R-cLIc.l, and the cross section
for J/¢ production will provide a bdasis for understanding the
EMC offect.

structure function ratios F
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BOTIVATION

The proton structure function l; has been measured with great
precision by several experiments and QCD analysis performed for the
combined data (1,2]. Unfortunately the existing deuteriua dats are
much more limited in ths Q’ range [2,3) so that no unique deter-
aination of the neutron structure functions !‘; is possible. 1In
addition !‘: is distorted by the systematic errors of both the hydrogen

and the deuterium data and the relative normalisation uncertainties.

It is necessary to clarify this situation by a simult
on hydrogen and deuterium ovar a large range In x (0.005<x<0.75) and
Q’(1<Q’< 200 Gev’lc’) to extract the Q' dependence of l':. !g-l': and
F/r (Al

This will allow us study s lot of problems:

1. r';-l': is a pure non-singlet structure fmctioﬂ. if the
seaquark distribution of neutrons and protons are identical.
A QCD analysis over a large Q’ and x range will the -efore
result in a determination of the QCD scale paramete: A
independent of the shape of the gluon distribution ind

heavy quark thresholds.

2. The Gottfried summ rule

i

1] n
3 oe e ey

essentially tests the flavour symmetry of the sea distri-
+0.110

bution. The large error on the present valus of 0.235 _0.099

is mainly due to the necessary extrapolation to low x.

3. At x0.35 the ratio Fo/Fp allows to determine the ratios
of the dowm to up quark distributions. The values at very
low x can provide a test of the assumption of a flavour
symmatric sea in proton and neutron.
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in addition a possible difference between J/¢y production on hydrogen

and decuterium can be investigated,

Another result of deep inelastic muon nucleus scattering was
the discovery of the EMC effect, that the structure functions
obtained from free and bound nucleons are different (5]. It was
shown for the first time that the nuclear medius perturbs the quark
and gluon structure of the nucleon. This has given rise to a lot of
experimental and theoretical activity but the current experimental
information is insufficient to understand the origin of the EMC
effect [6). A high statistic experiment with small systematic errors

covering a large x range can help to solve the following problenms.

1. The A dependence at medium x(%~0.6) is well established
to be proportional to log A [7) but the Q' dependence is
not known yet. A measurement can help to decide whether
the EMC effect at medium x is governed by perturbative QCD
“hich would predict d(FA/Fp)/dlng’~5x107".

2. The A dependence at low x (x~0.15) seems to be weak. But
digcrepancies exist between different experiments so that
it is not clear yaet whether there is » Q: dependence in
this region [8]. The A and Q: dependence has not yet
been established especially in the shadowing rcgion at
very low x and Q’ .

3. There have been some speculations about an A dependence of
R-aLlar which is needed to extract !2 from the measured
cross sections. However, a recent measurement at low Q°
finds no evidence (9] for a difference between iron and
deuterium larger than 2-3%.

4. For x>1 only low Q’ resuits on r;;/r;a exist {10].

5. The study of J/¢ production sllows to investigate s
possible A dependence of the gluon distribution.
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In addition the messurement of hadron distributions from nuclear
targets can give further information on the possible source of the

EMC effect.

IHE SEPERIMENT

The NA37 collaboration (Amsterdam-Bielefeld-Freiburg-Heldelberg-
Indiana-Mainz-Mons-Neuchfitel-Santa Cruz-Sin-Torino-Uppsala-Warsaw-
Wuppertal) uses the EMC spectrometer at the CERN M2 muon beam [11]).
Several changes and upgrades have been made esgpecially to decrease

the systematic errors.

The spectrometer (fig. 1) consists of a beam spectrometer (BMS,
BHA, BHB), the target platform and the forward spectrometer magnet (FsSM)
surrounded by wire chambers to measure the tracks leaving the target.
Some wire planes have been added to improve the track measurement at

low angles.

The trigger is split into two parts, a low and a high angle
trigger. The efficiency of the large sngle trigger (Hl. Hs. H.),
which was previously used by the EMC, was improved considersbly.
The small angle trigger using the hodoscopes Hl', H3" H" has
been added to cover a large Q' and x range in a single experiment.

To schieve low systematic errors on ratlos it is crucial to measure
pairs of tuclei simultansously. A special target platform was designed
which houses complementary target setups of 2 or 3 different nuclei.

It allows frequent changes of the target position so that an equal

acceptance is ensured for all targets.

To reduce the error on the beam momentum from ~0.3% to <0.1% s
second beam spectrometer of sbout 35a length uaing s high precision
magnet (MNP26) haa been sdded.
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The experimental programme splits into three parts:

1. The hydrogen-deuterium messurement uses liquid targets of
3m length. With 10*? incoming muons and three beam
energies (90, 200, 280 GeV) it should be possible to achieve
an error on the neutron structure function of 1% at small x
and sbout 10% at the largest x.

2. The °'thin target’' measurement uses pairs or triples of

targets of about 100 ;r/e-’. It is planned to measure

with Dz. He, Li, C, S84, Cs, Wb, Ho to study ratios at

small x and hsdron distributions.

3. To study the A and Q’ dependence at lsrge x, l-uLIcT

and the J/¢ production it is necessary to usa 3 ‘thick
activs target' (C, Pb) of about 600 ;r/c-’.

Data taking started in 1986 covering the first two items and is
continuing this year. The thick target measurement is scheduled

for

1988.
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Average Hadron Multiplicity in

Deep Inelastic Scattering

Wojciech Degbski
Institute for Thecretical Physics
Polish Academy of Sciences, Warsaw, Poland

Abstract

The problem of the x dependence of the average charged
hadron multiplicity in the deep inelastic lepton-hadron
scattering is ‘investigated n Lhe first order cf
perturbative QCD.
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The hadron multiplicity is known to be one of the simplest
characteristic of the final hadron state. However even such a
simple quantity can give us useful information about the final
hadron state formation especially when a few mass scales are
involved in a process under consideration.

In this paper we consider the total charged hadron
multiplicity CNb:s’ in the deep inelastic y—p' scattering
CDISY). The kinematics of the process is shown in fig.1 and the
following standard variables are introduced :

Qz = -qz = -1-1">? virtuality of the exchanged photon
2

-q
**® Zpq
W= <p + q)' = 1:‘ -Q’ center —of -mass hadron energy.

The problem of the multiplicity of hadrons produced in DIS
has already been investigated by Bassetto (1] and
independently by Kisielev and Petrov (2,3]. Théy were able to
sum up infinite series of Feynman diagrams in the leading log
approximation (CLLAY and using the soft hadronisation
hypot.hesis’ {4.5] have obtained asymptotical prediction for
very large Q® and x far from kinematical boundaries. They claim
that the growth of the hadron multiplicity with o® in DIS is
asymptotically the same as in e’- e annthilation. Recently the
EMC collaboration has published (6] a new data on the average
multiplicity of the charged hadrons produced 1n the deep
inelastic p-p scattering. As can be seen from fig.2 the
multiplicity depends not‘,.only on W¥ but also on x Cor Q® at
fixod WZ, Unfortunately, the LLA results cannot be simply
compared with experimental data because in the LLA :

» According to this hypothesis an average hadron
multiplicity is proportional to the parton one.

e
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1. Q': is assumed to be very large but experimental data has
been obtained for Q2 less than 200 GeV®, what certainly
is not an asymptotical value.

2. x dependence in the relation between ¥ and Q2 is dropped

2 2
away as a non-leading effect so that W LEAQ

Therefore, a more careful analysis of the (),z and w2 dependence
of the multiplicity is needed. In this paper we would like to
present the results obtained in the first order of
perturbative QCD. We feel that this approximation is
justified, because the EMC data are certainly in the
nonasymptotical region. The full analysis is i1n progress and
will be presented elsewhere. .

On very simple physical grounds one can expect the Qz and ¥*
dependence of the multiplicity. Since total available phase
space for the hadron production is determined by the hadron
energy w? involved in the process, therefore it is natural to
expect an increase of the multiplicity together with
increasing ¥’. An increase of NDIS with Qz for fixed W* is
also expecter in the framework of the QCD improved parton
model since the virtual photon with virtuality qz forces the
incoming quark to bhave virtuality up to qz which can be
attained only by emission of other partons.

In the first order of the perturbation theory the total
glupn multiplicity is simply connected with the emission of
one gluon from the struck quark and can be described by the

following formula:

otex, oF, Q:)
Nccn = ) 2 €1
o (x.Qob

wvhere : .

o _ 1 2
o = = Fz(x.QOD (=]

is the scaling part of the nucleon structure function taken
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from the experimental data (7], and

z X 2 .2
x Hoeo 2 9, 9 D

1
o = I = 2 Fcz.ad

xd
is the cross section for the production of the gluon with the
off-shell mass Q: The scale Q: has to be introduced because
of the infr-red CIRD sensitivity of the gluon multiglicity and

provides an IR cut-off: d =1 +Q§/Qz.

The perturbative part of P namely HQ . is given by the

CD
amplitude for one gluon production :

- N L] e
\\ 4 \ 7
A Y \\\
Hoeo & froue M ?&é
and reads
ty oS [aee o Kelme KTkl o kot
X acop an == o9t T-x 2 o 2
- A 9 ca
o 2 k® - 2
+ Lol e X2 e -4 + 3x® — i
T35 =% 2 ol “k_ K, q*
where
. -1 2
k_ 1~x Qo

For the nucleon structure function Fz we have taken the
parametrisation given by the EMC collaboration (7]




Fo=4.82 0 M0 085 x0T 4=5)
2

Xir
n

The QCD formula (1) cannot be directly compared with the
exper1mental data. One has to specify a phenomenological model
for nonperturbative fragmentation of gluons and quarks into
hadrons. Below we assume that each gluon (treated as a massive
cluster? produces on average a number of hadrons, say A.
Therefore for the measured mulLip}icity we adopt the following
formula :

Nms = AR Nocn * N e
where 1 represents the contributlon from remaining partons
C(diquark, struck quark, etc.d>. The N is parametrised in the

following form :

N= C +B-log _ig-:.vz &)

assuming that nonperturbative effects give rise to logcwz)
dependence. Such a parametrisation should not be surprising
since N contains the contribution from the struck quark which
certainly may introduce the W dependence. It is also well
known that for very low energy, where perturbative effects are
expected to be negligible, the multiplicity grows like log of
the available energy ¥? [8]. On the other hand the above
functional dependence of N is nonleading because in the firc-"
order of the strong coupling constant Lhe leading term of chn
behaves like logz(Wz)

The parameters A, B and C have been set by fitting NDIS to
the data and read Cfor Q5= 1 GeV®

A=1.11
B = 0.93 for 2Psdof = 43-23
c=1.14

The result of the fit is shown in fig.2. The visible variation
of the multiplicity with x for fixed w* comes 1n this model
only from the perturbative effects and shows the same tendency



174

as is seen in data. Also quile good agresment with the data
has been obtained. For comparison the dashed lines represent
the results of the Lund model (6]. The results presented in
fig.2 have been obtained for Q: = 1 GeV:. In fact the
parameters A, B and C are Q; dependent and their dependence is
depicted in fig.3. The strong Q: dependence of A is easily
underztood : the heavier off-shell gluon can on average
produce more hadrons. In the model Q: is introduced by hand to
separate perturbative and nonpertubative part of the gluon

cascade, so.that the cancellation of Q: dependence between A

and Nacp 18 expected (physical quantities should be Qz
independent). The stability of B and C as functions of Q:

indicates that such a cancellation really takes place.
Concluding, we have shown that the first order QCD

calculation with the proposed phenomenoclogical model of the

hadronisation can explain the observed x dependence of ‘Lhe

charged hadron multiplicity
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PICH € GRLLATON AS Cliine unidael,
LNOUAPRRAUD THERUONETLR P UR O HADRON KATTRER

Yu.M.Sinyukov
cthate toe Theoret seal pPhysics, Kiev, USSR
Lot 4 yhicho ke it pozoible to f£ind out the hydrodyna-
Wil rallo of hufron wilter is proposed. The n.thod is
Losber” ot Ahe wdyein o
Guometon il possidble o measuce the {iwe, the cxpanaion

‘

Suno~innatein pian correlations,

ate tnd the freeve-out temperaiurce for the matter prolu-
crd b Nioheenergy hedronic and ruclesy cellisions.

1. in 1960, the comncction betwren the Bose-Einsteln correlati.-
0. ¢f tenng and the size and shape of a pilon-enitting region wes
Saver g [1]. The probebility of a joint regictration of tvo diden-
(R voowith wementa 51 rnd ﬁé which were localized initially
. o . '..’ o P~ -t
[P Cote Xt d T loclt like
. 2 - - - =
SV o (4 ol F-FHR T
/0 g~ )~ L oY BB A

R

(1)

ar eave funetion siruetrizasion the expressien (1)contains
o Duvesfesence teora (correlator) depending on the Zistance between
“he pion svurcia. The first zero (width) of the correlator which is
centigered £3 a function of the momen!vn difference AP w Py - ﬁ;
‘o lnveestcdy proportional to the emission region demension a along
n direcitlon prrallel to AP o The £i.:i:r eifect for photonc has
been Lirsy uged in the interferometric steller telescope by landbury
#rozn and Tviss [2] . The method interferometric telescope has becn
jater transioricd into the interfercmetric :.icroscope method of mesn-
ouring cexcited nuclei and clusters size [3] ;

1L moncohexrcud redietion sourccs of bosons are indeperdiently
disiricuted dn the region D with the densit{fD(X) y the probabi-
1ity of juint ¥egistration of two identicel particles with i~omenta

Eq and P, tokes the follosirg form

Vil )~ [ Al st s B (R, ] “
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The density./Q(X) is determined by the type of an emitting system.
If the rest spherical claster of the radius r decays, the cor-
relation term in (2) looks like [1]
L F-FiIr) ]2
i)~ o+ [ BT

where J‘(x) is spherical Bessel function. The first zero of

(3)

R( ’fﬁ ~ Dp]) determines the clester's size r = 4,49/}1?3[0 .

I1f the prolate-shape rest system radiates, the correlator is
epproximated by the 3-dementionsl Gaussian form [4] . Its widths
determine the longitudinal e and the transversal r effective sizes
of emitting object [4] :

R(GP) = exp[-22(45 )] expl-alap /] 0

At the present time the interferometric analysis of a dimention
and shape ofszl emission region is based on models of this type. The
common property of the models (3), (4) is that the R(Q,P)-correlator
in momentum space depends only on the momentum difference pq-pgu 2Q
along the direction of interest, btut not on the momentum sum pj+phm
« 2P :

Rpogt(@ B) # 2(P), Q (P) = constant (5)

In this paper we analyse the interference picture that would be
found out under the pion interferometric"microscope” in the gystems
with an internal relative motion of radiation gources, In other
words,has one get any possibilities to reveal the hydrodynamical
motion of a hadron matter that is predicted for high-energy hadronic
and nuclear collisions[5] ?

2. In our paper (6,7] have been demonstrated in what menner the
pion interferometry theory can be geuncralize for the hydrodynamical
theory of multiparticle production,

Pirst at all the description "based on the two-particle qQuantum

mechanical weve function mugt be rcplace by the quentum~ field doa-

~
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criyiien 4 ion Lo ascccunt the mltipionic fluoel statea, So Lhe

probabilitizn such os (3),(2) is replaced by the differentisl inelu-

sive crocs—-gecilon

288 W(f;),_,o-r—l('a'g;%jp) = /2(/417) ,
1

s W >0 g MO )

where R(p.l,r.-z) i3 the correlator generatz2d by sn interference of

N
L)

identity plonmz. Sccondury, we wust take into sccovnt that .n the
lydrcdynemicnl approacih the piom emisnlon occvxs from the zpacelike
hyy oo ourfoee Ec , where & hadronic fluid achieves the frecze-out
teuperature and decays into .econaary pariicles. In this picture
ihe fluid elewments can be considered as rudiation sources. The sour-
ces gererally hove not ideutical spectra in 1ts own rest systim[10],
roreover ihey move with different veloclities v*(x) sna radiate in
different times € o to(x). The radiation duration time At ( the de~
cay time of u fluid clemeni) 1u nogligible {8] .The radiation of a
pion field from e hypersurface Z‘_ have been coasidered on the
buce of 1he relativigtically-~invarisant statistlcal method cdeveloped
in [9j o /i a result, the iwo~perticle correlator of identical pionsg
have {he form [6]
AL A >[/ Lo, ) ) (B4 RN )2
¢ n
AGHG) P e ) :
/(A ;{:’){{P%"i) cos (P~ J(X,-X,)

The cxpression (6) now dlffers from (2) bty substitutions: d°x —» oo,
f)(x)-—-} £{mx)) , and by the presence of the relativistic kinematic
fector bzfore copine. The {herasl fector fu(2ﬁ33(ezp(pufro)- 1)1
in (1) have the muxiram valve et the point % where ithe hydrodynrmic-

el velocily culvwicor with ihe \iilocity of the plor reglstrateds
uix.) _ 3 P

L

R
Moy f(pamo;) ol Z&yﬂgx,,)s —l:l“"‘(-)-'u) 2V, E e

he pracence of a fevelocily grodient in (7) leads to an offoctive
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cut off the integration region because of the heat factor and coasi-~
ne. So the saddle-point method can be use.

Ve go over to rapidity variables of secondary pions

- “_ pn
/?oz/n‘,l. (//,a‘,)/a‘-u: m_LOﬁ 0‘ ) m.LZ:; m: +&£)' Q =_§2a
T S N L Y R IO
R N v S "
4

Here pi’ i~ the mowentu~ projection on the collision axis, f)';"_ ere

the transversal components. One-porticle rapildity distribution iIn

hydrodynamical theory has the form in ¢entral rapidity region

dW _ - L P S VL (9)
G - Hio=T0) s, M ); 5= 718, Tio)= (4

whore Hon(gl‘glz.nz)l?(m /Tc) [8] is the number pion density at the
finel stage, gal for the plon triplet, s, 1is transversal area of a
hyérodynamical tute at the final stage, %‘;—" 18 the gradient of 4-
velocity longitudinal component of the fluid element, which moves
with rapidity & .

If we 1imit ourselves to the correlation metcsurements in the
region thzoL << 1 and neglect the terms ~- th{’o(, in the pion correla-
tor, the hydrodyneamical correlator in e central rapidi‘;:y region for
pions with equal transversal masses m,, =m,, ( I'ffu" = {5;“ 2)

has the form:

Rld,8)= R excp|-4m, T e thic]casflom 6 T)T@1th%] (1o

the freter A a1 oat 311 " fa?u . The factor A < 1 in the general
ress whion the directions of the moienta -p"u and iz'Lare not fixed
tv be exectly parallel, and when we take into account thet the inter
fererce is not complete for various reason. A8 distinot from the
stendnxd model [1 - 4] s where the relative motlion of sources is aboe
1ty dinernion of n system fo not present in expression (10) . If onc

deter duc it formally mecording to the usual interferometric method
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4

via the corrclator width Qo {connected viith 1apldity th L, accor-
ding to (%): acfan1/Qo , there are then two eff¢ctivae Yeng’ o depen
ding by the hydrodynrezical reslae. I we deal with the nmederute volo-
city gradicnts of

atze ol & fIuid cle-

length Boppt PTLT‘

ment forwming iho Ouc-ﬂ"iicle gpcectry s densiivy et the polnts PPy

¥/2 175 . In thig case, ihe corrciatoer behaviecuvv fa onf llstory, the
|
" -
valociily aredfent ir large, ibﬁ-:> Ve s and ii2 ecffeciive lensth
re” ) - . .
¢ in the distence  beitwcen the fiuid eleoonie vhich

Bore™ 1 'y
contrivule to the once-particle spectruvn dereitles ot th~ poiuls P4

unaé « The digloance G exccedes the slze »n, of the cie iinle them-
Py { Py
nalve e &y > 6p- The tspicel regines of the correlator R, E) beba-

vio~ Zor the Landau-model [8]aud the sealing-model [$,11,12, in Pp-

colli

fector A i, The c2fcciive Gomeunsions depending wpon hydrodyna=

Jovn (Ty o wom, X, =1/er) are plotted in Figel for 1:U. The
i veloeldy gredicent wud e heat oroadeniug of ihe hydrodyniniier?
apectrum sre of iho order & .. 1« Y fm, while the whole lenzthe of
dec.. ..ng systcs are within 15 4+ 80 fn. So the energy derolty & cul-
culated by the formula g E/nlscft would Bo overentlicaticn 4f the
syoica posscssing a develeped hydrodynsmic2l motion du mistaken fox
& pystem witbout internal motion.

3. e perform ithe quoliilative experluental tect easbli- . s {0
£ind eut whet varizut of matter evolution inYes plure in bl w enix-
¢y hsdronic or yuclear collisions.

a)e The forantion of an intermedicte ni-usive ¢) .tex (fiveball):
the sbhacnee of a develope” “ydrodyri-cieal notion,

At the preosent tiue ihe inicerfcr.actric cncd;sic of the demen~
8ions end ehape of on cisnion reglon ia baned on niof 2dn Just this
type (eoe Eac. (3)3(4) ). The cormuon properiy of the : -.olu ewpri.
by Eq. (5), 1.0, the R(Q,F)-corrclator in nomeniun kgocs Gcpends
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only on the morontum difference 2Q along the direction of interest,
Ltut not on the cum 2P , The widih of the seme correlator R(of ,& )
cxpressed in the repidity varinbles decrccses according to Eg. (8)
viien the rapidity sum 28 increases (sece Fig.2).

b). The ermergence of a globtal hydrodynamical regime for t‘r mat-
ter evolution in the events with high multiplicity fluctuations of
1D~ collisions end ultra-relativistic heavy ion collisions,

In eccordance with the basic results of the hydrodynemical ap-
proach [5,8,11,12] , the function T(6) connected with one~particle
rrpidity spectrva via EqQ.(7) is a constant in the scaling-model or
£lowly decreases as in the Larndau- model when the l@[ increages (in
C.risde )o If the ploteau in the centxal region of the rapidity des-~
ti1ibution 1s observed, the width o, of the hydrodynamical correla-
tor R(d 4 &) in the repidity variables does not change when the detec-
ted-perticles rapidity sum 28 1increases in ce.mes. (sec Fig.2). The
o correlator R(G,F) in womentum variebles undergoes & brocdening
viith inc ~sin- momentwn sum 2P, duc to (8) (see Pig.3)

(11)
Qo(Pﬁ 0) e Qo(Pso) 1+ yz/mf

“anin pives risn to the initation of dzcreasing inthe sourc:s size
~ I/QO(P) accerding to (11), when the momentum sum increases.

Thuz 1the v-n' "it;y divferance is a natural variable for hydrodynamical
correlntora, 1 the ncimentun difference is natural variable for the

Interferorie the sadiasion from a rest media. If the rapidity plateau
is eboent (tha I-odou-model lernds to a Gausgsien-type falling of a ra-
»iffLy diatrdbeclon), 1h: hydrodynamic-l correlator geins a broadening
w1 '4tionn) o (11) (sec Fig.2,3). Ve alao note that the effective hya-

v

redim . wal lonzth nos gpeeific depondonce on the transversal mass of

Aetecti: ) particles, a, ..~ 1Mii; , for all hydrodynamical models.
c)., ihe %1 rarp o+ ¢ hot qunrkegluon matter into drops because

of le-e der uty fluctualions st e singe of phose qg -» h transiti-

onf11].

* b gy
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cnl regime bresln (o oend o fluld Qonryy

17 dhe slobnl hysrodynos
into dropn, the itrplend repidlly dictinee betucen érops 1s unl.y l 1}
L5 n rooult, the contribution into the corrclator coiwce from the ra-
dietion of a single drop only {:che iypical rapidity width oCo of the
corrclator.{;& 1) Owing 1o homogeneity in the rapidity distribvution
of dropa {11] , the correlator docs not depend on the rapidity suam
20 in e longitudinol direction, as does the sceling-hydrodynsaics
corroluicy: (0( 9" ) = Rdrop(dn » 0)o In viriue of spherical

(:rrp
-ty of the drop deery the characierigtic relations rust dbe velild

Py

FENIHIR

et omy Cocuy nechanlens

(F-B,K1£:0)=R(IE-i)

4e If the Lo3iz indicate the existe:ice of a glotel hydrodynamical

(12)

drop

regime, one cin pexrform detailed enelyses of the regine voing the
corrcletor (10). Ye s!~11 demonstrale the analyses for the scoeling

regime of matter evoluiion formin in necleug-nuclcus colliaiona[‘jnzl,

For the scaling model the decey ismoterm hug the form 'tz n tz - x2 ’
P 1] -4 )
enda T n(‘ﬁy’«-) means the proper time of the system expansion. Tue

Jonsdvudinal veloeily destxibution hea the forn vhyd" x/t.

In hadronic end mclear collisions the initiol condition and,
therefure, the purametcra of lydrodynsuaicel flow chonge from one col..
licion cevent to onother. So it 18 necessary to c:spress the poremotors
in teras of olnerveble quentitics and to zelect the events with the
w12 prrasetera. The pletean helsght in the centaal ryegion Hs H(0) in
Cetler. will b2 loken cs one of ibe main cbacxveble queatitdies Ldc.niidy
ing thz phyusical pictuve. Whe beight of pletenu H end the toiz) pion
rad tipliciiy In the coniral reglon I are courected vwith the hydredynne
mical prromctern of the sceling-wodel [7,12_] {for Lendsu-imcdel see [d)

LEM(T)

H__ - N
U250 > Yo ~Xoin “3‘275/(&:), %= "i:—“f (13
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wihere 8, is the initial entropy denmsity, T, = (0.5 « 1) fm is the

initial time of the hydrodynemical stage formation. We note that the
veasurement of only the plateau height H in ulirarelativistic nuclear
collisiors does not make it poasible to reliadly determine T’, since
only 407 varietions of the transverse radius r and the femperature
Tc et the final stage of matter evolution lead to a change in T by
en order of magnitude due to the presence of the factor a*No(Tc) in
(9). The proper time of the expansion T and the freeze~out tempera-
ture T, can be deterninced directly from the correlation date.

The correlator behaviour at chosen m, >> Tc (or m, > o ) de-
pends on the two parameters T and T, (and on the common normalis -
irg multiplier A ). It can be determined by the fitting of correla=-
tion Jata by formula (J0) when the plateau height H(0) is fixed. Ve
vould remind if the plateau is sosent in events with a fixed value of
H(0), the T(8) 1is the inversal gradient of the longitudinal component
of the hydrodynamical 4~velocity u”(x) at the finsl stage., If the
value T end T, are dotermined at fixed H(0) one can find tho tran-
sversal area 8§, according to formula (13): s, = H/T’No(Tc).

The described method of detexrmining the free:e-out temperature
and transversalarca from the correlation data on longitudinal momenta
enables us to separate the contributions to the tranaversal momentun

27022 heat radiation and transversal hydrodynemical motion.
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C-i2dels. The hydrodynamical S-,L- correlators at different valu-
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est thencelves, in perticuler, in the ehnqnced

‘..
r

~
-
~
,_,.

ref./2/ the givel propecty is related with
cormponent of the !resor/3/. Recontly,
ecvion of tae R°and N -neson production
sud oprellnlnesy estinetes of the qf-meson yield wvere ottaincd
. Gp interuction at 360 GeV/e /4/. The unusually lorge q’-

cticn observed in this experiment requirvss a detziled
(ne frace of relia®le model. Por this cose ve chcooce
for iuclusive hadron production/5/ viich is rocently
us end based on thae dusl topological uniterizetion
(JJH schnene wivh a quark-gluon picture of the hadron interac-
tiens. Jhe nain results of the model are the following: 1) the
velouce guark coatributicn is dominant in the fregmeniation re-
ihe initial nadron; 2) in thae seme region (x,F0.5) the
1y preduced perticles ere dominant, so ithe contributions
ren e Ripner vro-onences decuy products can be neglected, Tne

latzer, i the some bime, cxplain‘ the essentisl difference in
the rotios of vhe f, aud K% ueson producition in the cerira
rezion (wnere 6N/ 6%°= 0,07 ¥ 0.055, sce ref./6/) and in t'ne
Irugmentution one (where vhe same ratvio is equel to 0.45 = ¥ 0.05,
see ref./4/).

2. Thus eccording to the model/S/ tae inclusive crozs secstion
of the I° and q_—meson production is of the form:

) 1
L

L 5 *apii=c
:“‘ﬁg' ':%Gr-l(i’ ZS s rx(}'ﬂ“-d,rx("’)""El - (3 xay o, (1)
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wnere poremeters © (s) and n-particle distribution function
(x) of the ouark i’in the hadron a were defined earlier/5/.
qu pIOO“bxlltJ of tae particle ¢ emission from the saeet (ij)

f
was defined ir. the form: 2‘_‘2

A_W-o —.l

X Gioveo) s (e -J)(ﬁ)u-_’::*'m-__? Y pl xﬂ?[
{--t.

+ 8 (1- £ (1 2;3;82 Z-A—Z,O"— S

(za =1/2(_z + 4mlc/s 32), z=2p:/Vr-.)

The coefficientSJsz define the relative fragmentation probabi-
1ity of the quark i to the particle ¢. In our case:

ﬁrz_sz.n ({—fOA‘, ,/3 _cosz(.f_fg)jsi.,ﬁ:"dg1/4(V/PS +1)'1 (3)

wiere «f is the singlet-octet mixing nngle,-f0=35,269 and the
ratio of the vector meson production to pzeudoscalar one V/PS
13 1.3 /5/. Liatter follows from the quark combinatorics ru-
lea, The perazmeter 52 was defined by us earlier (82=1‘1i 0.2)
wanen describing the vector meson spectra in Xp interaction /5/.
We obtain the best description of the x-dependence and absolu-
te value of SU~meson production (at x¥0.4 at 330 GeV/C) at
g2=1.3 , which co}ncides within the error with t:ose found ear-
lier.

a8 may easily be seen, et high energy in the fragmentation
region of the initiel hadron probability (2) admits a simple
interpretation of the form of the fragmentetion functions:

i pi=c &
. di’ij_.c ./30 D (Z) ’ z22>0.5
7 e

= (
dz }gg-Dj*c(z) R zif-O.S 4

Dneoretlcal curve (dashed line on Flg.1) for the directly
roduced Siomesons (using formula (3)) goes through experime-
niel points at x$0.8 - just in the region where prompt 5c°
mesons are dominent. The total ST° meson production in the



ferwowd Lanidspt o dnoerlouda

tho deeny o0 G W,

arca 0n IuGe 1) SboIn

1l veiues 4907 /ad

B prouuc:;jc poinvs at =Sl (curve 2 on Tigc.1) using {3) we

ovrudie i (\f ) = 0.62 X 0.05 , wnich correspouds io \{7=
(- v 2 3;'. Tnis value coincides practically with the establi-
shed oue ~169 (ses, lor example, rel./7?/).

faus there is an agreeuent beiween % ene q_-leSOh producti-
on rete. In tne cese of comparison of q_ end q_—heuon one we
auve Lo (xpect in tne I'rane of‘ usual |'{ I‘t wmixing at ~F._ -17°:

' .
= 6'1/6'l = cvga(\(--ﬂ,) = 0.60 (5)

Alausit nls veluee wes obluined excicage reaction
jC n—-»fl rl Juontopy, ‘o< e 0.06 /7/. Bat moo-
trod b dnclusive expori: av py = 360 GoV/e this rotio fu:
>

K= 3.0 1.8 ot =303, (6,

tlaly larger. .

G bov us try bto roncve ae di the theory

craerimental rencls (G neidaraiion of the three

p-oiure ef the rl—-'L-—
dices cn gddivionnl sluedsll componeus
-7

wnrle inore or

B/, where oue

G oooinTgonsl to owie plee

[aern insitead cof the cvly ol

. . . “.
or tarec ditvferenv avcler (Llike the'Bulor’s ate

in/9/ in

mensionuld adixing picture of thne glark cougosition

sles,, Lwicly, one carried out wne enal

' R P
|l -:xesons, indlceting elwost wwice lecs contenis of u,e

U, d-quu

s e tae I'l:-n:cson vave funetlon kqu-.ruu(\.}/,l[ in ¢

rarisonl with the ll—, ocon. rhis fuct is in e good agrecment
PR v . t

reculi (57 17 one considery the I'L ’ l'l-—.':c-son production a5 a
rosuly only of the uw,d-guark rrag:ncn‘.;ntion from ine iritiel had-

rong; Luatl It is obviously in contradiction with result (6). On
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the other hend just that enclysis/9/ rnveals a considereole glue-
bell admixture in tie qj-ﬂescn %1/J|\V I ) arnd elmost co: *¢c.e
BOSCUCE ,r tpe glueball stuastes it the q_-.eson (%o. 0)|ﬂﬁL| }a
Then it follows that we have & pocsibilisy fto understand soih (5)
and (6) by taking into zccount the glueball component contributi-
on into q:-meson production, whicih becoies vigible only with in-
creag8ing energy. .

4. The glueball states arise naturally in the DTU scheme cutting
off the diagrams wiilk-hendles in the 1/ expansion/10/ in the te
channel (see Pig.2). Such diagrams join to the action on the two-
cylinder level and that is why tney heve a strong energy-thres-
hold dependence. How does one teke explicitly into account the
gluebell production in the freme of our "DIU-standart" model/5/
(in the sense of cutting off only cylinder diagrams) ? For this
purpose we used the analogy with QCD. The two-gluon ennihilation
is knovm to give the main contribution to the q_c. fl’ f3~meson
production,which decay then into the J/q/-nesun plus nqoton. From

experiments we know the energy dependence x dﬁi/d at Vs=
10~-63 GeV, and thus one can derive the dressed gluon dlstribution
functions in the initial hedrons and also their fragmentation fu-
netions into the two-gluon states (like glueballs) /10/. The only
remaining task is to find the normelization perameter s COrres-
ponding to the probability of the revealing cylinder with hardle
instead of two cylinders at cuttiug off in the third order of the
1/l expansion. The unexplained asnomslously large photon producti-
on rote effect in the SppS collider/12/ may help us™?. Ve attri-
wave the additional phoions to the J’-decay production of the
Zluebnll produced mesorns. The lightest candidate for this role is
wne ebove mentioned |f-meson, and thus there is a possibility to

) The rumber of pihotons i1s expecied to be spproximately equal
0 the sumn of cuurged ISl-mesons frox the naive 1sotop*c invari-
ance. this stacement is right for the low energy, but in $he Spp3
collider 30,~exceeding of the photons have beer found.
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rresent the “Lppd-effoct"/12/ as a result of reaching full capa~
city glucbull metic:,- wose trace has aurdly been perceptible &t
50 GeV/e. fhen we obtnin by the fit to ihe photon inclusive spe-
cirum et V5 = 540 Gev  /12/ (see Fig.3) im accoréance with pre-
seription/10/ A , = 0.03 ¥ 0.01. The deshed curve correspends to
tne total pnoton production at the ULK energy Vs = 6 feV (Ser-
prEAOV,ULBRY,, wiere the giuebzll mechanism gg—olf-¢-r4u..yields
pore that half of the observed photons in the pseudorapidity in-
tervul |l'[|< Se

17 one comes buck o Pipbs 3C0 GeV/c with the odblcipad value
= 0.0) cne is eble to calculate the r'l"c“'*ll mechanisi coniri-

~
tution in the reaction p--l‘l.t 6t1°or(x">o 3 = 0.12 =b,
Liis value éiminishes lighily thc discrepaucy tetween Theory cond

ceperinert/d/ (0.52 mb ond 2.9 & 1.5 mi,rvespeciively), Lui it con
ov remove it completely becsuse of councentreiion of ihe zlucbell
contribution in the centregl region of the q:—;esun SpECIT.An.

thus if{ further procesaing of fthe daies on Q_-me 10N production
does not decrecse nrellwlhary resalt (6) then the new phenomeron
cccurs in U p—ﬁllk, vaich can not be ex plained even by atirve-
ling the glueball mechanism of the !L»meson production.
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Fig.2 The firat terms in 1/N expension - a). Absence of
the velence quark-antiquark pairs in the initial
hadrons causes planesr diasrem absence.

The gluebell production at cut off of handles and
usual hadron production at cut off of cylinders - b).

+



Fig-3

The inclusive spectrum of photons (circles)
end charged JU mesons (iriangles) in PP
irteracticn in SppS collider/12/.

Curve 1 - pnotons from "glueball" I'[' »

2 - phctons from direct .'I'C°,?t,w,ll,l[;

3 is 1 & 2. Dashed curve is the same as 3
but et Vs = 6 TeV.
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A short review of recent experimental data on

search of the narrow dibaryon resonances is presented.
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1. INTRODUCTION

It is well knovm that the problem of the possible existen-
ce of dibaryon resonsnces is not a new one and is diascussing
from time to time for a long period [1-,'_] . In last decade this
question has been rsised sgain and mainly due to observation [6]
of structures in cross-gection differences between parallel and
antiparallel longitudinal (A€, ) and transverse (oS ) total
cross sections in pp interactions As well as froa polarization
neasurements, These Tesults and data from other experiments [7-
~9] (sce also references in [10] ) can be interpreted as a ref-
lection of the possible existence or'Da. 3’5.“ "Gq_ _proton -
~proton resonances with masses about 2,14, 2,26 snd 2.43 GeV
and with rather high ( " 100-200 Ney) widths,

The indirect evidence for dibaryons elso comes from an ane~
lysis of data on'the production of so-called cumnlative secon-
daries [41,12] ,i.e. hadrons produced into kinemasical Teglon
forbidden by kinematics of scattering on a single nucleon bound

into a nucleus; In addition, the EiC-effect [13] does not con~
tradict an alsstnption of the existence of dlbaryons or 6~
-quark bound states. The similar conclusion can be drasn from
an analysis of high foq.r-menﬁlm transfered scattering of nuc-
leons on'the light muclei [14] .

From the theoretical point of view there are no serio-
us objections sgainst dibaryons, Indeed, several models like,
for example, the quark bag model [15] , the model of nonadiaba-
tic rotational bands [16] , the string model [17] snd some others
predict the existence of multibaryon resonsnt states.

In this report I will present a short summary of recent expe-~
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rizental resuvlin {i6=41] ca scarch of nsuzrow (M4 S0 Jev) non-
~sliese diburyen resonances in l.dron-nucleus zud nuc].eon«nuc-
loor In.cvactions in the primary momentum range 1.= (1,0-300)
Go¥/c. The evidence for direct obucrvation of narrow dibaryons
canc out now from muny oxperiments poerformed with primary piom,
proton and heavy ion beams at different enerzies and many types
of targets.

Due to space -limit in this review 1 have restricted myself
by consideration of low-inass (M £ 2 By o+ g ) dibaryon candida-
tes. More information about dibaryons with masses K> 2.1 Gev

con be found in [3-5] .

2. DI~-PROTOR ASS SPECTRA

The routine way to look for dibaryons is a study of effec—~
itive mass distrioution of nucleon pairs produced in nucleon scat-
tering or in interactions of primary particles with auclei. Frono
tkis point of view the bubble chamber experiments have some ad-
vantage. Indeed, in this case selecting protons stopped in the
visual volume one can reach a good accuracy (< 1-2 %) ir the mo-
montu:" determination of protons whot means one will have 2 rela-

tively high effective mass resolution.

2.1 IBTERACTICIES WITH NUCLEI
Apparently, the first indication on the possible observa-
tion of narrow dibaryon signal cazme out from early bubble cham=-
ber experiments [18.19] in which the two-proton corrzlations had
been studied in hadron-nucleus interactions. There bave been se-
en narrow peaks i.ngthe distributions of two-proton effective
mass spectra at H(pp) 22 1.92 ~ 1.93 GeV. However, due o limited
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statistics an interpretation of these peaks a3 possible sig-
nals of diproton resonances was doubtful.

Recently, the new high statistics data were reported [21-41),
Our group has looked [19,25,26,36,40,41] for diproton resonant
states in 3 12c, p2%e, 1%, d'%, « 1% and 0% - interac-
tions in the primsry momentum rasnge from & to 300 GeV/e, It
turns out that independently of the type of projectile, its ener-
&Y ard a sort of target in the M(pp) distribution there are nar-
row peaks exceeding a background for more than 4 standard devia-
tions., 4s an example Pigs 1 a,b show the K(pp) distributions in
x~12C at 4 and 40 GeV (data at both energies are combined) and
in p2°ne interactions at 300 GeV. The deshsd lines represent cor-
responding background distributions obtaeined by random mixing
of protons from different events of the ziven type (X C or ple)
but at fixed proton topology in final state. It should be stres-
sed that in this analysis no cuts have been applied to emission
angles og protons and their momenta have been restricted to in-
terval 0,22 & Py % 0.40 GeV/c. In this rsnge the momenta of
about 92 S of secondary protons were determined by range in a
bubble clLupber. Thaat hgds to the resolution in determination of
L {p) to be less than 2,7 HeV.

As cne can see in both types of interactions at M(pp)=x2m,,
1922,1939 and,poasibly, at 1950 lLisv there are narrow peaks which
bLecome statistically more significant if one combines together
the X C and ple data (Fig.1c). The first peak at M(2p) = a-,.
as it is well known [42-34] , is due to the final state interscti-
on between secondary protons. The other pesks cam be interpreted
as a manifestation of narrow dibaryons.



9o smpooll Line represcnts the opproximation of the com-
bVined {7 (pp) distribution with 0 : zun of two J.olt-lisoer
functions and kho bocksround spechred. In result of aepproxi-
nation ( x 2/ an =0,81) Yor the nascses and widths of possible
dibaryons wan obtained

ylpp) = 1922 L 1.3 biev, T, =1

11,(p0) = 1940 X 0w Wev [, = 10

1+

3.6 Koy
4.5 i1

1+

It chould be underlinod that the probability to describde
the ceperimental [i(pp) distribulion by tioe smooth curves (shown
su rig.e) ike £(i0= #E  exp[ -~ (p2 + 23] , vaere 2=
= 1t (2p) - 2my, is too louw (£ %338 = 2.6 vhen X i3 fixed by
novialization condlticn t;c- the eyperii.cntal number of cowvina~
tions, zd .xz/ T.D.F. = 1.7 vnea K is fooe). Thz peaks are
steelirg; over background for 4.1 wnd 4.5 standerd devictions

2t i,= 1922 eV and =190 oV respecvively.

“he nivilar results were obtained by our gioup [56] in
ire onlysis of seni~ircivsive rezetic: 1 (pyd, ,120) +* 12C-
-pp + L o% 6.2. GeV/c. These data core fron [~z i propane
bubhle chezoer cxposed ot Dubna accelesator te teavy iom beoms.
Fig.2 chows Lhe i(pp) upcess. odbainel for 47 flerent coubinavi-~
ons of prolos - irs. The Jell..ding notciiois have been used ¢
P - slow proions, having noneniva of 0.2 € ps 0.5 GoW/c; | R
~ fact protons with mor:nva 0.3 £ p£C.7 Go¥/c; in &3ditien,

» (n ") newns sl protc.:s eaiticed inlo forverd (backi:3d)

heidsprer: and pf (pf) ~ 25t proSons enitted g 8; . < 90°
(e. b = 90°) in the laboratory systen. Only cvsiis consuzining
al lesst one protou enitted into bactoard hemizulere were con-

sidoer.d. As one can sse from Fig.2 there are peaks as nasses
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I(pp) = 1904, 1920, 1935 and 1570 jicV vhich are standing over
background for uore than 3 standard deviatjons;

It chould be noted that tho poaks in M(pp) distribution
at approrinately the samo masses have been seon by us also
in xC and plic interactions from 4 to 300 GeV/c (Fig.3).
The recent analysis of x*lio intoractions at 30 GeV/c {45]
obtained in BEBC by the Seattle-Stiasbourg-Yarsaw collabora-
tion revcals peaks in M(pp) spectrum (Pig;ll») approximately at
the samo nasses as it has becn observed in tho abovementioned
exporinents;

Fig.5 shows the U(pp) distributions in 3‘12(:, pzoh’e apd

(s 4y 4€) " %Cyngeractions from 4 to 300GeV/c. The following
cuts have been applied : 1) both protons have momenta of 0;35
£Pq,2 € 0.75 GeV/c3 2) both protons should be emitted at labo-
ratory angles 91'2> 30° -~ this cut allows to rTeduce significant-
ly a background from so-called recoil protons emited out of
target nucleus dus to rescattering of primary oxr/.und secoadaxry
hadrons; 3) the angle between two protons, 012, should be gro-~
ater than 110°. The last cut nakes it possible to look in de-
.11 especially the region of high values of U(pp). It is so-
ei, that independently of the type of projectile, its primary
cnexrsy and a sort of target thero i1s a clear narrow pcok at
1{pp) =< 2020 leV. The £it of combined distribution by a sum of
Sreit-.izner function and background distribution for the mass
2nd width of possible dibaryon gives @

Hy(pp) = 2017 = 1.3 17, p=5%t2 rev.

Sevaral groups have reportcd on the observation of 3%a-

-~

tisJically sicnificant siluctures approziinmately &% si: nas -
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Les o in opp) distrimttiens for proton paurs produced in hode
ron-nucleus interactions (0=, o, 50-54] . Sovae of thee

60 esperimental datu are showa in Yigs., o-11. Wne narrcy peals
at Llnp) =~ N(pp) = 1940 leV and 1{pn) = (pp) =~ 2025 LoV

have alse boen sean (Fig.12) in low cnexpy »d dnterscilioan [5Y],

2,2, RUCTLEOU-HNUGLEOL IWNPERACTIONS

To wy kmowledge onrly one group has scarched for narrow
dibezyens in inelasiic nucleon-nurleon interacticns [24,30,55].
The wulhors have scen (Tic.13) nemqow poak ef H{pp) =~ 1936 2V
in reaction ny —e pr@~  al prinavy Resnetvl po= 1.25 GoV/ e,
It is inbewcesting Lo nole that thiz peoiz qpp-zrs orty in evonis
vhere  the #-mo:cntum trensfered irom prinary neulrcu U0 se -
condary W~ meson excecds t, - =05 Gav/c? (Fig.13a},
vhile a¥ b < 0.3 Gcﬂlzlc2 (Fig.13b) Llexe in no signal,
in L(pp) distribution. Roughly spe- :dng this ncits that diva -
ryons c:ar b produced in BN interactions going throuzh baryen
exchange. The same group have reported on the obzzrvation of
pecis al kigher masses ( L(pp) = 1965 and 1:{pp) = 2025 V)
in np interactions at 2.23 and 5.1 GeV/e (Fim.14).

Tho masces and widths of peszible dibaryonz dcoternined

in these experinents are the following :

"
"+

Ki(pp) = 1936 % 3 iy, 0, = (0.7 ) eV

1]
1+

(1.0 ) v

1,(pp) = 1965 ¥ 2 127, 5
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3. "MASS LEVELS" OF DIBARYONS

A compilation of masses and widths of possible dibaryon

candidates is given in Table 1. It should be noted that the
numbers given in the parentheses mean the values of H{pp) or
M(pn) determined from the peak positions in corresponding ef=-
fectlive mass distribution, 1l.e. data from experiments in which
authors did not give dibaryon masses obtained from a fit of
experimental spectra.

Fig.15 shows the "mass levels" of possible dibaryon
candidates and there is 2 clear indicatlon that the data from
different experiments are populating the corresponding narrow
"hands" disposed one after another at distance from ~15 MV
to =~ 60 leV, The mean values of masses of the possible diba-
ryon candidates averaged in each "band"” are given in Table 2.

hs it follows from Fig.15 one can conclude that in many
independent experiments performed with a wide variety of pro-
jectiles and targets in the primary momentum range po= (1 -300)
GeV/¢ there are observed statistically significant narrow pe-
aks at apprb::imatelytb;'éme masses of dinucleon system. A pro -
bability that the observed peaks in mentioned data are due to
statistical fluctuations in accordence to estimates is less
than 1077, _

Thus we can conclude that the abovementioned results can
be interpreted in favour of the existence of the family of

narrow dinucleon resonances.
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feo DLIVITON ibad 3AGE FRON [0LA TN AND ANGULAR SPLCTRA OF
CnGLLDA 'L{_Y ke J .l'jOI-Z.j

T otumms ovt thob in the weaeuntwn and angular spectra of
sovtntney nucloons produccd in badron-nucleus interactions
shere nre sotie feabures wiich, in principls, can be causzed by
producticn and decay of dibargon resonances,

Pig.16 shows the angular distribubions of secondsry pro-
toas with morenta of 0.2 £ p < 1.0 GeV/e in pZOHe interactions
st S0 Yov/e Tov events with the fixed number of protons in fi-
polostebe A7) WXt is soen that the cos € ~distributions
e evernvn with np:: 2 wd 3 do not obey to a sixple expeacn -
Lial Toam ot/ con Orab ~ exp (~-Bcos 'E)Lab) viich deseribes
well datw at np= 1 and npz 4,
events with lb::?_ and 3 we observe some “exztra"-protons

I

e

£=0.4 comparcd o what vould be expected from the

~

at cos GLab
oxponential fall-off. iioveover, these “exura'~protons ccentri-~
lute mzinly inbo region of mouenta 0.2£p<0.5 GeVWe leading
to an appcarance of a “plateu® (48] in the momentun diztribue
tion of protons emitted into backward hemispherc i the labo-~
ratory rrame (Fig.17). In addition , in accordance to our ex-
perinenrtal data [46] the possible dibaryons are in
the laboratory system relatively slow (#ig.18) i.c. FDP >~ Q,
Fow if or.c suggests, that somo part of the above:z;zmtiozlcd
Vextra'~protons cornes from decays of dibaryons with masces
1000 £ F(pp) £ 2100 KeV and F % 0, then the momenta of decay
protons (cmitted in opposite direction) will depend on :Li(pp)
os p = /2 [HP(pp) - 4 mf]]‘/z . Substituting the corresponding

values of M(pp) we will obbain that the dominant number of pro-
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tons from decays of possible dibaryons ghoulda bLe in the ran-
ge 0,2 £ p< 0,5 GeV/c, i.e. in the region where we have obe-
served ths “extra'-protons,

inother evidence for the existence of narrow structures
in the momentum spectra of secondary nucleons also comes from
the precise measurements performed with use of low~energy pi-
on beam at TRIVF [49] . In this experiment the momentum
spectra of protons and neutrons emitted out of the Carbon nuc-
lcus after absorbtion of slow X mesons have been measured,
fhe narrow structures in the kinetic energy distributions of
provons and neutrons have been seen (Fig.19). The authors
clain that the evident structures observed at 50,60 and 70leV
", ..can not be exhaustively understood only in terms of the
{uvio~nucleon absorption model", B

By arrows in Fig.19 I have shown the expected positions
of structures appearance of which one would see if thers is a
contrivubion from decays of slow (P'-‘: 0) dibaryons with mass-
¢s renticned in Table 2. As it is scen, the expected values
ol nucleen kinctic encrgy al:iost correspond %o the pousi-
ticns of the observed structures,

“he authors of this experiment {47] claimed that struc-
Ltures below the ihreshold of reaction U (2N) = NN (like

s'd - pp, x"d-~nn) can be ascribed, for example, to

arutrens cominz frowm picn captures by o —=clusters with the
waultron 2nd one of the neutrons acting as "spectator" respec—
tively, In my cpinion this hypothesis contradicts data on
the observation of rarrow peaks around li(pp) = HM(pn) =~ %

221940 and 1965 lleV in np and pd interactions [24,30,35,37]
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ed the discussed structures rather could be a reflection of

a2 production of dibaryons.,

o« ON TiE SPIN_ OF DIBARYONS

There are no conclusive results on spin (J) and pari-
ty (P) of possibla dibaryon canxlidates snd the main reason for
this is relatively low statistics. An attenpt to determine JP
for dibaryons with masses M(PP) = 1922 LV and M(PP) =1939
eV has been made by our group [46] . Fig.20 shows the cos G;) -
distributions of deccay protons atter substraction of background
in the rest system of dibaryon with a given mass, The angle f};
was determined as an angle between the voctors of the total di-
buryon moxentum and the momentum of onc of decay protons. There
i, possible indicution of non-zero spin for both resonani sta~
te¢s. The curves in Fig.20 represent best fits of data by func~
tions cowwesponding to the JPostetes : 17 and 2*. As one can
see for dibaryon candidate a¥ M(PP ) = 4922 lieV neither 17 nor
2" can be ruled out, while for the second candidate at H(PP) =
= 1040 LoV the Jd° = 2% state looks preferabic.

The sinilar snalysis have been carricd out for dibaryon
candidate with the mass M(PP) = 1966 lieV in Ref, [32] . The
suthors conclude that this possible resonance can be conside-
red as the two-proton system in P-wave state with the total spin

J = 2,

6. THE WIDTH OF DIBARYONS
As it follows from data in Table 1 no unambiguous conclu=
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sion can Le done on the width ,[, of possible dibaryon

candidates because of large errors. However, it seems that
for all discussed candidates the value of [’ is not greater

than several tens of MeV.

7. CONCLUSION

In many independent experiments there were observed the
similar narrow resonant-like structures in the effective
mass distributions of nuc;eon-nucleon system. Since the
positions of these peaks and their widths do not depend upon
either the type of interaction (NN, hA) or the primary ener-
gy these results can be considered as a strong evidenge in

favour of the existence of narrow ditaryon resonances.

I would like to thank S.A.Azimov, V.M.Chﬁdakov. E.L;Fein—
bexrg, A.B.Kaydalov, L.A.Kodratyuk, G.A.Leksin, E.M.Levin,.
V.A.liatveev, T.Siemuarczuk, S.Tkaczyk, A.A.Yuldashev and P.
Zielinski for helpful discussions.

3pecial mention must be made of the truly excellent
orpanization of conference at Kazimierz by A.Wrdblewski and

his colleagues from Warsaw.
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Table 2, TiZ AVIPAGE LASSES OF PU35GIBNE DIZLPYCHS

N Mean liass, liumber of
eV Experimonts
1. 1907 t 2 4
2. 1922 £ 5 7
3. 1936 L 2 5
4, 1961 2 10
5. 202526 10
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4 u(5») distribution in mp interactions at 5.1 GeV/c
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A st

The magnetic moments of the barvon octet are calculated in a
relativistic constituent quark model formulated in the light-cone
Fock approach. Iianvoking a natural idea of strangenescs dependent
hadron size we find very good agreement (to an accuracv of &)
for the recent precision hyperon nagnetic-moment datz ané reveal
(10-15)% discrepancy for the 5. and nucleon. It suggests pions
as a8 missing ingredient in the barvon magnetic moment i
calculattons. In addition, the axial-vector couplings, the axial-
vector form factor of the nucleon and plon-nucleon coupling are
calculated.

Recently a posicive progress has occurred in our
understanding of the composition of hadrons in terms of thelr
quark quaata. Several powerful nonperturbative methods have been
developed which allow. detailed predictions for the hadrenic wave
functions directly from OCD., Sum rule analvsis of Cheravak and
Zhitnitsky (1] and lattice gauge theory calculations [2! have
demonstrated that the nucleon and pion valence-quark distribution
amplitudes are highly structured and significantly broader than
the nonrelativistic §S-fumction form. in a recent work [2-41 we
have atteampted to bridge the results of nonperturbative OCh
methods and the quark model approach. Three ideas turn out to be
vital for a successful derivation of the basic features of the £2
distribution amplitude, i.e., (a) the use of the light-cone Fock
approach, (b) a nonstatic relativistic spin wave function, and
(c) caall transverse size of the valence~juark configuration. The
presented model, together with the concept of scale dependent
effective quark mass provides a consistent description of the
measured high momentum transfer form factors, the CZ distributfon
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amplitudes, and some basic low energy nucleon and plion properties
I5].

The purpose of this paper is to investigate some other
predictions of the new relativistic approach. Thus, we present an
extension of the nucleon wave function to the case of strange
particles and discuss magnetic moments of the nucleomn octet. The
motivation for the work is provided by new, accurate data 6] on
the magnetic moments of the charged S and E:hyperons, along with
substantial discrepancies between the data and the static quark-
model predictfons. Let us quote as a typical example of the
static model results the prediction bv Rosner f7]. Table 1 shows
a comparison with the recent experimental data. There are already
model-independent analyses of the observed- disagreement, due to
Franklin [8] and Lipkin [9]. They come to the conclusion that a
good understanding of baryon magnetic moments will require a
model with quark-moment contributions which are nonstatic and/or
baryon dependent. A role of relativistic effects in the context
have also been emphasized by several authors [10-111.

Table 1. Baryon magnetic moments (in nuclear magnetons) in the
static constituent quark model (COM).

Baryon

moments Experiment Static COM
p) 2.793+0,000 2,79
M{n) -1.913+0,000 -1.86
MmN ) -0.613+0.004 -0.58
() 2.379+0.020 2.68
W) -1.1440,05 -1,05
~2D) -1.250+0.014 -1.40
W) ~0.69+0.04 -0.47

We use the light~cone formalism {12] which provides a
consistent relativistic framework ip momentum space in terms of
Fock-state basis defined at equal-x = t + z, rather then the
conventional equal-t wave functions. With the valence-quark-
dominance assumption baryon wave functions is taken to be simple
generalization of the nonrelativistic constituent quark model
one. In view of the relativistic motion of quarks, the momentum
distribution is taken to be as a relatlv!sf}c Gaussian [12]

2 z
— 1 Tk -
P ix,, K,y) = A expl- ;ﬁ-fg\ _.‘-_“;:__ 1 (1)

The baryon states of interest have two identical quarks
(except those of the A ) which we shall label with { = 1 and 2.
The overall symmetry of the wave function in momentum, spin, aand
flavor spaces then implies that the spin-flavor wave functions
for B = p, 0,37, 52", =°, and = ~are symmetric under exchange
2( 1 and 2, but for the A it is antisymmetric. Thay have the

orm
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ieh plxpokygo Ay) = 34 (1,3,2) + 3y 2,3, 1, (2a)
~ — { -
and forJ:h:l/'\/i'G) = u)‘a(HB * Pf‘x ) KS Va, Uy tag
L’;(xi,T“,,\i) =T, + B YT X Vi, U5, Up s (2D)

T 3, and 3 are collective momentum-helicity indices
(xi’k*i’ X , i =1,2,3, u, and v, are the light-come spinors
of "ref, (I%]. We keep flavor and color implicit., The momstatic
spin wave functions (21 are obtained from conventional wave
functions with J® = 3 transformed to the light-cone using a
Melosh-type rotation of the quark spinors [4]).

The resultant Lorentz-invariant light-cone wave functions are

B,» o & B - X<
Y103 =46 T }(,,r(xi,kli,)i)/([:]x{)l (3)

Their normalizations are given by

A
2 {tax %k 1 3 [\Hr(l,’z‘,’i) lz =1

The [dx dzk_L} is the volume element {in momentum space. We
emphasize the polnt made earlier that the nucleon wave function
of the form (3), together with the small transverse size
hypothesis provides the essential features of the CZ distribution
amplitudes.

We start by discussing the magnetic moments. The anomalous
magnetic moment of any spin-1/2 system can be identified [I4)
from the spin--fiip matrix element of the electromagnetic current
e 4t

[7;, = <B(P+q, 1) Ip, | B(R, >

= ST fax a% Bl 20 A2 Yo w2 U3(1,2.%)
20 L] "(")ﬁ&,yo = a2 W
where Qm is the charge of the struck quark with the final
momentum K~ = Lo+ (1 - x )T, while the spectator quark
m n n —

have final momentun El’ = - x, q,for 1 + m, Note, that we
neglect the quark anogaious magnetic uoEentsz I; the light-cone
coordinates are chosen [15] as P™ = (P, HB /P ,0+) for the
baryon moving along the z-axis and qF = (0, 2P°q/P , T)) for tBe
photon, the helicity-flip matrix element of the curreant §} = j +
j7 have the simple form

+ 2
Yﬁs4 = - qy Fylat)/my

vhere q, = ql - iq2 is used for the transverse momentum
transfer. Hence, the anomalous magnetic moment a = r2(0) becomes

3 +
e ® - M l
B da. r“ q=0 )
It was pointed out by several authors [16] that the spinor
rotation of constituent quarks, arising from a Lorentz
transformafion associated with the boost P™ to Pr + gl ,glves
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rise to sizable corrections to baryon magnetic moments. Note that
the Drell-Yan formula (4) is especially suited to study the
effects., It is related to the following advantages obtained by
using the light-cone formalism: (i) There is no Wigner-like
rotation inm (4). (11) The wave function (3) is invariant under
all kinematical Lorentz transformatioms, that contain the Lorentz
boost along the 3-directifons, Thus the simple and exact boost
treatment, together with the proper relativistic kinematics of
the internal relative motion present in (4), spparently
invalidate the ordinary independent-quark-~model additivity
assumption. To {llustrate numerical importance of the effects we
use the basic wave functions (3) and formula (5) to calculate the
baryon magnetic moments.

The parameters entering our expressions for the magnetic
moments are the quark masses and the momentum scale o _ which
determines the size of baryon valence wave function. Wé assume
that quarks in baryons have typical constituent masses. To be
specific we use the values m_ = m, = 363 MeV and m_ = 538 MeV
given by Rosnmer”s fit to baryomn masses. For the momentum scals we
have decided to vary it freely in the range 300 -~ 500 MeV, 1in
order to show explicitly the dependence on this parameter. The
results for the seven measured magnetic moments are givem in
table 2. Before being compared with experiment, the A moment have
to be corrected for A -3 °mixing [17], which changes r(A)by about
-0.04 a.m.

Table 2. Baryon magnetic moments (in nuclear magnetons) in
the relativistic CQM as functions of the baryon momeniva
scale <, (in MeV)

B
wy Pp)wm WD St WET) eI M2
300 2.737 ~-1.686 -0,.638 2.481 -1.00 -1.330 ~0.60
320 2.718 -1.663 -0.635 2.464 -1.00 -1.320 ~0.61
340 2.697 -1.640 -0.631 2.446 -1,00 -1.309 ~G.61]
360 2.676 -1.615 -0.627 2.428 =1,00 -1.297 ~0,.62
380 2.653 ~1.590 -0.623 2.408 =-0.99 -1.284 <«0.62
400 2.629 -1.564 -0.619 2.389 -0,99 -1.272 ~0.63
420 2.605 -1,538 . =0.614 2.368 -0.99 -1.258 ~0.64
440 2.580 -1.511 ~0.609 2.347 -0.98 -1.245 ~0.65
460 2.554 ~-1.484 -0.604 2.325 -0,98 -1.231 ~-0.65
480 2.528 =1.457 -0.598 2,303 -0,.98 1,217 ~0.65
500 2.502 ~1,429 -0.592 2.281 -0.98 -1,202 ~0.66

Value corrected for the effect of A-I°mixing of ref. [17].

General charscteristic exhibited by these results are briefly
discussed below:
(a) In the nucleon sector, the theoretical predictions are, for
any scale o< ., too small compared to the experimental values. If
ve take the nucleon momentum scale be equal to, say % 320-360
MeV, as in ref.[5], then we must consider other effects to
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1ccount for the missing 10~15% in the observed proton and neutron
magnetic moments,

(b) In the strange baryon sector a remarkable regularity can be
observed. We note that the measured magnetic moments of all
hyperons but the 5.  can be reproduce (to an accuracy of 1& ) if
one allow o to increase with strangeness, This fit yields the
hyperon nomentunm scale of Xy« ,2420 MeV and d-~—a40 MeV. For
the 3'"our relativistic calculation gives value discrepant by
0.1 n.m. which is several times the standard deviations of the
recent data both from fine-structure splitting in 57 exotic atoms
{18) and Dbeam-polarization-precession technique {19]. Thus one
again has another case which suggests the importance of some
other contributions.

Let us mention that a similar features are observed in the
relativistic model calculation of the hyperon axial-vector
couplings. The calculation of axfal-vector form factors, is
essentially identical to that of the EM form factor in eq. (4)
except of the replacement 3*-9¥;ZZ The prediction on G /GV for
measured transitioms [20] are given in table 3. Again the
relativistic calculation with a dependence of the hadron size on
the number of strange quarks provides very good {to an accuracy
of 2¢) description of the data. In addition, in figs. 1 and 2 we
present the axial-vector Eorm factor of the nucleon and pilon-
nucleon coupling versus q

Table 3. Barvon axlial-vector couplings in the relativistic COM.

o Transition , TS A PR NVAN A= T
Experiment™ "0.25+0.05 0.03+0.08 0.70+G,.03 -0,3440.05

300 0,33 0 0.83 -0,28

400 0.32 ] 0.71 -0, 24

500 0.30 ] 0.58 -0,2C

8) Ref, [20}

To understand intuitively the observed hierarchy of the
baryon spatial sizes (which decrease with strangenecss) we note
that for a Coulombslike potential the bound state size is
proportional to m ~, where m is the reduced mass. Thus, in
potential models one can anticipate a decrease of thz hadronm size
when adding strange quark. In ref. [10) Isgur and ¥arl cuote a
decrease by 4% and 13% per additional strange quark in a harmoni:
and Coulomb potential, respectively.

Our main conclusion therefore is that the relativistic CoM,
together with the concept of strangeness dependent barvon size,
offers a large quantative improvement over the nonstatic
description of the hyperom magnetic moments. With the larpe
baryon-dependent non-additive magneti{c moment contributions the
model fulfills the requirements of general quark-todel analyvces
of refs. [8] and [9]. The residual disagreement 3ust for the J.
and nucleon suggests the nature of the dominant missinp
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ingredient in the baryon wave functions. It 1s known from work of
several authors [21] that for those three baryons magnetic moment
contributions from a nonvalence @G component with piom quantum
numbers are of numerical importance.
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The pruduwon of heavy flavourcd barvons, A~ and Ayp?, has been studied in pp interactions at the
ISR. Both br.y:nn are obscrved in the fomard region, for xp2 0.35. The results confirm the heavy
baryon pm:\uu\n:. 0 be poverned by the 7Teading hadron” effect. The cross-scction for (D) asso-

ciated productivn: hus been cstimated with various hypotheses concerning the possible chrrm prodve-
tion mechanism: A preliminary cross-section value is also given for (BA°) production.

1. INTRODUCTION

In this rcpon are presented new results on charmed and beautyful baryon production in pp inter-
actions at ,/s= 62 GeV. Data were collected in experiment R422 that, with increased statistic and solid
angle, prcsemcd a continuation of our past R415 experiment, also performed at ths ISR in similar
conditions and a1 the same energy! 8. The characteristic of both experiments was their capability to
trigger on high py single leptons (clectrons or positrons), likely originated from the scmileptonic decay
of heavy flavoured states (antistates), and 1o search for the associated antistates (states) via an invariant
?ass da‘nalysis of their hadronic decay into charged particles. The reactions studied were the following.

or charm:
p+rp+D+At +X (la)

e + X

where the A.* ,theh@tcstcharmedbaryonmthqurk composition “udc”, is d d via the 3-body
hadronic decay into strange

At » pK-w* (1v)
For bcauty: ’

p+p-§+Ab°+X (22)

' +X
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where the Ay,°, the lightest beauty baryon with quark composition “udb’, is detected by means of its
hadronic decay into charm either via the 4-body channel

Ay’ = pDr" (2b)
- K-»*
or the 6-body channel
Ap® = Agtwtee" ()
- pK-»r*

The results presented here refer to the observation of charm and beauty baryon signals, to the study of
their production mechanisms and 1o the estimate of their cross-sections.

2. DATA TAKING AND FILTER

The set-up used in R422 experiment has already been described elsewhere? — 8. It consisted of the
well known Split Field Magnet (SFM) spectrometer, equipped in the 90° regions with respect to the
beam axis by two powerful electron detectors: a Lead Scintillator sandwich calorimeter? and, symme-
tric with respect to the first one, a Lead Limited Streamer Tube sandwich calorimeter 10 the tatter
being the only difference with respect to the old R415 set—up.

The total number of collected events by means of the 90° single electron trigger was 3.3x 107,
corresponding 1o an integrated luminosity L= 1.27x 10* =1 ~*. The data were submatted to a refined
clectron filter analysis whose reduction power was of the order of 1072, For details about the analysis
procedure, we refer the reader to References 7-8. The events suriiving the ofi-line filter were fully re-
constructed and the clectron track was required to originate from the common event vertex. In more
than 99% of the events, only one electron track was pres.nt and satisfied all conditions imposed.

The background level in the remaining sample of =4.5x 10* clectron and positron triggers with
pt > 0.5 GeV/c was estimated from calibration runs and Monte Carlo studws7 About 50% of the final
leptons were due to lepton pair contamination (external y conversions and %, 4 Dalitz decays) and to
known sources such as Compton effect or Kgy decay, while the mndnal contribution from cha:ged
hadrons was at the few percent level. This implied that the ratio ¢ und WS approxi-
mately 1:1. The overall lepton detection efficiency was 0.28+0.05 ﬁr pz1 Ge 3/«:). taking into ac-
count both the on-line trigger and the off-linc analysis. For charged hadrons, this was 1.5x 103,

About 20% of the final event sample contained a “leading” proton which, in pp interactions, can
be casily identified!] as the fastest positively charged particle with xp > 0.3 (where xp=2{py )/ /s is !he
Feynman variable). This “leading” pm!onwau:edmdnmmmtmuanﬂymofhuvybuyon
cays.

3 AE‘ ANALYSIS
3.1 Invariant mass study

Only particles associated to the event vertex (within £ 5 cm), with Ap/p < 30%, were fetained. The
(PK " »") triplets of decay (1b) consisted of a “leading” pmton(saeSng)plusmytwopamcluot
the appropriate charge, belonging to the same xp hemisphere as the proton and having rapidity
|Y|>lzmummdesmmwlyamwmcmkmnmdmmumw
identified by the TOF system (which, due to its small sobd angle coverage and limited momentum
range for idcntification, acted as a veto only at the few percent level). Due to the above specified con-
ditions for (pK- v’)seleemn.memhfor;\c onlyapphedtothcfotwudnpcn.u.hr
fxp(A¢ )2 0.35. This region, as suggested by previous findings!:4, is particularly efScient for heavy



baryon detection duc 10 the well-hnown TJeading” banvon -Taet in pp intzractions !2, which holds true
not ouly sor the protes but o for cthier b sioung valenee quarks of the mcndm? pro-
ton ("ud” in the A" cas) For whit concems Wi i, cur it was required 2 (Ap/p < 15%) in or-

der to avoid any ch wype ambiguity.
Fi igure ta shows the (pl( v ") iwvariant mass plot obtiuned in the prescace of an e, The same

plot, for ¢, is shown in Fig.1b.
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FIGURE 1|
The (pK~+ ") invariant nass spectrum: a) e~ trigger, b) e* trigger. The full-line curve
aud the points superimposed in 8) represent the estimated background (i.e. the ¢” trigger
spectrum) normalized to the total area outside the A * region, 2.10<m(pK~»*)<2.50
GeV/iel.

An excess of 330# 100 mass combinations is visible in Fig.1a, in the interval (2.25+ 2.45) GeVic®. The
central value of this interval, 2.35 GeV/c?, is shifted by =70 MeV/c? with respect to the nominal Ag?
mass (2.28 GeV/c?). This shift is attributed 10 local systematic effects, both on momenta and angles,
caused by field mapping (of the highly inhomogeneous SFM) and alignment (of the m:my individual
wire chambers) problems, which had already been observed in the past R415 experiment!. The back-
ground curve superimposed in Fig.la is derived from the spectrum of Fig.1b normalized to the mass
region where no signal is expected. It has been checked that this spectrum is indeed well reproduced by
the “event-mixing” technique. It should be pointed out that the interpretation of the effect in Fig.la as
a A" signal strongly relies on the fact that this signal disappears in the “wrong” charge, ¢* triggered
spectrum of Fig.1b.

In order to improve the signal/background ratio, more stringent Ap/p cuts were applied to the
three p, K, = particles and a limit was set on the maximum allowed number of (pK ™« *) combina-
tions/event. Moreovcr, a higher transverse momentum (p; >0.65 GeV/c) for the ¢~ and the presence of
a “leading” system in the hemisphere opposite to the {pK #*) triplet (following the hint of 2 possible
“long range” conrclation in the A * forward productionl) were required. The result is shown in Fig.2
where a clear peak of 81+24 combinations is obtained, comresponding to a signal/background ratio of
=1/3. The width of this signal is compatible with the expected mass resolution.
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FIGURE 2
The A.* invariant mass spectrum obtained with more siringent conditions, as described
in the text. The background (curve and points superimposed) is derived as for Fig.la, by
means of the ¢* triggered spectrum.

3.2 Production distributions

From the signal of Fig.12, the py and xp distributions of the A.* were derived using the in - out
technique 38, The transverss momentum distribution was ﬁned as dN/dpg « ¢ -bpt, with
b=2.6+0.5(GeV/c)" ! ,mexcellcmagmcmcmwnhourprmmmuhz

The longitudinal momentum distribution could be parametrized as dNIdxF « (1-xp)3, with
a=23+13. Tlus value indicates a rather flat xg production distribution for the A *, as expected from
R415_results3:®, The above valuc of b has been recently confirmed by anolhet experiment at the
1SR 13, where b=2.00.5 was measured.

3.3 Cross-section estimates

Table 1 gives the model dspendent (DA.*) cross-section estimates obtained by assuming
(Edojdxpdpy’) « (1 -xg) e~ 2Pt for Lhe D and (do/dxpdpy?) « flxg) e**Pt for the A *, with var-
ious  hypothsses concemmg fxp) parametszation. The branching rmatios
BtA,*=pK 5*)=(2.2¢ 1.1)%!% and B(D*e X) (12.2521.120.6)%15 have been used. For the
b:non, a Lorentz-invariant phase-space decay was assumed, while for the antimeson a 3-body (V —~ A)
dccaymatn.xwz_’susedmdlec:lnxhuanm The hypothesis of no correlation between the D and the
A was made!
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Ag” model opartial (b} o {ub)
[2p>0.35)
i)  do/dxp = comst. 36222 56234
i)  dordrp < (1-xp) 594 35 128£77
iy dosdrp « (1-xp)* 84250 285¢171
iv)  do/dxf = (1-ap)® 1661100 1450+ 870
TABLE 1

Cross-section estimates for pp+ (DA ) + X, derived with different hypotheses on the A.* longitudinal
production distribution.
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FIGURE 3
Compilation of Ap* cross-section estimates in pp interactions as a function of /s [o:
dojdap({A ) = constant; 8: do/dxp{A¢ *)=do/dxg(A®); O: model indzpendent).

From Table 1 one sees that a central meson-like behaviour for f{xp) causes a prohibitive increase of
the cross-section {(model “iv"). When f{xg) has a rather flat behaviour (modzls *i°, “6° or "Hi"), the
cross-section is of the order of =100 ’ub. Figure 3 shows a compilation of cxisting A~ cross-scction
measurements in pp intcractions!+ {3 8-25 a5 a function of 5. The o valuss of R422 (model “Ti%}
and,of R415! (model “i) arc in good agreement within the errors. Al measurements in Fig.3 (except
one2* which is model indcpendent) ar= obtained assuming a rather flat xg behaviour for the A.°, ie.
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a “leading” barvon production mechanism. Also notice that they all r.fer to (pKr) or (Avww) dcays.
for which 2 common branching ratio value of 2% was assumed. If this value, based on a unique
measurement !, is underestimated”, all cross-section values would consequently be overestimated.

Figure 4 thows the doxdxp distribution of the ..~ {model “iii"). The corresponding A° and A°
distribuuons, as measured at the ISR in another 2x;: “ament2®, are also shown. The A° distribution
clea.rly differs from both the A® and A" distributions (as expected since the mubuyon does not con-
tain any valence quark of the mcndenl proton, while both the A.* and A° contain two valence
quarks). Thcsu:ngemdchamedbuyondxsmbuuonshav:snﬂlahpea.muuo
(dﬂldxF)Aco/(da/dxF)An tums out to be about 1/40 in the high g region.

ﬁ‘{-;(m
* Thes expersment
—_— {1exg?? it
- Woidxslg- 25009

_— m/ux,)- -(2.520%

FIGURE 4
The estimated do/dxg_behaviour for the A * (full line) in this experiment, compared to
A" (dashed line) and A? (dashed-dotted line) production, as given by a fit of the data of
Reference 26.

4. Ag® ANALYSIS

4./ [p(K~=* ) "] invariant mass study

The 4-body system [p{K ~w "}s "] of decay (2b) was required to belong to events where an c* was
present with a high transverse momentum, py > 0.8 GeV/c, and a momentum unce.nunty Ap/p< 15%.
For the 7leading” proton, defined in Section 2, Ap/p < 8% was required. The K~, **, v~ were any
three partcics with Ap/p < 30% and the appropriate charges. The proton, kaon and pion masses were
assigned, unless a TOF veto was found (sec Section 3.1). Here again all four particles, plus the posi-
tron, had to originate from the reconstructed event vertex within +5 cm. The 4-body combinations
sclected in this way were then submitted to the following conditions:

— 10 have a rapidity Y4—body> 1.4 (this condition. coupled to the “leading” proton identification
method, was used to enhance the expected forward baryon yield);

* This has bren recently suggested by LEBC-EHS cxperiment24,
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~ 1o contain at Jeast one particle belonying to the hemisphere opposite to that of the proton (this re-
quirement, corresponding 1o the involvement of large angies in the 4-body invariant mass, was intend-
ed 10 increase the acceptance in the higher mass region);

~ 10 be corrclated 1o a resonant (K “ v *) charm contribution from the D meson. This was achieved
by operang a scan of the (K= *) invariant mass spectrum by intervals 150 MeV/c? widz in the ne-
ithbourood of the D® nominal mass (1.86 GeV/c?).

Figure 52 shows the m{p{(K ~# * )= ~ ] spectrum corresponding to m(K " *} in the (1.90+2.05) GeV/c?
interval (this will be referred to as the “IN” interval from now on). The same spectrum, obisined in-
stead for “wrong” ¢ triggers, is superimposed in Fig.5a after normalization (o the mass regions well
below and above the enhancement. No signal shows up in this case” and the spectrum provides the
background shape. As a cross-check, Fig.5b shows the nomalized m{p(K~» *)}»"] spectra, corre-
sponding 10 ¢~ and e~ respectively, but with m(K ~«*) falling in any of the two intervals, (1.75+ 1.90)
and (2.05 + 2.20) GeV/c?, below and above the IN interval. After background subtraction, the signal of
Fig.5a comresponds to 524 16 combinations, with a ratio combinations/events of ~1.3. lis width, =200
MzeV/c?, agrees with the expected 4-body mass resolution.

Combwnations Combinations
100 MeV/c? 100 MeV/c2
b
w“ aj b)

[ ST 2%

S 4% & & 1 1% § s & a8 _ 1 7

mip(kr*hn] (GeV/c? miplkr*)r](GeV/c?)
FIGURE 5

The [p(K~»*)# "] invariant mass. The full-line histogram corresponds to ¢* triggers, the

dashed-line histogram 10 ¢~ triggers: 2) 1.90<m(K “#*) <2.05 GeV/c® (IN interval); b)

L75<m(K -~ #*)<1.90 GeV/c* and 205<m({K~#*) < 2.20 GeV/c?. The curves superim-

posed are fits 10 the ¢~ iriggered spectra.

* 1n principle a A® signal could alw be present in association with an ¢~ coming from B- D-e~X
decay. However, M_onle Carlo studics predict that, with py(e) > 0.8 GeV/c, a factor of >8 less events
should be expected in the ¢~ case, with respect 10 ¢* (frop the direct B e*X decay).
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Notice that, as already observed for the A*, the central value of the IN interval, 1.975 GeV/c?, is
shifted upwards by =100 MeV/c? with respect to the nominai D® mass. Such a shift can again be at-
tributed to systematic ciects, as explained in Section 3.1. Therefore, the signal of Fig.5a can indeed be
interpreted as duc to the Ay° baryon, detected through decay (2b), at the mass (5.65 +0.10 —0.21)
GeVic*. The above D° mass shifl has been included in the quoted errors. This value agrees within few
percents with the one previously measured in similar conditions and through the identical decay chan-
nel in R415 experiment?,

4.2[(pK~a* )u*n~7") invariant mass study

For decay (2¢) the single particles were selected as in Section 4.1. Further conditions were im-
posed on the 6-body system:
~ to have a rapidity Y¢ - pody > 1.7 (here again “lezding” conditions were required);
-~ 10 belong to very high muf'!iplicily events, ic. With fcharped > 12 (this was motivated by the non
negligible multiplicity of the decay system itself);
-~ 10 be related to a visible energy in the opposite xg hemisphere with the condition .25 < [Zxp} <
.65;
~ to correspond to a resonant (pK ™« *) charm system. All these three particles were required to be-
long to the same hemisphere and here again a scan was made of the m(pK ~v *) spectrum, by intervals
200 MeV/c? wide, this time around the A.* nominat mass valus,

The resulting 6-body invariant mass spectra are shown in Figs 6a and 6b, which are analogous to
Figs 52 and Sb.

mbinaty ingtion:
1§ MQV/E§ 1§M9V/(7

a) b} W
i -3 -
- H
b,
” o
q»-
-
|
)
-l
3 - E) ] ’ [] - ] o F] E] Y k] [} 1 l‘ - . '
m(pk-w*iw*r ] {GeV/c2) mlipicr*in'r ¥ {GeV/c?)
FIGURE 6

The {(pK"»*)x“n "¢ "] invariant mass. The full-line histogram corresponds to e* trig-
gers, the dashed-line histogram to e~ triggers: 2) 2.23sm(pK ") <2.43 GeV/c? (IN in-
terval); b) 2.03<m(pK-w*)<223 GeV/c? and 243sm(pK-#*) <263 GeV/cl. The
curves superimposed are fits to the ¢~ triggered spectra.
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An enhancement is visible in the mi{pK " *)zr "7~ n"] spectrum of Fig.6a, in the region (5.5+ 5.8}
GeVicd, only for ¢ triggered cvents when 2.23<m(pK "7 ) <2.43 GeVie? (IN intenval). It corre-
sponds 1o (0% 19) combinations, with a combinations;events ratio of =2.5 (a value higher than in
Section 4.1 duc 10 the increascd decay n. ahiplicity). The peak width is now =300 MeV,c?. The central
value of the IN interval (which contains the A, nominal mass value) is 2.33 GeV/c?. It should be
noticed that, in this case also, this value is shificd upwards by =50 MeV/c* with respect 1o the nomi-
nal A;* mass. The mass of the signal in Fig.6a, once the A;° mass shift is tzken into account, can be
quoted as (5.65 +0.15 —0.20) GeV/c?, in exccllent agrecmnent with the mass value derived by means
of the D® decay channel (2b) of Section 4.1. Duc 1o its characteristics, the 6-hody signial of Fig.6a can
apain be interpreted as an evidence for the observation of the A in a different decay channel.

4.3 £p° mass

A summary ¢f the thecredcal sitvation concerning the A" mass estimales is given in Referenac.
27. Five theoretica! predictions obtained in the framework of potential models are reported, togzther
with their corresponding lower and upper bounds. The corresponding avecage AR mass valus is (5.56
+0.07 —0.21} GeV/c?. The weighted average relative to the three cxperimental (R415 and R422)
measurcments is (5.57 +0.23 —0.22) GeV/c?. Despite the erors involved, from these numbers we can
casily conclude that there is a very significant agreement between experiment and theery. An addéitional
theoretical value, obtained instead using “scalar latuce QCD28, srongly disagrees both with the pre-
viously quoted theoretical estimates and with the experimental measurcments.

4.4 Cross-section estimates

A preliminary attempt has been made to estimate the (BA®) cross-section for reaction (2a). Only
the data cf the D° decay channel (2b) have been used. The hypotheses assu:ned for the B and the 4,°
arc ideatical 1o those relative to the D and the A" in Scction 3.3: for the antizncson, a “central” pro-
duction, and, for the baryon, a "leading” production (modcl “1°, sec Table 1). In first approzimation,
the transverse momentum distribution of charm (do/dpy = e~ 2Pt} has b:en applied to the beauty
case™. Fot the branching ratios, the following values have bren taken: B(B-»e*N)={12.3% [).8)%30
and B(D°—-~K‘v‘)=(5.410.4)%30. Only a partial cross-section will be given here, working out the
acceptance of the apparatus under the same conditions (see Section 4.1) which allowed the A% to be
observed, ic. Y[p(K"v*)s7)>14 and xg(p)>0.3. The_ result is B(Ap°=pDfr Yo panial
=(0.15-+0.5) ub. The same valve, in the past R415 experiment?, once the corrections for the updated
DP+K~#* branching ratio and for slight analysis differences are applied, is (0.45+1.25) ub. The
present Beo,,,i0y value is lower due to the fact that the number of observed Ap® events is a factor of
=3 smaller ﬁ'nan what expected from R415 extrapolation.

5. CONCLUSIONS

The results of experiment R422 are a confinmation of R415 results. The A.* baryon is again ob-
served with increased statistics. Its py and xp production distributions compare well with previous
findings. Also the open beauty state Ay,” is newly observed, by means of two different decay channels.
Its mass (averaged over R422 and R415 measurements) is found to be =5.6 GeVic?, in very good
agreement with theoretical predictions. The “leading” effect dominates charm and beauty baryon pro-
duction in pp interactions. Finally, the cross-section esti indi once more, that heavy flavours
are copiously produced in the ISR energy range.

* A different parametrization, like e~%#%Pt, could be used2?, This would lcad to a lower cross-section
value duc to the presence of the py > 0.8 GeV/e cut for the e*.
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CHARM_ PHOTOPRODUCTION IN THE NA14-1l EXPERIMENT

NA14-01 Collaboration: Athens Technical University, Universidad Autonoma
Barcolons. CCAN, tmperial College London, Grsay LAL, Paris Coliége de
France, Sactay. Southampton University, Strasbourg CRN et Université Louis
Pasteur, Warsaw University.

presented by D. BLOCH, CRN Strasbourg, France.
- -Abstract:

The aim nof the CERN-NA14-1 experiment is the study of charm
rhotoproduction mechanisis and the lifelime measurer.:nt of charmed mesons.
The peculiarity of this experiment is the combined use of a microvertex
<tlicon detector where primary and secondary vertices are measured with a
high precision, and a large acceptance spectrometer where charged tracks and
photons are fully analysed and identified. We present prelimirzry resuits based

an a part ot the total statistics acquired in 1385-1986.

tExperimental details:

The experiment was performed in the E12 e~y bearn at the CERN SPS.
Trie NAT4 spectrometer, whose complete description can be found elsewhera(1).
wa. nreviously .perated for the study of the deep inelastic Compton sc‘at—
m;—u;(?). Now it is associated with a sificon active target and a stack of
~ucremtnip hodoscopes (Fig. 1).

Yhe bremsstrahlung photon beam is provided in 3 steps
o &%) e’ - ¢ which allow a large reduction of the hadronic contami-
ration (b ¢ - 10'5) and *he energy measurement for photons above 50 GeV.
The high fliux photon beam (1.2 x 107 y/cycle > 50 GeV, mean energy-80 GeV)
is incident on a silicon active target cof 10 % XO‘ installed in a ¥ T. m magnet
which sweeps the electromagnetic background.

Primary interaction and charm decays occur in this target composed of
32 silicon planes of 300 ym thickness and 200 pum interspace, each segmented
in 24 vertical strips of 2.1 mm wide (Fig. 2)(3). The particlie multiplicity is
measured in each strip allowing: to reject electromagnetic events and those
with a secondary interaction, to reconstruct independently the main vertex
when "grey tracks" from the target nucleus are emitted, to flag secondary
vertices by a jump in multiplicity (Fig. 5a).

immediately 1 cm downstream of the target is a stack of 10 wmicrostrip
planes comprising 4 Y-Z and 1 U-U' ( * 30°) doublets, 1000 strips of S0 um
pitch per plane (Fig 2). Yhus the track projections can be matched in space,
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improving the reconstruction very close to the primary interaction and rev:aling
a charm decay by the measurement of an offset (Fig. Sb-c)“). In arder to
reduce the cost of the electronics, 2 strips from different regions are read on
the same channel. .

The spectrometer itself has an angular acceptance up to 275 mrad in
the laboratory both to charged particles and to photon:. 70 MWPC planes in
between and downstream of the two magnets allow to analyse charged tracks
from =~ 2 up to 100° GeV/c. Three electromagnetic calorimeters measure
1 otons and electrons in the same acceptance. For the purpose of this present
charm search, only the threshold Cerenkov counter# 2 is used to disentangle w
from K/P in the range 6.3 < P < 21.6 GeV/c, and n/X fiom P above 21.6
GeV/c.

The trigger requires a hadronic interaction, asking for some minimal
multipticity in the active target and for the detection of at least 1 upward
and ' downward charged track thiough scintillator hodoscopes We have
recorded § M events in 1985 and 12 M events in 1986, The electromagaetic
contamination is 10 %. The trigger cfficiency is 35 % for hadronic interac:
tions, increasing with the beamn energy and thus leading to a factor 2 «nricn
ment for charm. But 3s charm photoproduction represents only about 1 % «of

th> total cross section, a large effort was drvoted to the filtering procedure.
Charm_signals:

First we process all raw data events through a fast pattern program
which reccnstructs charged tracks using only a part of the MWPC planes. Then
two filtering philosophies are considered:

1) A specific filter requiring a very clean active target sefects 3 % from 5
M events recorded in 1985. The corresponding K-rr*u.+ invariant mass distribu-
tion is presented in figure 3 for different cuts in Lo, where the decay length
L. is measured with an error e typically = 500 um (throughout the paper, the
charge-conjugate states are implicitly included). The p* signal is clearly
visibie with a low background, but the statistics is poor'™'. R

2) The second method is used on our 1986 data. Combining the charged
tracks with the active target and the microstrips informations, criteria are
defined to select events with an offset track or with a secondary vcrtox(s).
We retain thus 20 % of the events which are processed through the full
pattern recognition program, taking about 1.5 s/event on an IBM 3090.
Accerding to our Monte-Carlo simulation the filtering efficiency is 70 % for D
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mesons. incependently of the decay length and of the transverse mcmentum PT‘
The Kn'n* mass spectrum is shown on figure 4, for 4.5 M envents from
1986. The S/B ratio is 3 and 60 D” are measured in the mass range {1.81%,
1.905) GeV. We have imposed a flight L > 10 o.

Figure 5 is the illustration of a charmed event candidate with a decay
D" - K'n'n” observed in the microvertex silicon detector. A grey track is
emitted at large angie in the active target and an other n* is reconstructed.

Based on ail 12 M events from 1986, figure 6 represents the Kn' mass
distribution from those O° mesons which are produced by a p** decay. Asking
for a Knmn-Kn mass difference between 143 and 149 MeV and a flight > 2 ¢,
we get B8 D°® and a ratio S/B = 4.4,

Figure 7 shows the cumulated available invariant mass distribution of
chasged and neutra! D mesons, including ali D° - K™n® from 1986 data with a
4 o flight cut. We observe a signal of 510 O mesons in the mass range
(1.815, 1.905) GeV with a ratio S/B=1.

+

The D° meson signal produced by a o’ decay (Fig. 6) presents a low

background and allows a limited cut on the time of flight. Figure 8 shows the

time of flight distribution for - 80 D° mesons. An exponential fit gives a
tifetime he (4.45 tzg ) 10"3 s {errors are statistical only) (6) quite in
agreumeni with the 1986 world average (4.3 ti )- 10'13 s (7), but with

targer errors than a recent FNAL-E691 result: (4.35 * .15 *,10)- 19713 ¢ (8)_

P2 _distribution of D m

The cumulated statistics of 510 D meson signals is compared in figure
9 with the normalized‘ background, taken in the same mass range but with no
cut on flight (dashed line). Charmed mesons are produced at higher PT than
ordinary hadronic states whose distribution is compatiblie with an exp(—GmT)
dependance.

Comparison is also made on the same figure with the Lund Monte-Caric
simulation of the lowest order QCD prediction: the fusion yg = cc (9). For
two choices of the charmed quark mass (mc = 1.2 or 1.5 GeV, full curves),
this model is in good agreement with our data. However in order to get a
detailed comparison with the theory, second order QCD predictions should have

to be taken into account.
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Conclusion:

We have observed a clear signal of charmed D°, D" mesons which will
be completed this year by exploiting our full statistics, and by using the
calorimeter informaticns in order to analyse decay channels with a n°.
Lifetime measurements wiil be pursued and PT, XF, Y distributions for D
mesons will aliow a more detailed comparison with QCD predictions.
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Figure 2: the microvertex silicon detector
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Fodu byore of Rhe poar e an ety ine interactions

4

at oo To Gl oseubi i cner gy

CHAT -~ Collaboration
(HICE Berlin-Zeuwtaen -~ MTHOF Secpulhiov)

precented by H.EZ. Roloff

1, It oductio

vhie e oduction of opposiie sign dileptons 10 neutrino

interaclians ob bigh energies 1s well understood as being dus
10 (harm production with succeeding semileptonic decay. Most
other experiments study the dilepton production in an  energy
vange  starting at about 30 GeV. Our data allow the study of
charin production near the charm threshold.

for the production of like—-sign dileptons there is up to
now  na thearetical explanation for the measuwrsd rates. The
acnociated charm production e.g. gives a rate lewzs by & factor
nf about (¢, Other sources as B- production can be excluaded at
our T oeneegien. fin owr resultse will be coritically <ince
capecially  the assaciated charm producticn iz oxpected &0 bu

strongly cuppressed st aur low energien.

2. Selection of agr-events

We uwed the neutrino wide band.beam of the Serpukhov
accelerator with an averaged neutrino energy CE > m 7 GaV. As

detector we uszd the heavy liquid bubble chamber SEAT /1/.
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vle started from abiout 10060 charged current events which woere
selected as described in /2/. To increase the efficiency of
muon—selection we applied the momentum cut p,‘ > 1 GeV/e. A
track is accepted as e*/e -candidate if two of the following
criteria are satisfied: characteristic spiralization or strong

multiple scattering, high energetic J—electrons, Brems— 3o

pointing to the track, annihilation (only e*). To reduce the .

background from photons converting near the primary vertes v
required that the e-track has to be clearly visible ol
distance of 1.5 cm from the primary vertex and that there i4
na other e-track at the verte..

To reduce the background from missclassified leaving -
for the Ave -events we required in addition that p, ' pa.
and for d-electron background reduction we- introduced an

angle cut for the angle between the muon- and electron

diraction. After correcting for losses and efficiencies we got

from VN oD /,.‘X H 10060 events
for LN —-=> ,y‘e")( H 18 events + 15.1 %
and for M —~-> pmeTx o« & events + 8.6 %

The background sources are estimated as given in the following

tabile (the numbers given are number of events).

asymm. g's ~¢' N compton-—
backgr.|{ Dalitz paire| cc~inter. | electrons J—cle«:tr’. total

e’ lo.8t0.3 0.04 % 0,02 - - 0.910. 3

fe ©.8t 0.3 1.1 ¢ 0.4 1.6t 0.5 0.24:0.02 | 3.740.7|




3. Results for VN -2 et X

The ratio of oppocite sign dilepton production normalized

to o charged currenl data sample cones out to be
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0 26 45 65w Gevic?

Applying this cut to our data we got
from YN —> MoeX 18 events
. - at

for vﬁN —_— M A H 8 events

and for yN ——> A DX : 10 events,

Taking into account the branching ratios for a decay of
and D into e* + Y%, we calculate the cross section ratios

(VLN -—->/.‘-A.*)

Ry = = (6.7 + 3.5 - {0-=
A Gt 9N —>puX)

TCL N ~—>u~DXi
Ro = = (2.9 + 0.9 - 10-2

a’(vf.N - pa=X?

and for the total charm production rate:
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CCN —=> u= o) .
Re = - ———= w92 g 3.4) - 107®
<A .’,‘N ——-;/u"X)

with the cuts Ev > 3 GeV, W > 2.3 Gev, P > 1 GeV/c.
This i% in a good agreement with the results of other
experiments /4/ and our own results on strange particle

production /5/.

4. Results for !I,N —2 p'a")ﬁ

The ratios of like sign dilepton production normaliced to
the charged current data and to the opposite sign dJdilepten

production come agut to be

€ VN -=> a4~ e~ X) - + 4.3
= (2.5 ) - 10-e
[ 4 %,N -->/.| X -1.4
and
G GN-==>u~ e~ X . + 0.22
. - = 0- 12 - o ..8
[ X$ YN —=> u= e Xy v

with the cuts Pp > 1 GeV/c, Pe > 0.04 GeV/c, Pa ? Pu
E, > 3 GeVv.
Figure 2 shows that our data near the charm threshold are

not axplainad by the meachanism of associated charm prudur.LAion.
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Our results on opposite sign dilepton production confirm
the interpretation being due to charm prpduction: We measured
first time the Ag* - guasielastic cross section in neutrino
interactions.

. Our results on like sign dilepton production are not
consistent with associated charm production, but need more

data to increase the measuring accuracy.
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CEN Saclay, France

Abstract. We present a brief survey of Toponium studies done at the CERN LEP [ and
LEP I Physics workshopsm’s]. If produced at the LEP energy, the first toponium S-states could
be detected in less than one year in the present LEP experiments. Detailed studies on spectroscopy
and polarization will be faf more difﬁc'pl_t.’l‘oponiu[n could be a very good tool to look at non
standard physics. . y
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INTRODUCTION Quark-antiquark systems are good 100ls w0 study quark interactions :
quarkonium spectroscopy provides information about the quark-antiquark potential, and the decay
branching ratios and asymetries reflect the strong and electroweak couplings.

: Because of asymptotic freedom heavy quark-antiquark

* systems are non  relativistic and can be described by 2

" Schridinger equation with a potential having a Coulomb
singularity at the origin and & long range linear confinement
term .In figure 1 four such  potentiats{1:2.3:4] are shown and
* itis seen that in the region probed by the W and Y
spectroscopies, that is between 1. and 0.1 fm, all published
potentials agree within the experimental errors . Heavier
masses are needed to explore the coulombian behavior at
short distance, between 0.1 and 0.01 fm. This is a strong

motivation to look at the Toponium ( © ),

From the ¥ and the Y families we have learned that the
potential is independant of the mass and the flavor of the

' quarks, In figure 2 are plotted the binding energies for the S-

T~ \\L; -
=== " a0 P-states . The first bound state is expected o lie about 2

Bty Uaigy e

GeV below the open wp threshold and the number of
sub-threshold bound © s-states has been estimated to be [ 51

ng ~ 2(mymg) 2

: ‘The total number of narrow bound states is expected to be
© twice the square of this number :

oy = 2ng?
This gives a total number of about 200 bound states including

¥ w L 03 v
QUARE MASS 1GeV)

Fig. 2

20 Beam Spread (6W)

EWiMeV)

] 2
SO 100 _ 150 200 WiGevi .
Fig. 3

at least 10 bound S-states, with a splitting of a few hundreds
of MeV between the two first S-states and only a few tens
of MeV between the last ones . This is about twice the
expected beam spread SW at LEP 1 as seen in figure 3.
Thus except for the first S-states, beam spread will smear out
all the rich spectroscopy . A precise measure of the 18-2§
mass difference will provide a relevant measurement of the
QCD scale parameter A4 {fig. 4), and the measurement of
higher radial excitations , in the ‘¥ and Y region could
provide a good ' aposteriori ' check of the hypothesis

of mass and flavour independence.
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The fine structure splitting of the P-states is a relativistic effect and scales fromthe W to the Y like

T T T —r T

the square of the quark velocity inside the
4 quarkonium :
_e (Bmy/Sm; ) = (BB,
Since the top quark is much heavier than the bottom
and charm quarks we expect a mass difference of a
few MeV . Because of this small mass difference it
will not be possible to resolve the 3P0 3P1 3P2
{ splitting. In figure 2 one sees that the radiative
wransitions from the 2S-state to the !S-state via the
GUARK MASS (GeV) 1P will proceed with the emission of two
Fig. 4 monochromatic photons , one of about 100 MeV
and the second of a few hundreds of MeV . These will probably be very hard to detect in all present
LEP experiments with the possible exception of L3. At any rate these radiative decays will have
much smaller branching ratios than the modes discussed in the next section.
TOPONIUM DECAY_ © decays are expected 10 be dominated by the week interactions. This™ is
unlike the cases of W and Y where decays to 3 gluons (fig.5 d) and charged lepion pairs via y
exchange (fig.5 a) dominate. In the
LEP I region,(m g < 100 MeV)
annihilation via Z° and W exchanges
dominates (fig.5 b,c). The width is less

'O>’L"\<f than IMeV unless m g ~mg in wich
o 7 a) case the width may be near 10
MeV.These values are mode} dependent

.2 £
-O.>V\‘<-f 4/ and may be wrong by a factor of 2. At

higher © masses (LEP II), single quark

o
.QL?_".,: ¢/ decay (SQD) will play a leading role in
3 % toponium (fig.5¢): this is an independent
£ g internal decay of the\mp quark or
A g Y/ . .
( jt ,r: : g antiquark into bottom and W. If the
. toponium mass is much higher than the
i"d"‘ Z° mass, the SQD decay becomes

T T
i
i

105’5 TOPONIUM

v

EWEITT NN

I (KeVv)

P _u.nu, ot d)

1. €
= N - ) more and more dominant and the decay
width becomes comparable to the beam
1 energy spread. If the width is of the
50 :
100 150 2\2016 :}50 order of the transition width between the
¢ IS. and the 25-state, the individual

- structures disappear.

Fig. $
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EXPERIMENTAL PROCEDURE A search for @ is greatly faciiitated by a knowledge

of the open top threshold since the © mass should be about 2 GeV below this threshold. To find
the © we will then scan the suspected interval by steps of twice the beam spread.

Determination of open top threshold:
[£74d 1]
v et

- If the © is lighter than the Z%, the top mass can
be determined either by the ratio of the Z0t- ¢
decays to the iy~ QED production [7} (fig. 6), or
by the shape of the lepton spectrum from top
semileptonic decays (6,71, Figures 7 a,b

show how the end point of the spectrum of P,
varies with mg , and figure 7 ¢ shows the
background from secondary decays from t quark.

S T S
e i1 ] 35 L0 45

n, Gey)
Fig.6
100 . T . 9
<00 Ird . \
. M, 225Gavre? -}
500 - - If the toponium is above the Z° the open top
we ! 4 threshold can be found by a binary scan of the SQD
e ! i events sample . These decays have a more spherical
gaoo- - topology thantheq - q, ! - 1 evenis that can be
3 o M, T eliminated with geometrical cuts [6:8)(fig. 8).
3 - Accordingly we will Iook for spherical events at the
g :;; (,1! M, +30Gewrct the highest energy available . If there are some we
w00 - : will then go to half the energy and proceed further
so0 - i by adding or substracting each time an energy equal
230 - !,’ Z to half the preceding increment . Below the
- iy, s W* W~ threshold the Z° radiative tail
3 AT ' background (e “e”->Z°%) can be removed by a cut
Bt TN ROt G on the missing longitsdinal momentum to remove
o the hard photon going through the beam pipe.
) o Above this threshold we can remove the direct
- : WHW-, which are produced back to back, with a

! cut on the colinearity of the two W's .\We expect to
.get the top mass with an error of about 1 GeV,
within a few weeks,




Oblatness

Oblatness

“ o

<
- =

o4
6.
(3]
er

o oW oe

95 bs

e
(2] 1)

(R} '

269

aponwm
8100 GeV )

Scan for toponium :

Toponwa
lania0 Ge¥

Fig. 8

2 3 ok
Aplanality

0 {25)

10 —1 | i
50 190 150 200 150
W {GeV]

Fig.9

Figure 9 shows the predicted cross sections forq - "q production and

on-resonance © production nor malized to O, the electromagnetic leptons cross section as a

function of center-of-mass energy, s

+ - 86.8
o e'¢ LIS np )~ -——nb

We see that at low energy, signal and background are of the same order of magnitude , but above
the Z°, the background is about 20 times Jarger . Thus we will need to use the SQD sample to
reduce it. Scanning an interval of 2 GeV , and requiring a 3 standard deviation signal, the

necessary integrated Juminosity can be computed:

sl
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we e

T T
MILGRATED LUNBIOSTY KECESSARY
10 DISCOVEN B o

—m 10T

— WO EUT O EYT TOPRLOEY

.u..u__A_‘X_u...

Roe + Rp &4 2 GeV
L= z 25W
2
R, e,0,

where Rg and Ry are the toponium and
background cross section normalised 100 g,
and €g andeg the detection efficiency.
Figure 10 shows the necessary integrated
luminosity as a functionof m g .

The above formula is correct if the © is far
away from the Z° where the background
amplitude via phowon exchange and the ©
amplitude will add uncoherently ( fig. 11 a).
On the other hand if the © is in the Z°
peak,both amplitudes interfere and we will
get dips in the cross section (fig. 11 b).
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The expected cross section is [13],

R>5={1-Re[ I
8 Emy+l,

2 Em +T
Ty g
This should give a serie of very narrow dips in the 20 peak (fig. 12 a) but convoluted with the
finite beam spread, this structure will be partially smeared out (fig. 12b).

R By Ty (E"“z“er

a)
bd iz &) Me¥ h)
=l
A
L] 1 N E— 3
0 1 J ” ) [N 3
1 9 92 93 94 93 96 ¥ Eay]
] ' L W (Gew)
L}
Fig. 11 Fig. 12
The interference effect depends strongly
on the © width, which decreases
rapidly as the mass difference between
% - 5 v 1:uv " the Z0 and the © increases .That is why
Vlanen near the Z0 peak the interference could

be detected within'a few days but will
require more and more luminosity if the
toponium mass goes away from the top
of the Z0 peak : fig. 13 a shows the
number of events produced in a scan
between 90 and 94 GeV for a run of 10
Y days, and fig. 13 b shows what we
expect in a scan between 94 and 97 GeV
for a run of 2 to 3 months.

Fig. 13
CONCLUSION Toponium could be detected within a few days 1o a few weeks if lighter than
the Z°, within a few days if it hos the Z° mass. If the present trend (ARGUS, UA1 ..) [ 111
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figure 15 shows the predicted asymerry as defined in {12], using a clean sample by selecting
scmileptonic SQD events with an isolated hard lepton : the error bars shown correspond to a run
of 200 inverse picobamns with unpolarized beams. With purtially polarized beams (P ~.5), the
nceded luminosity will still be of the same order of magnitude. With fully polarized beams , we
could gain 2 factor of 3 on the luminosity wich will represent less than one year of data taking...

Our best chance will be if the world is non-standard . Then the toponium aspect will change
spectacularly : the width will increase dramatically so that it will be impossible 1o miss such a

confinned, the toponium will be out of reach at LEP 1 but could be found within a few weeks
few months at LEP II .

Once the ©'S found what should be the next siep? © 25 will require betwees 200 and 300
inverse picobamns (fig. 14). 1t will take 2ven more time to measure the toponium polarization :
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Figure 16 shows what will happen if the :oponium can decay in.o two charged higgs The decay
width will rise sharply and erase the resonance structure. and figure 17 shows what will happen
with SUSY partcles . ‘vz will find exiremly large decay rates, missing energy and momentum,
carried away by the lightest susy particle. and no individual i2sonance. Such a big effect will be a

clear indication of new physics.

The minimum we can expect will be a beuer understanding of electrweuk and strong interactions
within the Standard Model. With luck we could also open a window ¢:n a new physics domain
within a few months. Discrimination between the different theories will require much more time

and effort.
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TIME PROJECTION CHAMBERS AT LEP

A. Minten
CERN, European Organization for Nuclear Research, Geneva, Switzerland

1. INTRODUCTION

In 1989 the ote” storage ring LEP at CERN will start operation.
Four LEP experiments are under construction. Two of them, ALEPR and
DELPHI, use a Time Prcjection Chamber (TPC) as a central tracking detector.

o the following we will firet rwcall the principles of TPC, and then
doscribe the technical solutions applied in the case of the two LEP

detectors.

. THE TIME PROJECTION CHAMBER, GENERAL PROPERTIES (1]

2.1 Principle of operation (fig. 1)

The TPC consists basically of a cylindrical barrel, closed by a
negative high voltage electrods at one end and a set of wire chambers at
the other. The axial slectric field E is degraded linesrly along the axis
of the cylinder by means of a resistor chain, and a solencidal magnetic
field E parallel to E is luperinpﬁsed. Tolerances for homogeneity and

parallolism of the fjald £ and B is of the order of 107°.

XA
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Drift of electrons:
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Fig.1
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The passage of a charged particle generates a track of electron-ion
Electrons drift parallel to the electric field to the detector end

The track coordinates are determined through

pairs.
plate and are registered.

{x, y)trlck = y)endplate

2t rack = Variee ° Carife

frem the measurement of the electrons arrival location (x, ’)endplnte
and arrivael time tdrift' for known drift velocity.
2.2 Detectors (2]

The detoction device{s) on the detector endplate{s) consist of
proportional wire chembers (MWPC). They are usually subdivided into
“sectors™ (fig. 1). The sector carries azimuthal wires for gas
emplification and readout, and radially oriented pads which register the
induced signal from tha avalanche on the wires. The pads give sn
unambiguous (x, ¥} or, in & cylindrical geometry, {r, ¢} point in the
detector plane. The additional rcadout of the drift (arrival) time adds

the z coordinate and complements a space point.

The precision of the (r, ¢) messurement and thereby of the track
reconstruction stems from en interpolation of the charge induced on
adjacent pads (fig. 2). It is therefore that the readout must contain
pulscheight information. Pulseheight and time are obtained, in the
curreat technigque, by means of Flash Analog-to-Digital Converters (FADC).

The resolution-in (r¢) along a padrow is described by a so-called

Gaussian "pad response function” (3]

4 -op°
Pi(¢) = const. exp -

2
2 opgy

where °l is the centre of the ith pad, and “pgr describes the
latersl extension of the induced pulses. The interpolation is performed
between two (or three) adjscent pads with pitch A

2

R

e el L RN



276

The radial cocrdinate r is taken from the geometrical position of the pad

concerned.

Fig. 2 Principle of the readout {3]

2.3 Distortions [4)
Three types of dictortions limit the resolution of the TPC:

(a) The E ~ E effect.  This effect is due to the transversz force on
the drifting electron when E and E are not exactly parsllel. This
can be avoided in the drift volume by imposing sufficiently strict
tolerances. It cannot be avoided closze to the sense wires where the
electcic field lines naecessarily converge on the wire. The E x B
force causes a sme. g of incoming electrons along the wire snd
acrogr the pads. 1In a practicel case the maximum smearing can be

3 nm, and the corresponding uncertsinty in the track positioning is

JY T
gp T 12 " 0w
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where n = %00 is the number of primary electrons d-ifting to a 3 cm

long pad.

Diffusion. Transverse diffusion due to electron gas collisions

result an approximately gaussian smearing with [2)
« =~ /2Dt = 6 mm
T D
for 1 m of drift (D is the gas dependent diffusion coefficient).

The track centre can be deterwined to

1 %
o_rz;.;“-‘350;m.

A further improvement comes from the trapping of transversely
drifting electrons by the magnetic field. This causes a spiraling
with the cyclotron frequency w = e/m B around the electric field

lines. The diffusion is thereby reduced to

IE"‘ lv-lqv

g, = = 50 wm

D

where t is the mean time between collisions.

Positive ions. Primary ionization in the TPC, and, much more
important, gas amplification at the sense wires produce positive
ions. These ions drift in the direction opposite to the electrons to
the high voltage electrode. The drift velocity is, depending on gas
composition, of the order of 1 m/s. Positive ions generate a static
space charge and thereby an electric field, which by superposition
distorts the external field and thereby the drift trajectories.
Microscopic distortions of the order of several centimetres, apparent
track displacement have been observed [5]. In order to avoid space
charge and the distortions connected to it the comcept of "gating"
has been devised. The “"gate" consists of an additional wire grid in
front of the MWPC (fig. 3). The gating grid is usually closed to
drifting ions and electrons, and no ges amplification takes place.
The gating grid is opened at the occurrence of a trigger indicating a
good event (calorimetric trigger, beam crossing trigger) and stays
open for a time ‘D/'D' where ID is the active length of the

chamber.

OPEN AND CLOSED GRID CONFIGURATIONS
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2.4 TPC performance
The performance of the IPC to s large extemt described by its:

- Regsolution. The overall (r¢) resolution is given by

2 2 2
°r¢ = lo° * UEB - UD = 150 m.

Here the % term contains variations and fluctuations due to track
angles, track curvature, and readout sensitivity. The longitudinal

irouolution is determined by longitudinal diffusion, provided that the

FADC clock runs sufficiently fast empirically

o =1 mm (4]
z

Other positive performance criteria are:
- Alwmost full solid angle coverage.

-~ 3 dimensional readout with space point reconstruction and no ambiguities

in track recognition.

-~ Many ssmples of dE/dx readout along a track.

on the other hand, certain properties limit the TPC performance.
These arse:

- A long lifetime of about 20 us/m of an event drifting through the
chamber.

- Field distortions by poalitive ions.

This makes altogsther the TPC a powerful detector, but adapted mainly
to low rate experiments, and perfectly matched to a e'e” collider.

3. PLICA’ S 0| C

3.1 overview

The main application of the time projection method is in the frame of
o'o_ experiments. The method was introduced for the PEPA experiment at
SLAC by D, Nygren and coll. from LBL Berkeley. Another device was built
for the TOPAZ experiment at TRISTAN (KEX). We will describe here in some
detail the two chambers used in the ALEPH [6) and DELPHI (7] experiments
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at LEP (CERN). We w. 1l discuss TPC designs, parameters, components,
resdout, calibration, and terminate with sn indication of ths status of

construction and planning.

The TPC detectors are built by consortium which are a subset of the

collaborations preparing the sxpetiments.

- ALEPH: CERN, Glasgow, Mainz, MPI Miinchen, Pisa, Trieste, Wisconsin
(Project Leader: J. Msy).

- DRLPHI: CERN, Collage de France, Orsay, Saclay (Project Leader:
J.E. Augustin).

3.2 Design and paremeters

Both ALEPH and DELPHI TPC’s are of cylindrical shape, with an inner
bore to contain vacuum tube and inner ditoctorl, and with a central high
voltage electrode and two detector endplates.

The parsmeters of the Lwo detectors are listed below:

ALRPH DELPHI
~ Total length (m) 4.40 2.68
~ External dismeter (m) 3.60 2.32
~ Bore diameter [m] 0.60 0.65
~ Magnetic field (T) 1.§ 1.2
- Gas A+ N Cl‘ A+ 20% Cl‘
- Drift field [V/ca] 135 220
- Number of detector scalars 36 12
- Number of, electronic channels 48000 22000

3.3 PC ¢ nent.
The mechanical and electrical components of the TPC are:

(a) The field cages, i.e. the inner and ocuter field cage. The purpose of
the field cage is threefold:

~ To provide s uniform (10™*) axial electric field in the crlindrical
volume between the central HV electrode and the endplates on ground
potential. This is achleved by excellent mechanical tolecrances and
a8 highly linear voltage dividing resistor chain,



(b)

(c)
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- To provide & tight gas containment with less than 10 ppm O;
contamination. The two LEP TPC's are layed out for atmospheric

pressure operation, but the DELPHI field cage can stand evacuation.
To insulate the high voltage on the inner side of the cage from the
ground potential on the outer side, without punch through between
the electrodes. This insulation (and the pas tightness} is to be
achieved with a ninimum emount of matter in the cage walls. The
construction methods appliec make use of Cn electrodes on G100
foils, of honeycomb structures for stability, and of mylar and
sluminium foils for gas scaling. The thicknass of 20 (35)mm and
0.017 (0.027)!° are reached for ALEPH (DELPHI).

The detector endpletes. The two endplates are subdivided into 18 (6)
sectors for ALEPH (DELPHI). Each sector carries on the inside a
proportional chamber with azimuthal sense wires, field wires parallel
to them and with radially oriented cathode pads. The pads yield the
r¢ coordinates, the wires serve essentially for dE/dx measurenents.
The senses/field wire grid is preceded by & decoupling shielding grid

and a (pulsed) gating grid (figs &8, S).

The magnet. It has to be of solenoidal type, with highly homogeneous
field (10-‘). and to tﬂe same tolerance parallel to the electric
field. Both the ALEPH and DELPHI magnets are equipped with
superconducting coils which provide 1.5 and 1.2 T, respectively.

Readout

The detector signal is sensed by a preamplifier which is adspted to

the negative wire pulse or to the positive (and smaller) pad puise. The

signal is then transported via twisted pair cables o & shaper and to the
digitization unit. There a FADC scans the signal advanced by a 12.5

(15.0) MHz clock. The dynamic range is 256 (512) channels, as given by a
8 (9) bit ADC. This range is appropriata to accommodate the variations in

pad response and from ionisation (logarithmic rise, Landav fluctuation and

angular effects).
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Orientation of wires

Circular
padrows

36 m

Fig. 4 Detector plane of_the ALEPH IPC
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Digitized data are further processed by locel MC 63020 processors.
This "local intelligence™ assumes the tasks of system check, date

acquisition and calibration.

3.5 Calibration
The calibration aspect enters at two distinct and independent levels:

(a) Electronic calibration is required in order to make thé sensitivity
of the readout channels equal and known. This is necessary since
spatial resolution is obtained by interpolation between adjacent
pads. The measurement of energy loss is another reason. Electronic
calibration is achieved by applying a standerd signal at the input
(e.g. pulsing the field wires) and adjusting the slope of the ADC
such thal equal digitizations zre obtained. The change of slope is

achieved by adjustments through. 4 Digital-to-Analog Converters (DAC).

{b) Geometrical calibration is needed in order to recogrize and correct
for geometrical distortions due to mechanical, electrical or magnetic
imperfections. The calibration method consists of introducing «
laser beam into the sensitive volume of the chember and to detect the
necessarily straight ionised tracks. The ALEPH TPC is equipped with
two Nd-YAG lasers, the beam of which is each split into 15 subbeams
in one half chamber (fig. 6).

4. STATUS AND PLANNING

Both DELPHI and ALEPK TPC are in an advanced stage of const~uction.
The field cages are complete, the detector sectors are in part built,
readout electronics is industrially produced and delivered.

The ALEPH TPC is operating as s system with cosmic rays end laser

beams, but only p-rtinlly equipped with detector sectors and readout.

Completion is expected for early 1988, underground installation is

foreseen towarn. the end of 1988.
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Project of a tagged Neulrino Facility at Serpulhov

G. Bohx, NP Berlin -« Zcuthen, GDR

The tagged ncutrino facility at the IHEP Serpukhov is being bullt

by 3 Serpukhov-Dubna~Pisa-Berlin/Zeuthen = collaboration. It should
sturt physics in 1 to 2 years from now with the U-70 accelerator.

1 the more distant future 1t could possibly be used at the UNK,

being one of the maln experimental roads to ve-physics there.

In the first scction of this tglk, 1 hall Introdu.e the principle

of this new Liikd of 11~beahs. The second scction is & short review

of thc experinental technics, the third -will concern the possibililties
for v -physics, the fourth a proposal Lo study charged kaon decays

in a rirst stage of the experiment.

1. Curxing principle

At prescntvtwo ways are well known to produce energetic v-ucams in
e laboratory. Starting from a collimated, but not monoernergetic
charged or neutral hadron beam, after a decay tube and a muon

shield, widc-band (‘3} ; S& ) besms are formed; narrow-bsnd beams use
i monocnerygelic charged hadron beam instead. The neutrinos ( Vs
resp, Dr from the charye conjugated beam) are produced by T MV

and K#t~0decay5. The radial distance of the vertex in the y~detector
is then uscd {0 conslrain the v-momentum. The uncertainty of the
porent particle (Wor K) and its decay kincmatics - the decay point
and therefore the angle of Lthe v sgainst the beem direction is

only known to be in & certaln interval - determine the errors of
primuiry V-energy ond direction.

The tagging principle, which will be used here, rests on simultaneous
neasurcement of the decay partners of the V for charged Kpm, resp. Ke3
decays in an Intense momentum selected unseparated beam of sbout

35 Gev/c. In the former case, the muon angle against the beom direction,
in the latter, angles snd energles of the electron and the two photons
from 7®decay will be determined. Using a long beam spill, the ¥ -cvents
will he related to their parent decays by time and geometrical in-
formation. The tagging station is required to keep the infornation

from all candidate decays precedlng a trigger signal from the p-detector.
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An event 1s acc.;ted, if the geometrical information from the tagging
station and the J-detector is matching as well as the timing (within
10 nsec). Deflned in this way, the tagyg.d J-ieoms will have the
characteristics given in table I and fiy. 1. /17, /27

Table I: Characieftstics of tagged v-beass:

(-) (=)
Ve Vi
Mean energy E 12.5 Gev 23.4 Gev
Tagged v-events*/ 3.101% protons  y: 0.003 0,14
P 1.6-107% 0.007
tnergy resolutfon (RMS) G (E) 0.75 GeV 1.15 GeV
Angular ° ‘ g(» 0.4 mrad 0.6 wrad
Background contamination 1,2-1073 1,4.10°3

2. Experimental set-up

The experimental set-up Is shown schematically in fig. 2.

It consists of a beam line with deflecting magnets M1, M2 and quadru-~
pols Q1 ... 7, hodoscops H1 ... H4 for momentum analysis and Cerenkov
counters G1 ... €5 for monitoring the beam intensity and composition,
2 60 m long evocuated decay plpe with thin windows in the beam
region, 3 doubletts of 4 x 4 02 hodoscop planes H5 ... H10 with
autually perpendicular strips of 14 mm width, a fine grained electro-
magnetic calorimeter (TAS) based on lead=-scintillator sandwich blocks
of size 7,6 x 7,6 x 32 cm> (22 radfation length), a muon identifier
(MID), a 30 m long muon shield, and the v-detector, conststing of a
big ligquid Argon calorimeter (BARS) and a muon spectrometer (MS).

The BARS consists of two vessels, with an overall weight of 600 t,
the MS Ls made of iron-toroids and coordinate planes, consisting of
crossed layers of drift tubes. All parts of equilpment have been
successfully prototyped and are now being constructed or tnstalled.

R
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3. Physlics goals

The v -phvsice, which may be contemplated for this experiment, can
reasonably be based on a statistics of 2-10° %_-CVanS; v -events
are down by a factor ~40 and vqb agaln by factors ~20 resp.
This disadvantaqge of a rather limi{ted statisltics is compensated by
the fact, that systematlc errors are much lower than in other y -beams,
because 811 parameters of the incorming W will be deluernined at tihce
level of on individual event.
More quintitatively, the following advantages apply:
- pure V,, Vf‘ , De . ;!' -beams with 2 -~ 3 orders of magnitude less
flavour contamination than in conventional beams. High encrqy
% ,T% -beams are practically not existing.
- better (by factor 3 +4) estimatlon of primary energy
- better (by factor 5:10) estimation of Vv -angles
- absolute normalisation better by an order of magnitude
-~ known ¥ -production ver:iex
The most obvious goals will be
- Detalled investigation of V, -»? universality by (differenttal)
cross=section ratios for CC and NC
- Mcasuremecnt of absolute cross sections as functions of energy
(this is not at all gbsolete in the lower energy range considered
here. Morcover it will improve conventlonal experiments by
checking their Monte-Carlo-corrections).
~ search for V-oszillations (V,» V) and lepton mixing.
For other iftems -~ uneasurement of structure Ffunactions, study of
rare processes {dilepton-channels, large missing energy)-
the statistfcs may be low, but nevertheless the chove meatiovnrd
advantages apply as well.

4. Study of K* -decays

An obvious way to use the taygging statfon bofore the corletition of
the large V-detector is to study charged K-decays.

After all, the U~-70 with hooster intensity is a good kaon factory «
and kaon decay studies. esp. with high statistics = have 3lways been
and continue to be of high value for the develupment - soe restrictica
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of elementary particle theories.

On the experimental side, with hadron beam intensity 108/s, we can
have up to 108 K~oecays/s in the vacuum pipe. With the hodoscops,

TAS and a /u-tdentIFIer alone we have alrcady very fast and efficient
possibilitles for ungular measurements and Y-apectroscopy.

Most tmportant for useful physics will be a fast and sophisticated
multilevel trigger and efflicient data reductlion - this is also under
development.

As a further upscale, there are designs for a large gas Cerenkov
counter for electron detection at the end of the decay plpe, an
ironfree toroldal magnet in between the first two hodoscop planes and
& hadron calorimeter instead of the passive /u~sh1eld for /u-tdenttfl-
cation. Among the proposed ttems are the following:

cP-violation: measurement of differences in partial nonleptonic
decay rates resp. Dalitz-plot densities between x* and X~.
Because such differences in4S = 1 channels can only exist,
if €'3 0, this would be the most direct test of the Wolfenstein
model.
Lepton=-nb violotion: search for xmer, Kz-bl';e! et,
Kt » ¥ f‘: rt
Radiative K-dccays: search for Kt.n‘*xx and k¥ -t'ﬂ'tl"‘(‘-
study of K> T e*e” ang k> 7*;“1
The latter studies are of lmportance for theoretical models in the
framework of chiral effective Lagranglans.
Other more or less automatically accumulated data on the 1ife times of
K% can be used to test CPT, and on the branching ratlo for Ke,
decays Lo improve the Kobayashl-VMaskava matrix element Vus.
The start of this decay programme is - in minimal stage - proposed
for Lhe next year.
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1. Introduction

Anomaly-frce supersiring theories {1,2: could bring 2 solution to the long-stan-
ding problem of quantum gravity. This is the main motivation to consider the pos.
sibility of unifying all interactions in a fundamental superstring theory, at a scale
close to the scale of quantum gravity, AMp ~ 10' GeV. However, the chaice of
the fundamental superstring theory is far from unique. There is {irst the choice
of the space-time dimension. The most symmetric anomaly-{rer supcrsirings atc
characterized by a ten-dimensional Minkowski space. But maay other thenrirs cax:
be constructed in Jower dimensions, and they could as well lead to attractive uni-
fied theories. Many of the lower dimensional theories are related to ten-dimensional
strings by compactification, but many of them are new, independent theories. There
are two extreme options. Insisting on the unicity of the fundamental superstring
leads to consider ten-dimensional theories, with a necessary dynamical compactifica-
tion of the extra dimensions. But one can also reguire staying with four-ditnensional

space-time, avoiding compactification.

In the framework of ten-dimensional superstrings, anly two theorics satisfy both
the requirements of supersymmetry and absence of anomaly, which is related to the
absence of divergsnces. They are characterized by the gange groups SO{32) and
Es ® E}. In fact, SO(32) can be realized either with open superstrings {3} or with
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heterotic strings {4]. while only helerolic strings can accomodate Eq 2 F,. These two
string theories possess the same massless sector. Their effective low-energy theories
will differ only when higher order effects induced by the massive string modes are
computed. For phenomenological reasons, Es @ E; has proven to be much more
attractive than SO(32). At the level of the ten-dimensional theory, the choice is
then essentially unique. However, the process of compactification from ten to four
dimensions does not preserve this uniqueness. The geometry of the six compactified
dimensions is not fully determined by the equations of motioa of the string theory.
Many possibilities exist, including Calabi-Yau spaces [5] and orbifolds [6). Stiarting
from a unique theory, one then gets several possible particle contents and gauge
groups at energies much lower than the Planck scale where compactification occurs.
This scale is also the scale of the massive string modes, which should then have some
implications for the discussion of compactification and of the low-energy effective

theory.

In the case of four dimensions, there is no compactification, but many anomaly-
free string theories exist and there is no prescription for selecting a model out of the
several possibilities. The construction of four-dimensional string theories essentially
proceeds by imposing suitable boundary conditions on the string coordinates [7).
This method has been shown to provide many new one-loop finite string models,
with various gauge groups and various spectra of massless states [7-9].

These notes are divided in two parts. First, some of the characteristic features of
the effective Lagrangian of superstrings will be discussed, essentially focussing on the
case of compactified ten-dimensional heterotic strings, under the assumption that the
cffective theory is supersymmetric. At energies much smaller than the Planck scale
Mp, the superstring unified theory corresponds to an effective field theory describing
the interactions of the massless ;nodes of the strings. Tc be realistic, the spectrum of
massless statcs must contain quarks, leptons, gauge bosons and the Weinberg-Salam
litggs scalars, and the parameters «” the effective Lagrangian should also ‘predict’
the correct values of masses, coupling constants and scales of symmetry breaking.
Supersymmetry is a basic ingredient in understanding the scales of a unified theory
of strong and electroweak interactions {10). It is also present in the fandamental
superstring, and could then survive the nrocesses of low-energy field theory limit
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and/or compactification. Also, imposing supersymunetry at energies lower than the
Planck scale restricts very suuch the arbitrariness of the eflective Lugrangian, making
mch earier the discussinz of its relation to the fundamental superstring theory. Al

present stage, no firm predictions exist fur a non supersymmetric effective theory.

In the second part, sowe azpeets of the construction of four-dimensional super
stpsngs will be prescuted, In particular, the procedure used m-Rele—{0)-to obtain
.

gange proups vith low ranks will be summarnired . P R
2. The cfiective theory

Up to aov, most of the investigations of the effective ficld theory of superstrings
assume that the fundamental thc 1y is the heterotic siring with gauge grovp Eg@ E,.
I'br reason is that tiere arc cémpuliﬁratious of the heteratic string which lead to
gange groups and massless states very close to a realistic extension of the Standzrd
M -del. This is the case of roie Calabi-Yau spaces {11 studied in Ref. [12), and
«}~0 of seme orbifolds {6,13]. Theue different possibilities are in fact the only realistic

e: -whidates for 8 wiified superstring theory known at present.
2.1. Guuge groups and spectra

The ten-dimrasional Leterotic string possesses many different compactification
sacna v:hich preserve onc supersymietry in foi dunensions. These vacua are proba-
bly all degenerate because of supersymmetry sz of tirm wounld lead to disastrous
phenomenoclogy. Realistic cases are indecd vuis » =ve=! minority of all vacua, but
they show common features which offer the oppoiiunay of - globai dre v:<ion of the

phenomenological implications of heterolic supcistrings.

String dynamics requires the six compactified dimensions to live on a Ried flat
compact space [5]. Supersymmetry in four dimensicus implies thzt the holonomy
group of the compact space is SU(3). it also requires the space to be kihlenun. Two
classes of such spaces are known. Manifolds satisfying the above requitemcuts are
called Calabi-Yau spaces. Even though there exists a large number of Calabi-Yau
spaces, there is probably a unique manifold producing three massless generations

of quarks and leptons and their supersynmmetric partners, and compatible with a
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realistic symmetry breaking pattern ‘11", Severzl cy=c- are known with four z~nera-
tions {5!. The gauge group of Calsbi-Yau compactifeat e '« ajweys a subgroup of
Es @ E. This is related to the necessary embedding of (he connection with SU(3)
holonomy into one of the E; factors of the heterotic g ze crvn:p. The choice of the
subgroup is suzgested by phenomenology requirctieuts and roi, at present, by dy-
namical nrevients. One must require thas a convenient sy .02« breaking pattern
into SU(3) 62 SIN(2) D U(1) exists with the scalar fi-1ds ¢ne aned in the spectrum
of massless states. As a concequence, Eg hos to be brelci. bu* :nany choices of
subgroup exist [14]. The smallest gauge proup co-taining $9(3) @ S77{(2) @ U(1)
compatible with phencmenolos is in fact ST(3)@ SU(2: s U(L)QRU(1Y, with a new
U(1) factor with spec:hic quantum numbers for guarks aid leptons. Notice that F|

1~ a hidden seetor in the sence that the spectrumn of massless states does not rontzin

“tates with SU(3) & SU(2) ® U(1) as well as K} interactions.

The sccond class of compact spaces leading to supersy:maetric coiapact.ficctions
of the heterot’c strings corresponds to orhifcids {6]. These spaces are abtained :-
dividing by a dis-rete creup a manifold which, in the case ~f strings, is in generai a
six-torus. Orbifolds are not manifolds. They have singularities. It is however possible
to define properly the propagation of strings on such spaces. Their predictious for
the low-energy effective theory are quite similar to those of Calabi-Yau spaces. The
gauge group is & sul.group of Eg @ SU(3) ® E;. The SU(3) factor is not broken as it
was the case with Calabi-Yau spaces. Asin the case of Calabi-Yau compacltifications,
the ~fleciive, low-energy gauge group is always larger than SU(3) @ SU(2) @ U(1).
The same new U(1) group is always present below the Planck scals, but much larger
synunetries can aiso arise. A potential problem with orbifolds is that they produce
in general a too large aunmiber of quark-lepton generations. More realistic orbifolds

require more snphisticated constructions [13].

The spectra of massless states of heterotic strings compactified on Calabi-Yau
manifolds and on orbifolds are essentially similar. The states are naturally classified
in snpersymmetry multiplets, since by assumption compactification leaves one super-
symetry in four dimensions. The gauge multiplet of local supersymmetry is the
supcrgravily multiplet, with the spin 2 graviton and its spin 3/2 partner, the grav-
itino. A Yang-Mills multiplet {gauge bosons and spin one-half gauginos) is associated
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to the eflective gauge group, which is always larger that SU({3}® SU(2) ® U(1). The
chiral matter mulliplels {left-handed spin one-half states and scalars), which should
contain quarks, leptons and Higgs scalars, are classified in replications of generations
of 27 states. This is the consequence of the embedding of SU{3) ® SU(2) @ U(1) in
Es. Fach quark-lepton generation is enlarged to a 27 muitiplet of E¢, even though
Es is broken. The SU(3) ® SU(2)® U(1) quantum numbers of the 27 states are the

following: we first have the 15 quarks and leptons:

(31271/6) + (5119 1/3) + (3-,1, _2/3)
+(1,2,-1/2) +(1,1,1).

In addition, we have twelve new states transforming according to

(3,1,-1/3) +(3,1,1/3)
+(1,2,1/2) + (1,2,-1/2) + 2(1,1,0).

An important result is that the new U(1) gauge group which is always present in
both Calabi-Yau and orbifold compactifications imposes that all the 27 states remain
inassless as long as this new symmetry is not broken. The scale of the new neutral
gauge boson is then also the scale of the new (spin 0 and 1/2) states enlarging each
quark-lepton generation. The number of generation is related to the geometry of .
the compact space used to compactify heterotic strings. The spectrum of massless
states can also contain some chiral multiplets in real representations of the gauge
group. Their number and their classification depend very much on the choice of the
compact space. These multiplets are essential for spontaneous symmetry breakings at
intermediate scales (Mw <« F <« Mp), which must also preserve supersymmmetry.
Calabi-Yau compactifications always produce such states, while orbifolds forbid them
in general. As a consequence the scale of the new U(1) gauge boson {and of the new
states enlarging each fernuon generation) should be close ic the weak interaction
scale in orbifold compactifications. This scale can however be vory large (even close
to the Planck scale) in Calabi-Yau compactifications. A firm prediction of this scale

relics upon a precise knowledge of the eflective Lagrangian.

String compactification also produces some gauge singlet chiral multiplcts. Their
number depends on the geometry of the compact épace, but two of these singlets

play a particular role, and are associated with classical symmetrics of the underlying
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string theory [5,15]. The scale invariance of the string theory generates a dilaton
massless mode with specific couplings directed by scale invariance. Also, compactified
superstrings have a rescaling property related to the fact that string equations of
motion do not fix (classically) any scale. The radius of the compact space can then
be frecly rescaled. This symmetry generates a ‘breathing’ massless mode. Once
redefined in a way appropriate to the supergravity formalism, these two gauge singlets
correspond to two chiral muliiplets S and T with very specific couplings. These two
multiplets play a crucial role when the explicit form of the effective supergravity

Lagrangian is investigated.

2.2. The effective supergravity Lagrangian

At energies much smaller than the Planck scale, the interactions of the mass-
less modes of compactified superstrings are described by an effective supergravity
Lagrangian. Again, compactification is assumed to preserve one supersymmetry in
four dimensions. This Lagrangian contains different components. It can be split

(somewhat arbitrarily) into two parts:
Legy =L+ Ly. ¢))]

Lo contains all terms with at most two space-time derivatives. In particular, it in-
cludes all terms of dimensions up to four, but some terms of higher dimensions,
without derivatives are also present. L; has the familiar form of four dimensional
supergravity theories {16]. It is fully described by two functions of the chiral multi-
plets, the Kihler function §(z,z*) and the function defining the gauge field kinetic
terms, fo3(z). These two functions introduce in general interactions of arbitrary
high dimensions, but without derivatives, £, contains all higher derivative terms
{like Lorentz Chern-Simons forms) and their supersymmetrization. The presence of
these contributions requires an extension of the formalism of four-dimensional super-
gravity {17]. On the other hand, these new terms are a crucial feature of superstring
theories, since the mechanism of anomaly cancellation appears essentially in this

seclor of the effective theory.

At the classical level, the form of £ is essentially determined by the classical

sviumetries of the string theory, N = 1 supersymmetry and the origin (in terms of
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ten-dimensional states) of the massless fields [15,18]. At this order, £ also reccives

contributions, which are only partly known. Determining Lo means obtaining the

two functions

g (s,s*,1,1°,C,C}),
faﬁ (s; Tr C'.) ’
where C? represents all matter multiplets with gauge guantum numbers (mainly the

states of 27 and 27°). The only gauge singlet multiplets which we keep in this
discussion are the two ‘geometrical’ singlets § and T. The complex fields S and T

(2)

have imaginary, pseudoscalar components originating from the antisymmetric tensor
of the ten-dimensional massless supergravity multiplet. They have then azion-like

symmetries of the form:

ImS,T — Im S, T + constants. (3)
As a consequence .

G= G(S‘f' S',T+T.,C',C;)

fag = (aS + T bap + Fop (C')

where a and b are constants, and F is an arbitrary function. The two classical

(4)

symmetries, scale invariance and the rescaling property, mean that
G=—In(S+S5")-3n(T+T")
c’ C? (5)
+iIn(WW*)+ (——— ——'-—)
W\ T T T

The superpotential W takes the form
W =2 Ci0IC t w, (6)

up to higher dimension terms, suppressed by Mp™™,n > 1. This form is due to the
Eq and E4 gauge symmetry. The only arbitrary function is g. The function fug is
fully determined:

Jap = c5bqp, (7

where ¢ is a constant. In simple truncations [15], which are related to orbifold com-
pactifications but probably not to Calabi-Yau compactifications, the function g reads

20°Cy )

g==3n (1— T4 (8)
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so that finally {15,19]:
=~ln(5+5%) -3 (T + T - 20°C}) + in(WW*),
W = A CCIC* +w (9)
fap = €Sbap.
The coupling constants X;j, contain the Yukawa couplings of quarks and leptons,

which are in principle calculable from the superstring theory. The corresponding
supergravily Lagrangian is the starting point for the so-called superstring inspired

models.
The scalar potential, including terms bilinear in the gaugino fields, is a sum of

positive terms:
et a2
Vers= ‘“ ‘/_W+ a(A P )| 0

1 ie —_— - 1 3
4smww +3; ¢= (gCrT™ c)

where 1

s=ReS= §(S+S'),
. | (1)

te=5(T+T" - 2C'cy),

and W; is the derivative of W with respect to C%. The positivity of the scalar kinetic

terms removes the apparent singularity in s and {.;, and ensures the positivity of

the potential. This potential has remarkable properties: the necessary breaking of

supersymmetry is induced only by gaugine condenaation {20,21}:

<A >= AL #0. (12)

The minima of the potential have zero cosmological constant, < Vess >= 0. Possible
vacuum expectation values of the scalar fields C¢ will in general induce intermediate
symmetry breakings of the gauge group to finally obtain SU(3) ® SU(2) @ U(1). It
is remarkable that all directions in C* which can be used for a realistic symmetry

breaking satisfy

< AiiaCIC* s Win=0 5
< M;CCIick >=0

Then, for relevant directions, < W >= w, and the vacunm expectation values < C' >

are not determined by minimizing the potential. The potential has flat directions



301

and the scales of intermediate breakings are free (at the classical level at least}). The
muni:uization of the potential in supersymmetry breaking directions will cause w, Al
and < st. > to adjust themselves in order to have < V >= 0. The potential has also
flat directions in the singlet sector, leaving all breaking scales undetermined at the

classical level. This is a remnant of the scale invariance of the superstring theory.

As alr.ady mentioned, supersymmetry is broken only when gauginos condensate,
and, from the structure of the potential, when the superpotential W contains a
constant term w [20). Gaugino condensation will occur in general in the hidden
sector. The hidden gauge group is an asymptotically-free force. The gauginos of the
hidden sector will then form condensates at a scale A, close to the scale where this

force becomes confining.

At this point, there is an important difficulty. The scale of supersymmetry
breaking is fully determined by the hidden sector. It will then induce supersymme-
try breaking corrections to the visible sector of the theory. However, the classical
Lagrangian does not con’ain any seft breaking term, even when gaugino condensation
is included [21]). Then, only higher order loop corrections can transmit the =flect of
supersymmetry breaking to the visible sector. Ultimately, the soft breaking terms
generated by higher order corrections should induce the breaking of SU(2)@U(1) at
the right scale, ~ 100 GeV. This will be feasible only with a large scale A, of gaugino
condensation, which is fixed by the hidden sector. Thus, finding the right scales
involves a subtle interplay of the visible and hidden sectors, controlled by quantum
corrections. This situation corresponds essentially to no-scale supergravity models
[22], except that all parameters are now in principle calculable in terms of the fun-
damental superstring theory. Numerical predictions rely heavily upon higher order
quantum corrections. These corrections fall in different classes. Supergravity loop
corrections have a physical cut-off at the Planck scale Mp, where the full superstring
theory turns on. They are in principle easily calculable. For instance the one-loop
effective potential has been computed [23), and shows a tendency to curve the flat di-
rections and to push the vacuum expectation values towards the Planck scale, where
the calculation loses its validity. In this region, we face real superstring corrections
and a complete analysis is missing. Notice that one-loop superstring correcti~ns are

in principle calculable since the string theory is finite at this order at least.
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More precise, numerical predictions, like for instance values of Yukawa couplings,
require 2 deeper understanding of the compactification process. The unique known
model which can be made realistic as far as gauge groups, massless states and sym-
metry breaking are concerned, is the Calabi-Yau compactihcation of heterotic strings
found in Ref. [11). Its structure and predictions have been analyzed [12] under sev-
eral assumptions concerning the compactification vacuum. Even for a well defined
Calabi-Yau space, this vacuum is far from unique. There is an infinite number of
vacua leading to the same symmetry breaking pattern, but with several different
discrete symmetries applying in the effective theory. These discrete symmetries are
in general important to avoid unwanted Yukawa couplings, or to forbid disastrous
processes like, for instance, fast nucleon decay. Details of the effective theory will
then strongly depend on the choice of the real vacuum, which results from string
dynpamics and can hardly be investigated with present technology.

3. On four-dimensional superstrings

String theories are constructed from two basic building blocks: the bosonic string
containing 24 real, light-cone string coordinates X7, and the superstring made of 8
real light-cone bosonic coordinates and 8 two-dimensional (world-sheet) spinorial
coordinates S®. Notice that the crucial number is twenty-four, since a spinor corre-
sponds to two real degrees of freedom. The superstring brings naturally supersym-
metry, whose interest for low-energy phenomenology has been already mentioned.
It is also an essential ingredient in understanding the vanishing of the cosmological
constant. For each of these two cases, the string Lagrangian is a two-dimensional
field theory, and the right- and left-movers form independent sectors. Then, for in-
stance, heterotic strings [4] are obtained by associating the left-movers of the bosonic
string and the right-movers of the superstring. The number of components of the
string theory is a consequence of two-dimensional conformal invariance, which is the
remnant of the reparametrization invariance of the world-sheet, necessary for a phys-
ically satisfactory model. The conformal anomaly will only cancel for this critical
number of string coordinates, and this cancellation has to occur separately for left-
and right-movers.

This critical number of string fields can be translated into a critical space-time

A Cue-cath Lol
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dimension once boundary conditions are imposed. We will only consider here closed
strings: open strings are a particular subcase with identical left-and right-movers.
Imposing that all string coordinates are periodic functions of 7+ o lcads to the most
symmeine sits ation, with the largest space-{ime symmetry. In this case, one can
construct a full Lorentz algchra in space-time dimension 26 for the purely bosonic
string or 10 for the purely superstring case. There are however many other possibie
boundary conditions which will lead to different space-time properties. These more
general boundary conditions sometimes correspond to compartifications of the most
symmetric model, with the largest space-time dimension. This is the case if left-
and right-mover coordinates are treated symmetrically, with the same boundary
conditions. However, a string theory with different boundary counditions for left- and

right-movers is not in general equivalent to a compactified, larger dimensional theory.

For closed strings, the admissible boundary conditions are of the form
Zirto—-m) =" Z(r o)+ o' (14)
for bosonic coordinates, and
5%rto—7)=e"2"S%r 1 o) ‘(15)

for fermions. They contain two different quantities, the shifts v’ and the twists 8. The
shifts v7 are characteristic of compactification, when space-time has the geometry of
a generalized torus. The simplest example arises when one space direction X4 is a
circle of radius R. Then the boundary condition for & closed string coordinate in this

spatial direction is naturally written
X0 =0,7) = X4(¢ = x,7) + 2xRn. (16)

The integer n counts how many times the string coordinate loops around the circle.
The shifts v/ are the generalization of this simple sitvation to the case of an arbitrary
number of string coordinates, which can be either left- or right-movers. They span a
lattice and introduce new string states corresponding to winding sectors which often
contain massless states leading to large, non abelian gauge groups. The twists 8 are
present for instance in orbifold models [6]. In these ca.scs, they correspond to the dis-

crete symmetries used in defining the orbifold. The role of twists is crucial to reduce



the rank of the gauge zroup. In genesral, in a string th~.v = thou! twi* 4 bosons,
the rank of the gauge group is the same as the numher oi »aternz!’ cnn-dinates. To de
complete, one should consider a matrix of twists. Here, we will only consider abelian
twists 8 associated to the coordinate Z7, ortoa given spinor, Notice also that twists
require working with complex bosonic string felds. Twists generate twisted sectors,
with new string states which are in general massive. Th2y do 1ot generate new gauge

symmetries, but can produce new massless matter (i. c. :pin 0 or 1/2) states.

However, choosing beundary conditions is not enough to provide 2 physically
satisfactory model. The string theory must satisfy additiunal conditions. The con-
sistency of the quantum theory (i. e. the finiteness property) corresponds io the
invariance of loop amplitudes under modular transformations of the world-sheet of
loop diagrams. At one-loop, the world-sheet i= a torus. Modular invariance leads ther
to constraiats on the boundary conditicns along to the two non ccatractible loops
on the torus. There is a further condition arising at two loops. The corresponding
world-sheet is obtained by ‘gluing’ two tori. There is then a new non contractible
loop connecting the two handles, leading in general to a new constraint on boundary
conditions. Higher loop diagrams are obtained by gluing further tori, but only re-
peating the same conditions of modular invariance. There is then no new constraint
beyond two loops. The one-loop path integral is essentially the partition function for
the string states. Modular transformations act on the partition function and mix in
general different boundary conditions. The problem is then to find a set of twists and
shifts such that modular transformations close on this set. The sum of the partition
functions for all boundary conditions in the set is then modular invariant at one loop.
The last step is then to impose two-loop modular invariance, which may introduce

further constraints.

Many four-dimensional stri;Ig theories can be constructed along this line, by
choosing boundary conditions such that the space-time symmetry contains only four-
dimensional Lorentz transformations, all other string coordinates corresponding to
internal degrees of freedom [7-9]. They possess vatious gauge groups and massless
sp:-tra. The rank of the gauge group is in general very large, and in most cases
{7.8] it is twenty-two. This is certainly far too large for a realistic unified model,
containing the standard SU(3) @ SU(2) @ U(1) model. Reducing the rank iz then an
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important issue, and can be obtained with twisted bosons, generalizing orbifold com-
pactifications. The rnost interesting theories use the same set of string coordinates
a. the heterotic string. The bosonic sector is used to produce the gauge group, which
can be physically attractive in many cases, and the fermionic sector allows space-time
supersymmetry in four dimensior.s, an important feature of many unified models of
strong and clectroweak interactions. We will now summarize the construction of
twisted four-dimensional superstrings {9], leading to many string theories with lower
rank gauge groups. In particular, rank eight or sixteen are favoured by the solution

of the constraints of modular invariance.

The strategy to construct twisted four-dimensional superstrings is then as fol-

lows. We start with the following set of string coordinates: the left-movers are purely

bosonic:
X*(r+0) e=1,2
(1
Z'(r +0) I=1,...,11,
while the right-movers are those of the superstring:
X4(r-0) a=1,2
§%r -o) a=1,2
(18)

247 - o) k=1,2,3

§oh(r - o) k=1,2,3
Real and complex bosons are respectively denoted by X and Z. The four-dimensional
space-time light-core coordinates are X, a = 1,2, and should then be fully periodic.
We then assign a twist § and a shift v to the other complexified boson coordinates.
We also assign a twist to each right-moving fermion. Thé requirement of ¥ = 1
space-time supersymmetry implies that the four right-moving spinors should have
the same twists as the right-moving bosons. The space-time spinorial coordinate $2
is then periodic. The other right-mover states will however be twisted in order to
avoid a larger (N = 2 or 4) supersymmetry. The full set of boundary condition is

then specified by
W = (0,8, (br,ve){(01,v1)), k=123, I=1,...,11, (19)

where the entries coreespond respectively to =, $*, Z* and Z'. This vector W

can be splitted into a rotation vector R containing the twists, and a shift vector V.
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We omit the transverse, periodic bosons X°. In addition the closure of Lorentz and

supersymmetry algebras imposes that
O +8;+8,=0 mod 1 (20)

for the fermion twists. At this point, requiring N = 1 supersymrmetry is not essential
for the rest of the formalism. It is only an assumption, due to ‘phenomenclogical’
motivations. One could as well twist the spinor S* and break all supersymmetries,
or obtain N = 2 by choosing, say, §; = 0. This would not lead to any fundamental

change of the following discussion.

The next and most important problem is to solve the constraints of modular
invariance. The procedure is to combine partition functions of string fields with
given boundary conditions in & modular invariant way. The method we follow is
analogous to the discussion of Ref. [24], generalized to allow for twisted bosons.
There is however an important complication: the partition function of a gero twist
boson (which can however have a shift) is not the # = 0 case of the partition function
of a twisted boson. This is essentially due to winding states, which are anyway
absent for non trivial twists. This is apparent in the mode expansion of a boson with
bonnda.ry condition (14), which retdl

Zi(rto)=2"+3 Z gy e e T, (21)

with
F=of (1- e"i"')-l . (22)
This last expression cannot be used for 8 = 0. Twisted bosons have no zero modes,
corresponding to the quantized momenta of shifted bosons. This difficulty can be
circumvented with the help of a projector
Po¢ = S00bgs = 1 for zero twists
=0 otherwise )
which allows to treat all cases simultaneously. The full partition function for a

particular pair of boundary conditions W and W' is

28 =211 z‘~ [(1-Pua)2 % + Pos 22

o (29)
1[0 - Puendz 5 + Poe22]
I=1

.
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in terms of the partition functions for a twisted fermion ( Z?%) and a shifted boson
{Z7). We then impose modular invariance on combinations

Z2=3 Cyizyy, (25)

AB

and solve for the coeflicients Cu:: One-loop modular invariance is in general not
sufficient to ensure having a physically satisfactory string theory. Anyway, it does not
fully determine the coeflicients. A further condition arises from two-loop diagrams.
We use a generalized GSO projection (in analogy with [24]) to take this last constraint
into account. As already mentioned, a modular invariant combination (25) involves in
general many different boundary conditions. The corresponding string theory always

contains an untwisted sector and several twisted sectors, with different projectors P.

The equations of modular invariance applied on combinations (25) are very com-
plicated to solve in general. They are however much simpler in the case where ali

relevant projectors P satisfy the condition

1 (Il 3
! zp,..-zp...) =0 medt, (26)

\I=1 b=l
where the indices ¢ anc ¢ ret= te :] possible vectors ¥, and W,. This particular -
condition restricts the possible valuzs of the rank of the gauge group to 16 or 8 (or
even 0). There are probably more general solutions leading to other values of the
rank, but a more sophisticated treatment of the conditions of modular invariance is
necessary.

The solution of the equations of modular invariance assuming Eq. (26), assodi-
ated with the mass forinula allow us to construct explicitely the massless states as
well as the massive levels, and then to obtain the gauge group and the massless chiral
multiplets for each set of shifts and twists. As an example, the construction of the
Z, orbifold string theory, with gauge group E; @ SU(3) ® E, [6] begins with the four

shift vectors

o = ((1/2)*1(1/2)*")

vy = (0%/0%,(1/2)")

vy = (0°J0%,(1/2)%,0%)
vy = (0°}0",1/3,1/3,2/3),

(27)
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and with the twist vector
R = (0,(1/3)*,(1/3)*)(1/3)*, 0%}, (28)

where the superscripts indicate the multiplicity of the entries. Modular transforma-
tions then generate all possible combiuations, with entries defined modulo 1, of these
basic vectors. The vector vy alone corresponds to the S((44) model with N = 4
supersymmetry. The effect of v; and v; is to break SO(44) into 50(12) @ SO(16) @
S0(16), but also to generate new massless states enlarging each SO(16) factor to
E,. At this point, the gauge group is then SO(12)® E; ® E4. Adding vs then breaks
the second E, group inio Eg @ SU(3). The twists are then used to break completeiy
the SO(12) part, reducing the rank to sixteen. At every step of the construction,
some new massless states are created, but some others are projected out by modu-
lar invariance. Notice that the rotation vector R carries the Z; discrete symmetry
used to define the orbifold. This discrete symmetry is relevant when the full states
are constructed as products of left-movers and right-movers. The orbifold case corre-
sponds to the subsct ! states which are Z; invariant. The set of vectors (27) and (28)
can indeed lead to different stiring theories depending on the prescription of discrete
symmetries used to define the product states. With the help of this Z; symmetry,
one can check that the spectrum of massless states obtained by our construction is
identical to the spectrum described in Ref. [6]. This theory is however not very

attractive since the number of quark-lepton generations is 36.

Using this example as a starting point, one can now construct a theory with a
rank cight gauge group by completing the set of basic shift and twist vectors. We
then add the vector .

Wi=R,+V,, (29)

where

= (0,1,2,3'1,2,2
5°6'5’5'5"5

ve= (oo dd)
The shift vector Vy is used to break the Eg part of the gauge group of the 2y orbifold
into SO{101 @ U(1). However, the introduction of the new rotation vector R; means
that the E. part will completely disappear. We then obtain the rauk cight gauge

0%, (1), 00
‘ ) (30)



group SO(10) % S {3)BU(1). which is zirrady much closer tc¢ familiar Grand Unified
Thewoies. This new thenry bas however the same fatal proilern as our previous
example: the number of quark-leplon generations is far too large. Notice that the
twis! vector Ry treats asymmctrically left- and right-mover:s. The corresponding

string theury cannot be obtained hy coinpactification of a larger dimeasional string.

In ge -erai, our analyris shows that gauge groups with rank eight or sixteen
are cisily obtrined. These gauge groups are also quite often attractive unifying
symunctrics, and the massless matter multiplets fall also Guite nuturally into quark-
lepton generations, at most enlarged to the 27-dimensional B¢ multiplet. 1t is however
more dificult to obtain a smail enough number of generations. Tbhis is a general
problem in the finmework of superstring theories. Compactifications of the heterotic
strings have the same tendency, even though a few exampies with thiee geaerations
are known. Finding a realistic four-dimensional superstring theory with a small rank
gauge group is still an open issue.

There are many phenomenological reasons to insist in reducing the size of the
gauge group of superstring unified models. For instance, a large gauge group is
much harder to break into SU(3) @ SU(2) @ U(1) by the Higgs mechanism. As we
have seen in Section 2, a hidden sector can be very useful when generating super-
symmctry breaking. However, a satisfactory scale for this breaking can be obtained
only if the hidden sector does not contain large non abelian (simple) components
[19]). There is no necessity, and certainly no evidence of a very large gauge group.
Four-dimensional ruperstrings with twisted bosons may ultimately provide a mirimal
superstring extension of the Standard Model. Such a theory would be very hard to
distinguish from the minimal supersymmetric extension of the Standard Model, at
encrgies much smaller tinn the Planck scale.
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Let us consider a theory described by a classical action
S = S(¢o, CPH) which depends on a certain number of light states
¢o and heavy states tPH. The states 4)0 are light in a sence
that their typical mass is much smaller then the typical mass
(let call it M) of the heavy states 4>H . We define an effective

action seff (4’0) for the light states 4’0 by

e~ Seft - SD¢H e S (b0, Pn)

In string theory we do not know the form of S(éb, ¢H) SO we can
not construct S.‘§ explicity. What we can do is to study S
matrix elements of the theory and construct such an effective
action that reproduces them. In practice this corresponds to
calculation of the appropriate set of Feynman diagrams which have
heavy states on the internal lines only. The results for the light
states exchange are reproduced by gquantization of Slﬁ.

The exact effective action Seff is, (even in ordinary field
theory) very complicated, non-local functional of ¢b' In the case
when we are interested in the low energy physics (compare to the
scale M} we can expand Seff in powers of E/M where E is the
energy of the typical process with the light states only. This
corresponds to the expansion of Seff in derivatives. Swh 5(&
turns ocut to be local and its components can be calculated term
by term uscing symmetries of the theory. For such an effective
action we define the effective lagrangian by Seff = de'ceff(X) ’
wnere dx is an invariant measure over space-~time.

The Fermi interaction is an example of such a construction.

In the GSW model four lepton interaction with energies much smaller

2FYIIY),

)
then the masses of W, Z bosons can be approximated by ﬁ
H




ns

This is the first step in expansion in powers of derivatives.
The next term in °C’eff is proportional to —'%a ("P‘V)(B,"Y)(B"Y)'
Now we turn our attention to the S5ST II case. For this case M

1 19

is the Planck mass. M ~ﬁ§ ~ 10 “GeV. The‘light states are massless

p
and they form N = 2 supermultiplet of 10 D supergravity [1] .
The expansion parameter is :ﬂkz where k represents typical mo-
mentum of external particles. In the lagrangian this expansion
will correspond to increasing number of derivatives of the fields.
From now on we restrict our considerations only to that part of
gcff which describes self-interactions of gravitons.

The lowest order process (in dsz) is three graviton interaction.
The result is proportional to dsz. In order to reproduce this
result from an effective lagrangian d:eff we need three graviton
vertex with two derivatives. In addition Seff has to be invariant
under general coordinate transformation because the string theory

is. This uniquely determines the effective action to be the stan-
dard Einstein action [2] .

Seffz "'21.“1 Sd,‘R (1)
where KZ = 8®/G = 452(31)4, G is the gravitational constant
g - the string coupling. This result is not renormalized by thé
string loops because three particle Green s functions vanish at
loop level C3] . There can not appear square and cube of curvature
tensor terms, because they would give (dsz)z, ( u(‘kz)3 contribu-
tions to the g three graviton vertex. (The above argument is not

appropriate to the special “Gauss-Bonnet combination® for R

tensor, but it has been shown [4] that such term do not appears

“also). It is easy to see now that up to terms of the order (-t'kz)3
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SST II theory has the effective lagrang:an cf N=2 supercravity.
Legg = { N=2 10D SUGRA ) (2)

Now we consider four graviton process. The tree level result for

SST II theory is [1] :

Atree — _(_-_c'_PKz F(=-dsiy) T (=¢'t/4) [M(~at'u/y)
4 7 C(4ewsy) TOUrt4) T (Aeuly) (3

o R MM MMy e VoV VYy
».v. 5#:.\':. VJDHM« K K

where g's are polarization tensors for gravitons, K is standard
kinematic factor KM~ My = Kygy - -kqs,,' M8 M2Ga Magy My Ry [4,5],
In the above amplitude we have to separate massless from massive
contributions. Only the latter may contribute the correction to

‘Leff' It has been shown [6] that the lowest order correction is

A= (OB (4)

where Y = t*MMa-- Mg p Vavie- Vg R

My pag VgV 'RFH‘B"QVG
*
This correction is of crder ({ o(.’k2)4. The lower order terms from
A" (including the massless states exchange) are obtained from the

uncorrected effective action given by eq.(1).
Now we descuss one-loop SST I1 scattering amplitude for four-~

-gravitons. The result for the amplitude is the following [1]'[9]

Acne- Loop _ k4 1

4 Y My My Vi Vg
T agwmt « Sl - S vy K™ K™

(5)

iag Ty

(55 (R48) er (-2 T kG



where F s the fundamental domain K Z/=&T4+NL, T = Ty+LTa ,

O£ 640 ¢4, G is the Green's function

As in the previous case we have to separate massless from massive
contributions to A One-loop. Massive part will give correction

to the effectise lagrangian. We expect that massless contribution
to the scattering amplitude will bt reproduced by guantization

of string field analog of the I‘eff given by eg.(2). Of course

one can try to quantize this effective lagrangian directly consider-
ing it as a gquantum field theory. In this case one has to cut the
momentum in the massless loop at the scaie :%, in order tec have
the finite result. Even if one could do it preserving all symmetries
of this supergravity it is hardly to expect that one may get the
same result as from string field theory [31 .

How one can destinguish massive from massless intermediate states
in the string loop ? One way is to use the operator formalism of
Green and Schwarz [1] for which one can directly recognize massless
modes [?] . Here we utilize less apparent but much simpler method.
The scattering amplitude (5) contains the following factor

- ’ "G’i'
ez“&ékk.) 3 6)

- -zm:,_.c‘Z kik; (8- b,) B4(zi-2;it)
e o’ kik;
te} exe{ % ln\ ef(o1t) )I

One can easely see that due t§ the tz interaction the first expo-~
nential on the r.h.s. of eq.(6) can not be expanded in powers of
momenta. We shall call it "zero mcdes™ term and we shall show that
this factor produces non-analytical behaviout of the scattering

amplitude. It is commonly know that such behaviour signals the
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appearance of massless intermediate states. Thus we identify this
exponential with the massless modes in the loop.
Explicit calculations [8] shows that the "zero mode" term

integrated over F gives the following result.

9,
2 g&dq (4- )" (e -bEdb\)
-}

where b= (4= T war { ST(8-8.0 + (b3-4a0) +

+ tl(z2en] + ul (2 &3)) @

- S by
By(b) = TiFO(b) ~F =lnlbl - ZI1 — n!

The logarythmic part of the above represents the non-analyticity.
The question now arise about the interpretation of the terms in
eq.{7) (plus the kinematical factors K from (5)). The part indepen—
dent on the Mandelstam variables in eq.(7) is proportional to :P'
It corresponds to the quadratic divergency of the appropriate N=2
supergravity one-loop amplitude [1,7] . The imaginary part is
connected to the existance of the non-analyticity.
The infinite series in (7} appears due to the modular Gut-off which
in fact works like a momentum cut-off. When «—> 0 the contribu-
tion fréom this series vanishes.

The massive states contribution come from the second exponential

on the r.h.s. of eq.(6). They give the following corrections to

Legs [8)

Al = A, GES Y3y (1-3 1) - taere Lo

z.é- 240 5

(Dg R 31113992 ) (D3 Ray 1y 9394 ) ( Dis R usmeVs Ve Y VR g aigupn).

It is worth noticing that the above correction has the same tensor

10

structure as the ' («'k 2) correction from the tree process.
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.

Note added. We also want to mention that recently Sakai and Tanii

[9) have considered this subject from different point of view.
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Avstraci

Motion of clasaical particles connected by a direct rela-
t{ivistic interaction is anelysed. The {rount form of relativis -
tic Lagrangian dynemics end its Hamiltoniarn anslogue are uscd.
For the two-particle systemn with intersctiorn depending only on
the invariant reletive coordinate, the emergence of pathologies
(i.e. sudden stops of trajectories, formaetion of nonphysical
acd tachionic regions, superlight velocities) at large coupling
constants is investigated. Por the interactions having field
interpretation, the dcpendence of dynamics on the rark of
field is studied. The Lagrengiz2n and Hamiltonian phace portrait
of the system are compared and the Hemiltonier description is
shown to embrace & larger class of nompathologiczl systems. For
the muny-particle systems, the spreading out of scoustic per -
turbetions is studied and it is szown that only the longwuve
components of the periurbation can pess large distance aud
their speed is smaller than the velocity of light. .lozg the
siring (obtained by the limiting procedure}, the speed of sound
is limited by the velocity of light. The results ar» illust -
rated by the numericel calculationa of the onc-dimensionzl cry-
stals of finite length.

INTRODUCTION

The relativistic theory of direct interactions (RTDI) is
complicated, and little ic known aboul the dynumics of sysiems
described by RIDI though this subject is touched in many papers
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(sce, e.g., paperc ir /15, In ref.

the two-dimerncional spuoce-time in the fron: form of dyramics was
constructed end its relations with the predictive and Hamiltio -
nian mechanics were established. The Lagrangian in this theory
depends only on the first derivatives of the particle coordi -
nates. So this theory is technlcally relatively simple. This
offers a posaibility to reveal specific features of the rela -
tiviotic dynemics and to start studyng some of the primcijpal
problems of RTDI.

One of the most important problems of RTDI is the validity
of the causality principle. RTDI respects this principle in the
sense that in this theory the Cauchy problem can be solved : the
present state of the dynemicael system determines all future ones

/2/, the Lecrangian RTDI on

so nothing like an influence of the future on the past may happen.

However, it is not clear how the causelity in the Gauchy sense
is releted with the "macro™ causality formulated in terms of
events and signals registrated with the help of thermodynamically
irreversible processes.

Let us suppose the existence of a short-range direct ins -
tantanious interaciion between nucleons at the distances of the
order of one Fm. To what gpeed of the shock-wave a direct inter-
nucleon ictercction can lead ? If this speed is limited, then
how and why ? If it may exceed the velocity of light, how can it
be reconciied with the reasonigs of Einstein concerning signel
transmission ?

Another problem is the space-time description of the motion
of ar electron near the Coulomb centre at the distences smellex
than the classical electron rasdius. Can RTDI give such s decc -
ription ? If not, are the difficulties techmicel or fundumental
onLvg 7

There 2lso exist many problems related to bound states with
zero, negntive, or even irmeginary rest masses.

Besides, a number of more theoretical questions have to be
engwered before the formalism of RTDI can be used with some confi-
dence. What are qualitative differences between the relativis -
tic and nonrelstivistic equations of motion ? What pethologies
zay be encountered in the solutlons of these equations ? Whst
happends to pathologies, if one passes from the Lezrangian des-
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eription to the familtonian one ?

In this paper, these questions will be considered with the
help of a number of examples, calculeted analytically or nume -
rically.

1. LEAST ACTION PRINCIPLE

In the single-time relativistic mechanics, the action has

form S(r)_ gl“‘h’r

where the Lagrangien L satis fies the set of the Poincare~inva -
risnce conditions 3 T is an rvolution parameter, end integ -
ration is made from T to Té along the path [ which is fol -
lowed by the configuration of the system (as a function of T ).
If the particles interact, the invariance conditions require, ge-
nerally speaking, the dependence of 1 on the derivatives of coor-
dinatea of all orders with respect to T /3/. This hampers the
formulation of the equations of motion end the invastigatiorn of
the dynemical properties of systems. The only important excep ~
tion 2 is a front form of dynamics ir the two~dimensional
space-time (with coordinates t,x), for which the Poincare-invs -
riance conditions permit interaction Lagrangiens depending on

x; and v =dx,;/dT only. The class of such Lagrangians is suffi -
ciently large (as large as in the nonrelativistic mechanics),end
we will consider below only such Lagrangians. For them, the Poirn-
care-invariance conditions (if ca1 and 7T =t-x) read

g’:c‘ 0, %%;=0, ,;{a:llia- 4+2.o'-)3l‘} s L., (1.9

The general solution of (1.1) for the two-particle syctem
may be written as:

L =-kY(f,Q), (1.2)

where h-m1k1+m2k2. m,are particle masses, ki=(1+2vi)1/2 are the
Lorentz-factors of particles, o =rm/h is an inverient releti -
ve distance (passing into r=Xy-X, in the ponreletivistic limit},
m=m, 485, vla(k1-k2)/(k1+k2) is an invarient reletive velocity
(passing into (v1-v2)/2 in the nonrelativistic limit), Y is an
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arbitrary function. In the many-perticle cese, L may alsr be
written as (1.2), where h=2 m;k, and Y depends on ull tle inde -
pendent coubinations like p and n thet can te made from % k .
For the free particle system, ¥Y=3, La-h.

We assume that the evolution of the physical system is de -
fined by tne least action principle

M: g1 = M S(I") (1.3)

where all the patns l‘, r have cnds at the same points. If
the minirum of the action exists and is reached inside the do -
main of L, (1.3) can be replaced by the stationerity condition

$s52 ¢ , that leads to the fuler-Lagrange equations

4 7L %L

at QU a:c .
Eqs. (1.4) are equivaient to (1.3) in the region , where the
Gess metrix Ga(?aL/'b vi'S v; }is positive definite. In other
regions, where G is invertible, eqs. (1.4) describe other extre -
ms or saddle points of the functional S, which corresponds to
nezative effective masses ol some particles. Egs. (1,4) and
their sclutions in such regions will be considered as formel
(cnphysical).

2. SQLUTIONR OF TBE EQUATIONS QF MOPION FOR TWO PARTICLES

The Foincare-invariance conditions lead to the conserva -
tior of three quantities

E=2ul, -L °=ZLU*F K=—tP—EI-L (2.1)

inside each region of the phose space of variebles Xir Vqs Zos
v, where the Gess matrix is invertible. This gives a poasibility
to exrress Xy Xy through f)' Y T
B
=[K+fp:ka%/mJ/R”
1

2z {(2.2)

where P_ = E 2 P, and to reduce the solution of (1.4) to one
yuedratire. For the Legrangian (1.2)



P’* = L"Y" (fn'l)) P— = Z(ﬁ' l']\_\)/“\., (2.3
where
Y+'Y pY}O, m‘t=m'*q M=m1"m.’.,
Z=mom (1 rt, (Y_ 2(m, /m \r{ (2.4)
Multiplying both sides of egs. (2.3), we get an equation
- 4 n \
P+P_=Y+Z =T(‘P"‘l) (2.5)

relating F and r( and defining ( on the phase plane of relative
variebles p N ) the family of trajectories p(n) perametrically
depending on the velue of P + Eoe The femily *’11‘4 {without
gaps) the strip -1< 7 <1 wiose edges, '1\— = + 1, cerrespond %o the
case, whern the velocity of ome of the particles resches ithe velo-
city of light. To turn the set of irajectories ‘P("L\, into a true
phese portreit, one has to include in the picture the directiovns
of motion elong the +trajectories using

f=n2 mm” Tn/2, (2.6

where .
A= (A A-)= .Y:. T,:-JO‘B(Y*'Z) i Yt_ (Y‘_I E++ Zl‘ 9\:
9 (hy ) R 2/ 1 1

2,<2+5Z,, Y.=Y110Y =Y-pY-p 1. @

The singular points &=0 ( at 'l#o ) coincide with th
points, where the Gessian

L ¢ ey
1Gl= %(Ly, u) qu ;A=-Y+—”—:—"'—~?A. {2.3)
(e, 8)  q(1-C)sht (T EF!

vanishes and the equations of motion lose sense.
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In the genersl case, the lines |G| =0 divide the phase por-
trait of the relative motion into regions, among which there is
usually a physical region (where the Gess metrix is positive -
defipite and the ection hae a minimum), and a number of unphy -
sicel regions including possibly tachionic regions with
PP < 0. Figs. 2-8 show that the traaectories\;(f) , ncr\ may
elthe“ go along the boundaries lG\ =4A= 0, or tend to some
points on the bounderies (these points do not belong to the tre -
jectories). ’

3. DEPENDENCE ON THE COUPLIEG CONSTANT

) The phase portrait of a two-particle system with the poten -
tial )\B in the nonrelmtivistic case does nct depend (up to sca -
ling iransformations) on the magnitude of the coupling constant A
(if it does not change sign). In the relativistic case the shift
¢f X alters quelitatively the character of motion. Let us conside
these changes for the case, when the invariant interaction

NB=Y¥-1 depends on the relative coordinete f only. Thla corres -
ponds to velocity-independent interactions in the nonrelativis -
tic limif.

The basic gquantities in cese Y=Y(P) ere found explicitly:

A(p)= ¢ [(P.R- YY)/ (PP PRAR K

§/P,= n2mm, Yo, T= mmYY/(wz)
pa =ndm, mzY,YY (A~
1G] = mum,mé PEY,Y Y (4 -1)'3

(3.1)

[

HH

et

Leoking :f them, one can see thet the boundaries & = lGI = 0 on

tao phage portrait are vertical linen f>=const defined by any

of egs. z
¥ =0, or Y_=0, or Y =0. ' (3.2)

Tee boundaries ¥ =0 separate tachionic regions, where P P < 0
and the velocity of the center-of-muss corrdinate Xa(K+TP)/P_
exceeds the velocity of light (the velocities of particlea re -
nain smaller than thet of light). The values R=zx1av P2 _§0
mey be approcched only ot the ends of the tachionic boundarles




ju ske { 5, B)-plune, wherc B is she velue of funetlion B, . _,
Y s Fe
tie roots equ. (3.3) (or (3.2)) corrempond %o tn2 inversce -
1 Ia-1/ A with the curves " (£). Let as
e of B(2); a mmootk bell-like pobentinl: 3{wiz
Fl v

The carves Bor are drawn in
Fym

‘+< B2 {B_. The curve EO intoc-sects the curves 2,3

+
the pciqtv wheve they nave exiwema. Hence, the tac
sion at ery 1/A is divided by the boundary T,=0. The

riraits on fi;s. 2-8 correspond to the values cf A markad
vints on fic. i, If the poientiel B(f)has e nmore couplica -

thie curves BD + nake more oscillations and the num -
s Ty ™

ter of rogisng grows us, but no new elements sppear on phuse por-

The viorid-lires corresponding to the frajectory 4 in figs.
2,5 end vo the pieces a,...ye of the trejectory A in fig. 3 are
plotted on figs. 9, 10, 11, respectively. On all the figures,

» 1= 17_1, i.e. , P=0 for tardions, and E=0 for techions.

The motion of relativistic particles has & pecularity that
can be noted on figs. 9 end 10. The leit perticle at )0 (fig.?)
during ils epproach to the right one before slowing down is
somewhat uccelerating. At the same time, at A < 0O (fig.10) it ig
clowing down before accelerating. An inversion of acceleration
tekes place during some timedboth at the entry Into the region
of intensive interaction endvthe exit from this region. This
effect at A> 0.85 ‘becomes 3o stromg (fig.11), that the
left particle accelerates slmost up to the velocity of light,the
piiysical rcgion ends, and the trajectory terminates. The erfect
of cacceleration inversion is an indication of the closeness to
the boundary of the physical region.
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messleds 19214 »f the renk n, onc can oL.uiin:

L=-h [1+¢nﬂfi m 1o V(1m0 (4.1)

/4,57

Tre Lagr&ngi&n (4.1) for n=1 wacz obtsines by Ctaruszixiewicz
for the vzpresentation of "Iwo histori)s" ol narticles, intersc-
1 fesum of the retgrded and advanced Green funcvlonﬂ.
vtion for a number of iateructiors
he correspondirg quantum problexm is
"

considered in The equaticng of motion is case of repul -
Zicu £re iovearated for the symnetric electromagnetic (nxi) zpnd

z2.tur (n=C) interactions in /8/ S ols] /3 respectively. Tho:l

trhe concept of the freomt form of dynamics is mot used in thoce

76,8/

raperg 2uplicitly, the reasonings in are very cloce to iy
concept end the evolutlon parameter T= t-x { or T =t+x- i3
ectuzlly used.

Th: Legraugisns (4.1) ore remarkable in many ways., In usr-
ticular , the solutiona of the motion equations cen be found for
ikem in ¢n eunalytic form for any n. Kote, that (4.1), (2.6) and
the relation ¥ =¥ -fY: give

Yo=Y, =1, (4.2)

wherce we immediately obtain E(\Q )/'a('J ,Q) 0 , which ac -
cording to (2.8), (2.9) gives
v

¢ ., : -2 '
A=T.\/P,, ﬁ/'r’,='(2 mm, (4.3)

Eg. (4.2} elso means thet P‘.=h>0 and T=Z . Note that the
‘ree Lagrongian is a concerved quentity . Calculating explicitiy

T.7- {n;'n\_+24m|f|"(z+rf)“"(1-q‘)""(n @ )]/(-0)  aem
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and solving the equation P..,P_,’T with respec® to f , we find

L pplezam(8-c) (teq) (1) Las(e-amig’e "1, )

where b= P*P mz c=fP. -/"'a . Obviously, J.P/_f;:-.A(Q)Jf(,
where A '0 /}3 (n) is a rationasl expression of
,.rl , therefore ‘the qua.ntity

()=t +f°"(A('() (4.6)

is always expressed in elemen:tsry functions.

The phase portraits of all the Lagrangians (4.1) have some
commoir features. It immediately follows from (4.1) that they
are symmetric with respect to the sign of p and, up to an ove -
rall scale, do not depend on [t . According to (4.4 they are
gymmetric with respect to the sign of IL es well. Since ';0 >0
at rl)O s the motion elong the phase trajectory in the upper
half~plene is realized always in the direction of growth of 2.
In case of attraction (at K <0 }, there is always a %achi-
onic region since T(f,O) 3 ms 2am/ipl<D at Ipl<-2e/m,
The lines ~P=fG('U , where the Gessian [Gl=0 , are
defined by the equation JT/rLdrl =20 from which at lpl+#0
we get

B N X0

/3/1)—1-r\+2vt (1+n 2“)+ ‘((1 I‘L) (4.7)

At n.==01
|fl~2-dM[1+(1 Zn)'(]/(g..ml)
A= 8rlfmm2+o(mifl (1 -n)1P; (1_ }-2

In case of repulsion , et n=0,1 and at n+0 A hes no zero:
and the phese portraits have no unphysicel regions., The distance
between particles st the turing points lflm;n = 2am/b
is erbitrairy small at sufficiently lerge energy.

In case of attraction, the phase portraits look essentially
different at n=20 (fig. 12) and et n=1 (fig.13). At =0
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the factor A entring the Gessian becomes zero at lines
1}; :—dm/m‘m,z = Py « At !fl < fq  there is en unphy -
sical region (including tachionic region). The trajectory
) for eny given value of FP. consists of two or three
disconnected pieces ending in the corners of the unphysical
region.

At n=24 , the factor A does not depend onf‘and_ 1'at: rlro

-3

may not become zero, the Gessian |Gl= m,mz(m,/P*) (1-11)

is positive, and the matrix G is positive definite, which is
still true in the tachionic region (VT<0) as well. From

this view-~ point the latter can be classified as a physicel
subregion. Thus, the trajectories may nowhere be interrupted
except at the line p=0 , where neither the Lagrangian, nor
the quantities derived from it are defined.for 032 see ﬁss. 14,15,

5. DISTINCTIONS OF THE HAMILTONIAN FORMALISM

The Hamiltonian description has a number of qualitative
distinctions from the Lagrangian one in the relativistic case.
Here we briefly consider the distinctions related to the emer-
gence of nonphysical regions.

The Hamiltopian description in two-dimensional space-
time in the front form of dynamics can be specified by three

functions p.. , P. , K of coordinsates x, and of the canonic
momenta $’; , satisfying commutation relations
[ Pt;K]f! L) [P‘;P‘]-f 0, [ﬁiy xJ]a=gLJ (5.9

_where [,] s 1s the Poisson bracket, For our purposes it 1is
convenient to choose P+’-,K in the form

Pe-2R , Pa-WZmi/m, Ke-Zzm, (5.2)

where the function W is invariant in the sense [P_,W].a-‘:

= [ K, Wlo =0 and may depend on invariant relative
coordinates only. In case of two particles , we take K,P.
a2s collective coordinates and
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R=-mr/(Sm: /%) (5.3)

and the combinetion

Z x=(F/m Tl )/ (Fofrny+ 5 fma)

(5.4)

of moments, as relative ones. It is easy to check that R,&
are canonically independent from K, P :

CTSRITIC TN G S R

The Hemiltonian of the relative motion is the function
Ppa(mtp28)W(R,3) 1272 T(R,3). (5.6 )
In the case W, =0 ,which will be considered , the

phase trajectories g (R) and the direction of motion along
them are defined by expressions

g (R)=t{[7,P.-m*W(RI/TRP. - ° w(R)]}

. -2 .
R = [H,R],a= 2'; P,m(m*("S), (H! (P,'I'P.)/Z). (5.8)

The regiona, where P,P. <0 , will be called tachi-
onic, the rest ones, tardionic.

Let us consider the transition from the lagrangian picture
to the Hamiltonian one. This trensition (the Legendre transfor -
mation ) needs solving the system of equations

7, =1L /0 (5.9)

%
, (5.7

with respect to velocities (I; « These equations are solvable in
the regions where the Gessien |G| ='5(Jf',,_..)/'a(a" ) ic di-
fferent from zero. In the relativistic case, eqs. (5.9) due to =
kinematical dependence of the interaction Lagrengisn on veloci -
ties, are nonlinear, and, if the boundaries, where the Gessian

venishes, and norphysical regions, sepsrated by these boundaries,
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ere present , the mapping -V 1s nonuuique. Let us c.astruet
this mapping formally.

The conservation laws (2.5) for the Lagrangian L=-hY in
the two-particle case give

2
w='h,Y*/(mf/I1'rm‘/].l), (5-10)
and eqs. (5.10) take form
" -1 ) Y'
&= =mh (1tr‘) ["‘;Y-*’"f(” '{) '(/"fJ- : (5.11)
H
at Y,=0 , the ratio T, /¥, depends on q only, while
the combination q:mf/:r.-r m"/ 7, depends only on h (and 1),
, and we obta_in

h/ Y. (r/h)= - Zmt /T (5.13)

Egs. (5.11), (5.13) entail

W' Y, Yo, (5'14)
and (5.14) after dividing by r turns into

£Y.(p) =R. (5.15)
The substitution of the solution p=p(R) of eq. (5.15) into

{5.11) completes formally the Legendre transformation:

W(R)=Y, ((R)Y(P(R)= Y, (p(RDR/p(R). (5.16)

The ‘solution P(R} £ rks et the points, where
dR/ap =(d/dp)pY.(p)= Y, = 0 (5.17)

and the Gessian equals zero. Lf the portreit in p, veriables
contains no unphysicsl regions, its mapping on the (R, &) -
plene occupies the strip |Z <41 and does not differ quelite -
tivgly from the initfal portrait (compere these strips on fig.
16, 17 and 2,5). However, in the Hamiltonisn case there is a
formal possibility to extend the region of veriation of the
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variable & up to all $€ R , and, using (5.7), to construct
the phese portrait outside the strip lSl < 1 , 8dding regi -
ons with no counterpart in the Lagranglen description (figs.

16, 17). These reglons turn out to be tachionic in the given
case. ’

If the phase portrait of the Lagrangian system contains
ponphysical regions, the corresponding phase portrait turns out
to be folin:ed. For example, the dependence of R on f for the
Lagrangion L.=-h(1+l8¥[> (-f‘)] at A= 1.53 is unmonoto -
nous and the portrait in R,& -variables consists of several
partially overlapping regions (fig. 18). In particular, at
2.55 < ]Rl < 2.95 one has three different sets of trajectories
Z, (R) corresponding to different solutions of eq. (5.15) (sub-
stituted into W). It should be stressed that among the regions
that partially overlap there are two regions corresponding to
physical regions (where the Gess matrix is positive~definite)
on the lLagrangien phase portrait. Hence, the fixation of the
state of a system by the variables X;, &; in the given cgse
does not permit the unambiguous caleculetion of the system evolu~
tion , even if only the physical regions are considered.

Let us see now how the beheviour of a dynamical system de -
pends on the magnitude of interaction in the Hamiltonian forms -
lism. We take W of the form W= 1+ 2AB(R) , B&=exp(-RY),

At Al <<t , the Hamiltonian with such interaction is
approximately equivalent to the Lagrangian L=-h[1+AB{p)]

(the phase portraits of the Hemiltonian at A=t 0.6 do not
differ perceptibly from figs. 16, 17),When { Al is growing, no

-qualitative changes occur with the phase portrait in case of rep-

ulsion. In case of attraction, if IA! 418 large enouzh (in the
given case at A < -1 ) a tachionic region in the strip

1Z1 <4 appears , and terdionic regions are inserted into

the tachionic regions outside this strip {fig. 19, A= -2). In =
more general cese, the replacement of the function B(R) by =
function with more extrema give rise at large lA| to & number

of tardionic and tachionic reglons forming a chess-board pattern.
As 1t follows from (5.9), trajectories cannot have interruptions .
inside the regions (they have ends in_the corners of techionic
regions, vhere they converge)., While the superlight velocities
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U. in the Lagrangien case are impossible, in the Hamiltonien case
they are admissible and may arise even in tardionic regions. The
celculation of the velocities u; =OH/ 9N} glves

2, 1 \
1120, = Wom /) (5.18)
. 4
“where W.=W-RW, , Since 1+2ZU;>0  corresponds to the
nmotion with a sublight velocity, while 1{4+2vV, <0 corres-

ponds to the motion with a superlight velocity, at W.=C both
perticles simultaneously (in T ) reach the velocity of light,
and at W, <0 both particles move faster than light. Since

the sign of W. may differ from the sign of W , the super -
light velocities may happen in the terdionic region FiP. >0 W>(,
For instance, we have for the chosen W at A =-0.9 everywhere

W >0 , but there are“grectors of R , where W. <0 and the
worid-lines :r.i(i:) have superlight pieces (fig. 20). Note ,
that there are no irregularities at the points W_=0 s where
the particles reach the velocity of light.

Since K; end § 8t {v20; <0 gre imaginary, there are
no Legrangians equivalent to the Hamiltoniens with W. <0 .
In fact, the equivalence is ruined even for positive,but suffi -
ciently sre..l W.. To see this fact, let us take an arbitrary
W(R) ani perfom formelly the inverse Legendre transforamation.
Eqs. (2.1) and (5.3) lead to

2 2
b:--‘é(k’-ﬁ-‘+ K‘rz-iw?)’ (5.19)
vhere 9= m}/:l', -+ m:/JTz « Eg. (5.18) gives
Kyz-Fmg /o, where F=W™ | whence we got for
h or f the equations
h=-¢F, = p= R/F(R). (5.20)
Finding the solution R=>R(p) and using the relation
W= -Fmi/K¢ » we finally get
=-h (F +W/F)/2, (5.21)
where F=F(R(p)) , W=W(R(p) . The Gessian of

the trensformation ia

=Y

~
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1G] =2 (7, %)/ (%, %) = [%(J.,vg)/a(r,,zr,)]-e
<225 [mimd W (W~ RWS, /2)17's mm kYY)

where Y=-(F+W/F)/2 , Y-=Y-PY}’ . At finite
w, VV: w” ,the Gessian has no zeroes, and the phase
portrait of the Lagrangian contains no boundearies o =0
separating the unphysical regions, but it contains the lines
wW_=0 , W_- RVM://Z =9 , vhere [Gl=o°. Consider the case
when W?>0 , W.>0 , but W. is amall in some region.
In this case, the dependence of o on is nommonotonous , and
the solution R(p) at some p 1is triple-valued. it such p,
one Hamiltonian description corresponds to three different
Legrangiang and the fixetion of the statie in terms of 2., U7
does not define the motion uniquely. The phase portrait of the
system in veriables P becomes foiled (see fig. 21).

Note that the above tase W >0, W, >0 is e physical
one according to all main criteria : the velocities of partic-
les are always smeller than that of light, the motion is regu-
lar everywhere, no ruptures occur, no tachionic regions ere
preseni. Therefore the absence of a (unique) Legrangien des -
cription is, seemingly , a deficiency of the approach itself,
or, to be more precise, of its inherent sssumption that the
state of the gystem is fully fixed by coordinates and veloci-
ties (and not by higher derivatives d"x/dt" or by mo -
menta). The Hemiltorien formalism is applicable to = larger
class of system : an equivalent Hamiltonilasdescription exists
for any nonpathalogical (i.e., without nonphysical regions)
Legrangian description (due to G # 0), but there are Hamil-
tonian systems, incl:ding the ones with interactions depending
only on the inveriant distance, for which no equivalent Lugron-
glan descriptions exist.

6. PROPAGATION OF SOUND WAVES

One of the postulates of the special relativity is en
assertion that signals propagete with e limited speed. Diffe-
rent papers on the reletivistic theory of direct interactions
treat this assertion differently : some of them put it ir the
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basis of the forwalism assuning that orly retarded interaction
propagating witr the velociiy of light 3. ~cting between par-
ticles , otaer ones admit an adverces [nternction but try
to eliminate its open manifesta“ion '.":n t%e help of un ab -
sorber /11/. the third ones leeve the question open and re -
quire only the Lorentz-lnvariant formuletlorn of $he theory.

The frortcof dynamics, whicn is adopted in tl:is paper,
assumes the presence of both retarded ianteractiioa (from the
left particle on the right one ) and sdvenced intere~tion
(from the right particle on the left one). The presence of ed-
vanced interaction is, 23 a rule, considercd e3 an indication
of the advenced propagaution of signals. However, the question
of ize velocity of the signal propugetion is much less obvi -
ous.

Strictly aspesking, to btecome a signal the treasferred
perturbation h:s to influence many particles end induce the
irrevercibvle processes thai register the perturbation. In a
urely mechanical sysitem, one of the most important kinds of
erturbations suitable for the signel transfer is a sound wave
% can be reglstered and may propagate at lerge distances.

Consider 8 system of N identical pariicle with a paired
interaction described by a Lagrangian

=-mZK;-%(kv K)B(p;. 15),  B(90)=0. (6.1)
The equations of motion of such s system have form
(1]
z CT;. ac s =Y (6.2)

where G and Y may be expressed through C,J -C(f% N ) =
B2, 1 vﬁ)*a(f‘d “Tidy Cypc <Pty /aj’u and so on.
Let this system maeke & (one—dimen31onal) cerystal (chein),
i.e., be in the state close to the stable equilibrium. The

invarient distences a; = IP;';,,l in equilibrium are de~
fined by the conditions

Y,=0, 135=0. (6.3



327

We¢ usoume thes particles interact wi-l the neurest neighbours

enly { Cy;=¢€. if ]l'd'l >4 ) and function C (f,b)
aws only two minima at fP=r ad . Then the equilibrium of
the firey particle gives dez 4 , and that of other per -
ticles gives &.:za . The Gess matrix in the equilib -

rium position has form
M€ -€/2 0 o -
2 -t/2 M-E -£/2 0 : (6.4)
G ot 0 -€z M-E -gz .

- - L - A . - - 4 - ~ . ° hd

where M=(me2¢C -chu)/a’ f,:(a‘cff -C,m)/a, M,:M f(a"C” vC?rl}/Z&’
c -.C(a,O) and vwhere have taken into account that the require -
ment of the existence of small harmonic oscillations extails
C,l(ll’O) = C.n (6,0)-30.

The condition of positive-definiteness of G puts a2 limiin-
tion on the ratio o *-&2(M-€) . at E£>0 anda MM
1G]>0 at any N, it

E/z$(m-8)/2, (6.5

This inequality, clearly, leads to gome limitatiors op the velo-
city of sound.

Let us obtain the equations of motion for the case of small
perturbations of a crystal. In contrast to the nonrelativistic
case, when it is sufficient to require the smallness of only
the deviations from the equilibrium positions, while the velo -~
cities may be arbitrary, in the relativistic case the smulress
of the relative velocities (the velocity v=P/P.  of the cen -
tre-of-mass coordinate X =(K+TP)/P. of the erystul,
as a whole, muy be large). Putting 3;,::;-5;,2;)(.3-1-a{Nn)/z
and leaving in (6.2) only the terms of the first order in 4,}
vie get for internsl perticles the lineerized equations of motion
of the form

{0~ (3ins ¥zl P
:f-ﬂ:t [3;..‘231’3\'.11‘(5';01 "3';-\)0"/"]! (6-&
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where {xZ&c”(a,O).
Let us pacs to the limit of continuous matter (3+0 N=~oo)
i.e., to the case of relativistic string. Let there exist the

limits
. - Y - 7 . T &-‘n c a .
My= E.TOM’ &* g‘,‘:oe' " m{' Y a»0 “/

Then (6.6) at a.»p passes into eq.
) ) < .
k-l(no -;',3 'fo(,u“ - z'zz)’ (6.7)

where M:‘-‘ M, Z‘]o is a density of medium and f, is the Young
modulus. The equantity g(‘t, x) in (6.7) is a deviation
not from the immobile point. %, but from the point moving with
the velocity U . Passing to the deviations l(t,x):a-(t,x(oj-dt)
from immobile points and taking into account that a == 'zx ’

Ye 2B P02, YopaZper 20, v "tzz-x s we get
. -1 N
(“: - fo)':ll"" 2 [(ﬂ:*{,\k.zl} + "] it: [‘ﬂi‘f’)k v- {' ] 2,:° 0. (6.8)

Passing from the variables of the froni form of dynamics
to the usual variables 'l'., x by means of substitutuins

a(t,x)=2(t-2,2), 220y, 2 ruen,, k=[ «S)f(s-9)] V‘,
we finally get the equation

o2
Me f.s 25 [u® M,s _£’.) =0
17.:.—‘.{_:5-‘ “a*:?(""{')“*=+ T-s¢ test/Uxx ) (6.9)

which is a usual relativistic equation of the sound propsgation
in the medium moving with the velocity $& - In particlar, at
S =0 we have

[
Mo Wy = f'u"" ’ (6.10)

whence one can see that the sound propagates in both directions
with the same velocity w=(;,/H:)'/?- . The phase and

group velocities coincide. In the 1limit of coniinuous medium
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(6.7) gives f,, < M3 . Accounting for th&
copdition of resolvability of eq. (6.7) with respect to y
(thet excludes the equality fo =M% ), we obtzin the limi -
tation .

;.< M:, w <t (6.11)

Hence, the velocity of sound in the continuous medium ( in the
relativistic string) may approach the velocity of light , but
cannot reach it. Note that eq. (6.7} corresponds to small os -
cillations of the string with the Lagrangian

L=~ [K@) L1+ o (1- g2 /@D 2] de.

Let us now return to eq. (6.6) describing the evolution of
acoustic perturbations in an infinite crystal and see what hap -
pens, if the wevelength becomes comparable with the distence
between particles. Let the crystal be at rest. The substitution
of the solution of the form ye= exp[i(w® - pal}] into (6.6)
relates with p by meand of a dispersion equation
(¢z[t-‘l~a(1+ ws pa)= 2§ [a"ta-cos pa)+ a wsin pal ,which

can be solved both with respect to <& , and with respect to p:
2 . 7
w= 1’29@,"[&/(“9‘“/“0)] /{13 [3/(109LN/M°)] ‘},

2 o - g tDg-bonse)(1-gyumer®
P‘aa’rctS{Z a‘(wﬂ-/Z)tM/Mo },
where 9=t3(P0-/-’-), 3::{/?1: M°= (M*ZC)/O..

These relatioms, as usual, mgke sense (i.e., uniquely cor -
respond to the solution of initial eq. (6.6)) only inside the
first Brillouin zone /12/, Ipa-l( £ or Ifl<coe

We illustrate the main features of the sound propugution
in the relativistic crystal with the results of computation cr
motion for the system of forty identical particles described by
the Lagrangian (6.1) with B ('P) =)[arct5 (f-a.-.?)_
~ arc tﬁ (f-a-3)J « Initially, the system was at rest.
Then it was Pe_rt_urbeq by a particle coming from the right that

(6.12)
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has interacted with only the rightmost particle of the ssstem by
means of the potential

Bq - X,cas’(‘-i‘y/zf’a) at jPl< lf‘l and 5'=‘0 at lfl)(f,l
during a short period of time determined by the interaction
radius P, . The figures below correspond to m=1,2as=0.25
$=0.25 . Varying the parameters X,3,% one can obtain
cryatals with a desired density and the Young modulus, and
varying .14,_9. one can choose the magnitude and the
frequency of the perturbation.Increasing the rigidity of the
cristal almost up to the limit dictated by inequality (6.5),
leads to & strong dispersion of a wave packet with an advanced
propagation of the perturbation (fig. 22, A= 1.03 | 9= 0.902,
P14 =05 ). However, such picture is typical for the
short wave-lengths only. The long-wave perturbestions even in
the system of maximal rigidity, as is szen from fig. 23

(f&= L5) s propagate without dispersion and with sub -
light velocities. _

One can see from this example that if the distances between
particles and the range of direct interzctior are microscopic,
and the crystal has macroscopic dimensions, the macroscopic
distances will be passed only by a long-wave ecoustic signal
noving slower then light,
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to the trajectories of particles om fig. 9. Here and below arrows
indicate the direction of motion along & phase trajectory.
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Fig. 5. Phase portrait of L(p) . Attraction: A=-066, B=15
Phase trajectory A corresponds to the trajectories of purticles on
fig. 10,
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Pig.10. The lLagrengian formalism. World lines of particles.
Attraction: A=-04¢, E= 4.53,
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Strong repulsion: A= 1.83, E=4.53 . Segments
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boundaries of tachionic reglons. Region with |f\<4-5 is nonphysical,
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Fig. 13. Interaction with e field interpretation at n=1 + Attraction:
dfme-1, '.P‘( 2(14{) ig a tachionic reglon. The dashed line is its

boundary.
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Fig. 15. Interaction with a field interpretation at n=2 . Attraction: d/m=-1,
The dashed line is a boundary of techionic region.
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Fig. 16. Phase portrait of the Hamiltonlan system correaponding to the Lag-
rengian L(p) . Repulsion: A= 0.6 . The direction of motion
here and below is shown for the case P >0. (%l<1  1s a tardio-
nic region, |&1>1 are tachionic "nonlagrengian" regions.
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Pig. 17. FPhase portralt of the Hamilionian system corresponding to the Lag-
rangian L(p) . Attraction: A = -0.66. |3l < 1 is a tardionic regionm.
14l > 1 are tachionic "nonlagrangian" regilons.
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Fig. 20. World lines of particles in the
Hemiltonian picture.Atiraction:
A=-0.9 . The ends of secgments of
superlight velocities are marked
by dote.
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THEOREM PROVING WITH FIRST-ORDER PREDICATE LOGIC: III.”

B.Humpert

IKOSS Research & Development
CH-8048 ZURICH, Switzerland
55, Albulastr.

and

CERN Theory Division
CH-1211 GENEVA, Switzerland

ABSTRACT

We give an introduction into ‘Theorem Proving/Automated
Reasoning’ by presenting in this third paper a number
of explicit examples. A variety of (simple) ‘Thinking
Problems’ were chosen to illustrate several points: (i)
how a problem is translated into the language of first-
order predicate logic, (ii) how an actual deduction-chain
proceeds: length, complexity,..., and (iii) how the dif-
ferent resolution techniques can be applied most efficient-
iy. The selected examples, however, do not represent the

- spectrum of the possible applications of the Automated

o Theorem Proving (ATP) systems.

. .
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1. Introduction

There exist computer systems which allow for highly comp-
lex deductions: conjectured@ 'Theorems’ can be proved from a
set of 'Axioms'. This field of "Automated Theorem Proving
(ATP)" or "automated Reasoning (AR)" has meanwhile reached a
quite high level of performance which scmetimes goes substan-~
tialiy beyond the human abilities,

Contrary to our earlier papers [1,2] which focused on the
presentation of the theoretical concepts and particular de-
duction schemes, we here are concerned with the application
of these systems on a set of illustrative examples. This pa-
per thus aims to give insight into the utility, power and
flexibility of the ATP-systems for the solution of problems
which demand for a great deal of logical reasoning, or which
need repeated trials to come closer to a solution path. We
here limit ourselves to a set of "Thinking Problems" whose
presentation should not primaerily be considered as a source
of entertainment, but rather as an abstractior of real-life
problems. Their closer inspection makes obvious that they do
not allow for easy solutions by conventional mathematical
techniques, but instead, they typify classes of problems where
the solutions are found by trial-and-error. Our subsequent
presentation therefore aims to discuss a set of such problems
in order to illustrate their formulation in the framework of
first-order predicate logic, such that they admit for logical
deductions by the inference techniques. Baving, in addition,
excellent ATP-systems [3,4] at hand, we furthermore give in=-
sight into their use in solving unusual problems which, and
this is an essential condition, allow for their formulation
in the language of first-order predicate logic.

Our subsequent presentation has a second aim: whilst pre-
paring the description of a problem for an ATP-system, the
hidden and sometimes unknown assumptions in the axiom system
of that problem have to be recognized. That this is not easy,
leading frequently to wrong formulations, or that one or the
other important information completely falsifies the original
problem, should also become more clear from our presentation.
There is no doubt that the translation of a problem into the
language of an ATP-system is one of the more difficult tasks.
The constants, functions and predicates have to be defined in
a 'natual’, meaning problem-appropriate way, allowing for an
efficient deduction of new clauses and finally the sought

' contradiction. Furthermore, the axioms .and constraints of the
problem must be formulated such as to allow for easy insight
and an optimal deduction.
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Let us make a few introductory remarks on some of the
examples [3-113. In sections 2 and 3 we consider the problem
of assigning a set of jobs to several persons such that a
number of defining constraints are satisfied. In section 4 we
show how the selection of a particular element out of the set
of week days proceeds according to several intricate selec-
tion criteria. The problems concerning true and un-true sta-
tements (‘'Knights and Knaves', etc.), as discussed in section
5, are unusual in that they present a first-order description
of a higher-order problem, We here give details of the deduc-
tion steps. Schubert's Steamroller problem of section & shows
some of the arising ambiquities if a problem is cast in the
clause form of first-order predicate logic. Until recently
this problem was considered a challenge to existing ATP-
systems. From the schoolboy problem of section 7 we learn
that some problems allow even for a solution in propositional
logic if the encoding is chosen appropriately. The problem of
section 8 again asks for some object-person identification
according to specified criteria. The 'Tiles plus Hole' prob-
lem in section 9 requires the shifting of tiles according to
well specified rules which simply express the physical con-
straints of this system. The actual search of the most opti-
mal solution is left to the ATP-system. The description and
simulation of such a system by purely mathematical techni-
ques, doubtless would pose problems even to an experienced
researcher. The checkerboard problem of section 10 leads to
the investigation whether an arbitrarily shaped area can be
covered by a set Of elementary bulding blocks, and it can bLe
viewed as an abstraction of similar problems in circuit
layout-design. Thinking problems like °‘Missionaries and Can-
nibals' (section 1ll), require determining who must go where
at what time and their solution indicates how problems in
everyday scheduling must be approached. The ‘'Billiard Ball‘
problem of section 12 demonstrates in a nice way how far one
can get with ATP-systems if the set of axioms is optimally
chosen. It presents difficulties which are also encountered
when planning for instance a trip in a city with visits to
several people, taking traffic constraints etc, into account,
whereby the trip must be completed in a specified amount of
time. Section 13 summarizes some general insights from ATP-
experiments, and section 14 is reserved for the summary.

After these general introductory remarks lets us go to the
examples!
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2. Simple Job-Assignment

We consider in this section a simple, if not trivial, rea-
soning problem in order to illustrate the method of submit-
ting a problem to an ATP-system.

The problem is as follows:

Roberta (R) and Steve (S) hold, between them, two
jobs. Each one has one job. The jobs are teacher
{To) and nurse {(No). Tne job of nurse is held by
2 male, Who holds which job?

The sclution of this problem is obvious: Roberta is the tea-
cher and Steve is the nurse.

The submission of this problem to an ATP~system demands
for a set of constant (Cst) and predicate (Prd) definitions
such as:

R ...Cst: Roberta, F[x] ...Prd: Person x is female,

S ...Cst: Steve, M[x]} ...Prd: Person x is male,
No...Cst: Nurse, HJ[x,y]...Prd: Person x holds job y.
To...Cst: Teacher,

We now give the clauses describing the problem and the inter-
relations, and subsequently discuss their meaning:

(1,2) HI[x,Nolv HI[x,To) (x®R,S)

(3,4) ~HI[x,Nol vRILx, To) (xER,S)

(5,6) HI{R,y lv HJI[s,y ] (y®™No, To)

(7,8) oBI[R,y ] voHI[S,y ] (y=No, To)

(9) ~wBIx,No] v M[x]

(10) Plx] v Mlx]

(11) o~ Flx] v Mix]

(12) F{R]

(13) M(s]

(14) ~HI[S,No] (denial of claim)

Clause (1) expresses the fact that any of the two persons
x=(R,S) can, in principle, hold one or the other job. The
complementary clause (3) however specifies that if a person x
holds one of the two jobs, it can not exercise the other.
This becomes immediately obvious from the equivalent forms:

(3a) BI[x,No]) --» ¢ HI[x,To)
(3p) BI[x,To] -=» o HI[x,No0]
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Clauses (1) and (3) together therefore state that each person
can hold only one of the two possible jobs:

Person Job Person Job Person Job.
R Nc R -—= No R No
s To s —» 10 T s 0<W1o
——— ) _J
Clause (1) Clauses (1+3)

Clause (5) says that any of the two jobs y={No,To) in the
puzzle can be held by one or the other person, whereas clause
(6) imposes that each job is held by only one of the two
persons. The identification therefore must be in one-to-one
correspondence. Clause (14) denies the claim that S holds the
job of nurse; its use will lead to a proof by contradiction.

In order to derive new information we use UR-resolution
which considers a set of clauses simultaneously and demands
that one of them be a non-unit clause; the newly derived
clause is then required to be a unit clause. The deductive
reasoning steps of an ATP-system are then as follows:

[12;1] + [11;1] =) [15] : e~ M[R]

[15:1]) + [ 9;1] =) [16] : e HI[R,No]
{16;1] + [1,2;1]) = [17] : HI[R,To]
[17;1] + [5,6:1]1 = [18] : BJ[S,No)

The clauses (17) and (18) thus are the sought information.

In this deduction we have not made any use of the clause (14}
(denial of claim). If, instead, our derivation had started
with the clause (14) the derivation chain would be as

follows:
f14:1]) + [ 6;2] => [19] : HJI[R,No]
[19:1] + [ 9;1] => [20] : M[R]
[20;1] + [11;2] "= [21] : ~PLR] .
CZ21;1] + [12,1] =» [22] : 0 (Contradiction) 3
3. Complex Job-Assignment ' ’ B

Having understood how to deal with a simple assignment
problem, we now want to learn how an ATP-system deals with a
much more complex example. The problem is as follows:




373

Roberta({R), Thelma(T), Steve(S) and Pete{P) hold among|
them eight different jobs. Each person holds exactly
two jobs. The jobs are: Chef(Ch), Guard(Gu},
Rurse(Nu), Telephone-Operator{Op), Police Officer(Po}
(male or female), Teacher(Te), Actor(Ac), and
Boxer(Bo). The job of nuse is held by a male. The husﬁ
band of the chef is the telephone operator. Roberta is
not a boxer. Pete has no education past the ninth
grade. Roberta, the chef and the police officer went
golfing together. Who holds which jobs?

We first seek the solution of this problem in the way an
intelligent human being would solve it. One way is to make a
coordination-table (see Table 3.1) with the names of the per-
sone listed on the top-row and the possible jobs enumerated
on the leftmost column. The idea is to fill the squares with
y(es) or n{oc) as the conclusions are drawn from the statement
of the problem. For each of the four people in the problem
one proceeds by crossing off possibilities until only two re-
main. At that point, the remaining two squares can immediate-
ly be filled with y(es). Note that this problem abounds imp-
licit information, some obvious and some somewhat more subt~
le. For example, R and S are female while S and T are male.
All eight jobs are filled, which means they are held by one
of the four people. No job is held by more than one person.
The problem also con-tains some rather hidden information
which, if wot used, will not allow for a solution of the
problem,

We first focus on R (which is a female name!). From the
problem’s statement we deduce:

R is not Bo (stated in problem)

R is pot Nu (R female, but male required)

R is not Ac (R female, can not be actor)

R is pot oOp. (R female, can not be husband)

R is not Ch, Po (since they went golfing together)

|

R can therefore only l.>ld the jobs: Gu{ard) and Te{acher).
The formulation of the problem says that there are four per-
sons, eight jobs, and that each person holds exactly two
jobs. Implicit in this is the fact that no job is held by two
people. As a result, the jobs: Gu, Te can be crossed off the
list of possible jobs for all other persons: T, S, P.

We now focus on the person T (which again is a female name!)
and apply the same arguments as for R:

-
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3

2%
O
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Ru (T female, but male required)

Ac (T female, can not be actor)

Op (T female, can not be husband)

Ch  (Ch has husband and T is only female left)
Po {Ch and Po went golfing together).
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T can therefore only hold the jobs: Ch(ef) and Bo(xer).
Focusing now on the persons P and §, we muist make use of the
deeply hidden information that in the USR in the 1980s the
jobs of nurse, police officer and teacher each reguired more
than a ninth-grade education. Thus P cannot hold the jobs:
Nu, Po. As a result, P holds the jobs: Ac(tor) and
Opl(erator). The remaining unassigned jobs are then attributed
to S: Nu(rse), Pol(lice officer).

In order to submit this problem to an ATP-system we first
have tc define the constants, predicates and functions. For
the constants we use the same definitions as given above in
the description of the problem. The used predicates (Prd) and
functions (Fct) are:

MIx] ... Prd: Person x is male.

Flx] ... Prd: Person x is female.
HJ[x,y]l ... Prd: Person x holds job y.
GT[u,v] ... Prd: u must be greater than v.

Hlx,y] ... Prd: x is the husband of y.

j1lx] ... Fct: Job jl depends on person Xx.
nlyl ... Fect: Jobholder-person jh depends on job y.
grix] ... Fect: Education-grade gr of person x.

These definitions allow us to give the first set of clauses
with their meaning being discussed subsequently:

(1) F[R] (13) R[x,jh(ch)] -> HIL[x,0p)

{ 2) FI[T) {14) HI[x,0p J - H[x,3jh{ch))
{ 3) Mls] (15) FLjn(cnhn) 1

( 4) M(P] (16) HIx,y) -y #MIx)

{ 5) Flxlv Mx) (17) H[x,y) -y Flyl

( 6) eF{x)vepMix] (18) w~gGrigr(pr),9]

( 7) eHI[R,Bo] (19) HI[x,Nu] -» GTlgr(x),9]
( 8 HILx,Nu) --» M[x] {20) HJI[x,Po] -» GT{gr(x),9]
{9 HI[x,Ac) == M[x] (21) HI[x,Tel =¥ GT(gr(x),9]

(10)  HJIlx,j1{x)]
{11) HI[x, 32(x)])
(12) HI(h(y),y]

The clauses (1-6) are simple; they define the persons R, T to
be female and the persons S, P to be male, The clausas {(5-6)
certify that each person is either male or female, but not
both. The clauses (7-9) formalize the condition that R is not
a Bo(xer) and that the jobs: Nu(rse), ac(tor), must be hold
by a male. The clauses (10-12) stats that for every person x
there ~xist two different jobs jl and j2 which, in fact de-~
pend on the particular person x; eguivalently, for every job
y there is a person (jobholder) which also depends on the job
Y. The clauses (13-16) formalize the statement: the husband



373

of the Ch{ef) is the Op(erator), whereby the statements
(15-16) say that husbands are male, and wives are female. The
clauses {18-21) express the constraint that Nu(rses), Po(lice
officers} and Telachers) must have education-grades above 9,
but the grade of P(ete) is lower than 2.

In order to give the second set of clauses we must define
a few more equality~predicates (Egq-Prd):

EP[x1,x2] ... Eq-Prd: for the persons{R,T,...)
edlyl,y2] ... Eq-Prd: for the jobs(Ch,Po, ...)
EqQfu,v ] ... Eq-Prd: general

The second set of clauses then reads:

(22) ~wHILR,Ch]

(23) ~HI[R,Pal

{24) oHI[x,Ch]lve HI[x, Po]

{25) ~EP(R,T ] (32) EP(x,x]

(26) ~EP[R,S ] (33) EJ[x,x]

(27) ~EP(R,P ] (34) EQlx,x] .

(28) ~EP(T,5 ] (35) HI(x,ylAwEJLy,32(x)]-» EJ(y,jl(x}]
(29) »EP[T,P ] (36) mEP(x,2]JA EJI(x,y] ~ynHJlz,y]
{30) wEPLP,S ] (37) PL3h(y)IA v HI[R,y] -¥ BI[T,y]
(31) »EJ[j2(x),j2(x)] (38) ML[in(y)Ia e~ HILS,y) -» HI[P,y]

Clauses (22-24) encode the information of: "R(oberta), the
Ch(ef) and the Po(lice officer) went golfing"™. In particular
clause (24) says that for any person x, X can either be the
Ch{ef) or the Po{lice officer) but not both. The clauses
(25-31) ascertain that the four persons T,S,P,R, as well as
the two jobs held by a person, are all different. The clauses
(32-34) express the reflexivity property of the equality
predicates. The clause (35) says: if a person holds a job,
and if that job is not equal to the second job held by the
person, then it is equal to the first job held by the person.
Similarly, clause (36) imposes that for any two distinct per-
sons, if one of them has a particular job, then the other can
not have this job. The clauses (37-38) allow a reasoning
program to add information based on facts such as: "a parti-
cular job is held by a female other than R{oberta)”.

The third set of clauses concerns the way which is used to
£find a solution of the problem. We here will follow the steps
an intelligent human being would choose, by crossing off in a
formal way the squares in a person-job table. We therefore
are obliged to introduce a few new predicates and functions,
as well as to explain the notation and utility of a list
function. Let us focus first on the ~function (denoted by
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curly-brackets) which has two arguments. In the first argqu-
ment is an item of the list and in the second argument is the
rest of the list or the '*' -item (meaning 'end’'). The list-
function then consists of a chosen number of -functions,
each one being positioned in the second argument of the pre-
ceding ~-function such that for instance:

11: L .*) : = %d,t*} }} .* end
il . B, * ={a, , .
li(d:--P-: & *)= {d'{Ff v {E' '1‘-..}

The new predicates (Prd) and functions (Fct) then are:

¢ pJ[..] ... Prda: list of possible person-jcb pairings.
PP[..] ... Prd: list of possible job-person pairings.
T™o[..] ... Prd: list of persons whose jobs are determined.

(x,y) ... Fct: for possible person-job pairings.
(x,y) ... PFct: for successful person-job pairings.
jf(x) ... Fct: for bookkeeping of persons whose jobs
are determined.
Furthermore, we introduce the simplifying notation:

PILLA,p,..., £.0] = PIL Li(d, ,..'.',g,-)]

PP]-[‘: .-...&,"] = PP{ 11(“: r---:t:')]
TDl[‘.%.....t.'] = 7T li{x.,B,evcr &,%) ]
EQ1l(...),(...)] m eol 1i(...) , 1i(...) ]

by simply leaving aside the li-function and putting a 1 at
the end of the predicate name. We are now in the position to
present the clauses of the third set:

(39-42) pJ1[(x,Ch),(x,6u),...,*] x%(R,T,S,P)
{43-50) PPl[(R.Y)n(T:Y).(S.Y):(P:Y). *] Y’(Ch:GﬂuNﬂ---)
(51) o~ BI{x,y] =) EQl(x,y),crossed]

(52) Eol { crossed,x} , x ]

(53) PI1[(x,y),(x,2),*]JA & EP[x,w] -¥ EQ[(w,x),crossed]
(54) PIL[(x,y),(x,2),*]A wEP[x,w] =~ EQ[(w,2),crossed]
(55) Pch(le)l‘xoz)l’] -3 HJE!.YJ

(56) PI1{(x,y).(x,2),*] -¥ BI[x,2]

(57) PI1l(x,y).*] -¥ HI[x,¥y]

(s8) T01LJ£(R), J£(8), J£(T), JE(P),*]

(59) PIL[(x,y),(x,2),*] -> EQ[jf(x),croseed]

{60)- ~T™1{*)
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(61) BIlx,y] -> EQL(x,y).{x,y)]

(62) EQL{{ (x,¥). (V)W) , ( (x,¥),(x,¥),w) ]
{63) EQLl{ (Xry). (X, 2).v.w) , ( (X ¥).(X;2).*) ]
(64) PILI(X,Y). (X, 2).*] -> EQ[jf{x),crossed]
(65) PILI(X, V). (x,2).*] -y HJI[x,z]

The clauses (39-42) enumerate all possible job~to-person pai-
rings in the form of a recursive list; the predicates pJf..]
resp. PJ1[..] and the pairing-function (x,y) have been in-
troduced for this purpose, Similarly the clauses (43-50) enu-
merate all possible person-to-job pairings in the form of a
recursive list. If a particular person does not hold a parti-
cular job the corresponding pairing-function (x,y) is replace8
by the expression 'crossed'; this is the essential action of
the clauses (51-52) whereby (52) eliminates the pairing-
function from the lists in (31-50). When a person’s two jobs
have been determined, those jobs are no longer possible for
any other person, and consequently they must be crossed off
from the list of all other persons; this is what is done by
the clauses (53-54). The clauses (55-57) then serve to con-
vert information from the PJ-predicate to the HJ-predicate.
The clause (57), in particular, directly connects a person to
a job when the other persons who could hold that job have
been elimiated. The clauses (58-60) are introduced for
bookkeeping. If a person's two jobs have been determined,
that person's name is erased from the list of the TD, resp.
TDl-predicate. The function jf(x) (jobsof(x)) was introduced
in order to be replaced by 'crossed' once the crossoff-
condition (59) is satisfied. The clause {60) is the halting
condition once all jobs of all persons have been found. What
happens if the ATP-system finds the two jobs of a person, but
in terms of the HJ-predicate? The clauses (61-65) take care
of that situation. The information is first converted from
the (x,y)-function to the (x,y)~function by the demodulator
in clause (6l). The demodulators (62-63) eliminate all other
possible pairings (x,y) once the two job-pairings of one and
the same person are found. This elimination of all other pos~
sible person-job pairings, in particular then applies to the
arguments of the corresponding PJl-predicates, which aliows
for the replacement of the corresponding jf(x)-function by
'crossed’' as done in clause (64). Clause (65) is needed to
care for the situation where a person's job is determined ei-
ther directly in terms of the predicate HJ or by eliminating
jobs.

Some of the reasoning steps of an ATP~system are given in
the following account where, in particular, it' is shown how
the crossing-off of anticipated person-job pairings takas
place and how the elimination of a person from the TDl control-
predicate comes about, once its two jobs have been determined,
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L 7] + [51) =» [&6])] EQL(R,Eo), crossedl
{661 + [39] => . 3?a] PJLL(R,Ch),(R,Gu),....(R,Ac),crossed *]
[52] + [67al=> [67] PJIL[(R,Ch),.....(R,Ac},>]

{22] + [51] =» [68] EQ[(R,Ch),crossed]
[68] + [67] => [6%9a]) PJl[crossed, (R,Gu}, ..., {R.AC),*]
[69a)+ [52) => [69] PJL[(R,Gu),....(R,Ac),*]

23] + [51] = [70] EQ[(R,Bo),crossed]

{70] + [69] = [71a] PJI1[(R,Gu), (R,Nu}, (R.Op), crossed, (R,Te), (R,Ac),*]

[(71al+ [52] =» {71] PJILL[(R,Gu), (R,Nu}.{K,O%), (R,Te), (R,Ac),*]

{ 11 + [ 6] =» [72] w9 M[R]
[72] + [ 8) = [73] ®HI[R,Nu]
{721 + { 93] =» [74])] w~ 6J{R,Ac]
£72)1+ [16] =2 [75] o HIR,y]
[75] + £141 => [76] w9 !J[R,0p]

[733 + [51] =y [{77] EQL(R,Nu),corssed]
[74] + 51} => (78] ©EQ[(R,Ac),crossed]
[76] +# [3513 => [79] EQ[(R,0p).crossed]
[71]1+4L77-791=> [B80] PJLL(R,Gu),(R,Te),*]

[80j+[53]+(25)=>[E€1] EQL(T,Gu),crossed]
'80]+(54)+025)=>[82) EQL[(T,Te),crossed]
(80]+[53]+[26]=2[83] EQ[(S,Gu).crossed]
[80]+[54]+{26]1=>[84} EQ{{S,Te),crossed]
[801+[52]+[27]=>-85] €Q{{P,Gu),crossed]
180)+[5471+[271=>[862 EQ[(P.Te),crossed]

[80] + [59] =Y [82] EQ[j£{R},crossed]
{58] + [82] => [83a} TDllcroszed, J£(8), Fj€(T), 3£(R),*]
{83al+ [52] =Y [83] TDLL3£(S),.3E(T),jE(pP),*]

In the ahove text we have shown how the “Complex Job-
Assignment” problem is solved as close as possible to an
inteiligent human being. In particular we have made heavy use
¢f the demodulators. We now present the solution of the same
problem using a straightforward approach.

The earlier clauses (1-38) which characterize the interre-
lations in the complex cocrdination problem are still valid.
The subseguent clauses however which mainly set up the solu-
tion path are here changed. For this purpose we need to defi-
ne a few new predicates (Prd):

.

HI7(x:31,..,37] = HI[x,351)v ... vHI[(x,37]
HP{x,yl,y2] ... Prd: Person x holds jobs yl and y2,
Sofproblem] ... Prd: Problem has been solved.
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We now give the new set of predicates and subseguently dis-
cuss their meaning:

{ 1} HJI(R, yJVHJ[T ylv HI[S,ylv BHJILP, yJ {y=Ch,Gu,...)
( 2) HI7x: Gu,Nu, Op, Pc, Te,Ac, Bo]
{ 3) HJI7{x; Ch, Nu,Op, Po, Te,Ac, Bol
( 4) uJ7{x; Ch,Gu, Op, Po, Te,Ac,Bo]
{ 5) HJI7[x: Ch,Gu,Nu, Po,Te,Ac,Bo]
( 6) HJI7[x; Ch,Gu,Nu,Op, Te ,Ac,Bo]
( 7y HJI7(x; Ch,Gu,Nu,Op,Po, Ac,Bo]
( 8) HJI7[(x: Ch,Gu,Nu,Op,Po,Te, Bol
( 9) #JI7{x: Ch,Gu,Nu,Op,Po,Te,Ac ]

(10) HT(R,yl,y2] AHTLT,y3,y4]AHT(S,y5,y61AHT{P,y7,yB] -} SO({problem)
(1i) HT(x,ylAaBI[x,2]A ~EJ[y,z] —) HT[x,y,z]

(12) ~ EJ[Ch,Gu]l (25) ~ EJ{Nu, 0p]
(13) e~ EJICh,Ru) (26} w~ EJ[Nu,Pol
(14) e~ E3[Ch,0p] (27)  ~ EJ[Nu,Tel
(15) ~EJ[Ch,Po] (28) v EJ[Nu,Ac]
(16) ~sEJ[Ch,Tel (29) ~ EJ[Nu,Bo]
(17) N~ EJ[Ch,Ac]
(18) ~ EJ[Ch,Bo] (30} N EJ[Op, Pol
(31) o~ EJ[OP,Tel
(19) ~ EJ[Gu,Nu] (32) ~ EJ[Op,.Ac]
(20) ~ EJ[Gu,0p] (33) ~ EJ[op, Bol
(21) & EJI[(Gu,Pol
(22) ~EJ[Gu,Tel {34) ~ EJ[(Po,Tel
(23) w EJ[(Gu,Ac] (35) ~ EJ(Po,Ac]
(24) o EJ{Gu,Bo] {36) o EJ[Po,Bol

(37) N EJ[Te,Ac]
(38) ~ EJ[Te,Bo)

{39) ~ EJ[Ac,B0]
* (40) ~ SO[problem]

The clause (1) simply expresses the fact that for any job in
the problem, any out of the eight, the job is held by one of
the four people. This can he understood by the form

SHILR,yIA N HILT,yJA M HILS,y] -~Y HILP,y]

meaning that if the job y is not held by three of the per-
song, it must be held by the fourth one. Since the particular
form of this clause can be manipulated into several different
forms which all make the same statement, it applies to all
four persons simultaneocusly. The elimination of six jobs for a
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person implies that the person holds the remaining two; this
is encoded in the clauses (2-9). If a person does not hold
job yl and does not hold job y2 and does not hold ... job y6,
then the person holds job y7 and job yB8. In formal form this
reads: .

& HI[x,yllA e~ HIOx,y2IA ... AowHI[x,y6] --¥ HI[x,y7]
~HIOx, y1JA N JHIX,y2]A ... ANHI[Xx,y6] --¥ HJI[x,y8]

If the implication sign =~} is eliminated we find the disjunc-
tion of literals. Conceptually, the given steps must be re-
peated for all subsets of jobs from the set of eight. Since
there are 28 such subsets, there would be 56 clauses. However
careful inspection of the 56 clauses shows that only eight
distinct clauses result - each clause appears seven times.
The final eight clauses (2-9) are thus generated by simply
omitting each time one from the set of eight, as indicate by
the empty space. Clause {11) defines the HT-predicate. If a
person holds a job y and a job z, and if the jobs y and z are
not eqgual, then the person x holds the two jobs y and z.

The clauses (12-39) ascertain that all jobs are different,
and clause (40) serves as a condition for the contradiction.

4, Lion and Unicorn (5]

This subsection serves to present a thinking problem which
was cast in the entertaining form of a fairytale. We give the
relevant excerpt: -

When Alice entered the forest of forgetfulness, she did
not forget everything. She often forgot her name, and
the most likely thing for her to forget was the day of
the week. Now, the lion and the unicorn were frequent
visitors to this forest. These are two strange
creatures. The lion lies on Mondays, Tuesdays and Wed-
nesdays, and tells the truth on the other days of the
week. The unicorn, on the other hand, lies on Thurs-
days, Fridays and Saturdays, but tells the truth on the
other days of the week. One day Alice met the lion and
the unicorn resting under a tree. They both made the
same statement: Yesterday was one of my lying days!
From these two statements, Alice, who was a bright
girl, was able to deduce the day of the week. What was
it?
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The solution of this problem is immediately seen by consi-
dering the Table 4.1 where we have indicated at which days
the lion and the unicorn say the truth (T) and at which days
their statements are not true {(N). Since there is no day at
which both animals lie (N-N) we have to look for the day whe-
re both say the truth (T-T). Sunday is such a day. However,
since the statement of the lion does not fit with what is
known, namely that he says the truth on Saturdays, we have to
discard this possibility. We thus have to look for the combi-
nations (N-T) and (T-N). By careful inspection we note that
Thursday is the only day which fits the statements of the two
animals.

Before we can fomulate this problem in the language of
firstorder logic we must define the predicates, functions and
constants. We identify the predicates (Prd) as:

Mo[x] ... Pra: the day x is a Monday
TU[x] ... Prd: the day x is a Tuesday
salx] ... Prd: the day x is a Saturday

so{x]) ... Prd: the day x is a Sunday

M[x] ... Prd: x is a member of the set y.
L(x,y,z]...Prd: x says at day y that he lies at day z.

Similarly the meaning of the functions (FPct) and constants
{Cst) is:

la(t) ... Fct: lying-days of the animal t.

yd{x) .++ PFct: yesterday day before the day x.
td ... Cst: today.

l,u .., Cst: lion, unicorn (animals).

We first axiomatize the week Gays by using the “common
sense reasoning" that, for instance, Wednesdays and Fridays
means not Saturdays and not Sundays etc. The axioms then

(1) Mo[x] ¢~= MmTU(Xx]V ~ WE[x]V... V& sulx)
{ 2) Tulx) ¢--> SWE[x]y s THIXx]vV ... v uMO[X]
{ 3) WE[x] ¢--> w~TH[x]y W FR[x]V...y~nT0(x]
{ 4) TH[x) ¢-=> ~FRIx) vy W SA[x]vV... vy~ WE[X]
{ 5) FRIx] ¢-=> evsAlx]lvy ~SU[x]vy... vy~ THIx]
( 6) SA[x] ¢-=> sUlx)v pMO[x]V...vwn FR[X]
{ 7)) sulx] ¢--» aMOlx]y N TULx]v ...y N SA[X])
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The axioms for the function yd(x) {(yesterday) read:

( 8) wMofyd(x)] <--> TU[x] (12} FR{yd(x)} <--> sAlx]
{ 9) TULyd(x)] <--> We[x] (13) <Salyd(x)] ¢--) sulx]
{(10) WwE[yd(x)] ¢--> TH[x] (14) sufyd(x)) ¢(--» Mo[x]

(11) TH[yd(x}] ¢--) FRI[x]
The axioms for the function 1ld(t) are:

(15) MI[x, 1a(1)] <¢--> Molxlv Tulx]VvWwEIx]
(16) M[x, la(u)] <¢--» TH{x]VFR[x]v Salx]

The axioms for the predicate L[(x,y,z] are:

{17) ~MIx,1d(t)] A Llt,x,y] ==} Mly,1d(t)]
(18) ~oMIx,1d(t)JAMLIE, x,y] == o Mly,ld(t)]
{19) M[x,18(t)J A LLt,x,y] --> ooMly,2d4(t)]
(20) M[x,1a(t)JA L{t.x,y) ~--) MLy, 1d(t) ]

The statements of the lion and the unicorn are encoded as
follows:

(21) L[1,td,yd(td)]
{22) L[u,td, yd{td)]
(23) eoTH[(td)}]

All what remains to be done is to convert the formulas (1)-(22)
in clausal-form, adding the clauses MO[{x], ..., SU[x], and
also putting the negated conjecture as already shown in for-
mula (23;. This problem was successfully run by an existing
ATP-system. Since the list of deduction steps is rather long
we refrain from an exposition of the proof.

5. Truth-Teller (Knights) and Liars {(Knaves)} [6]

Ve consider in this sub-section a identification problem
which shall illustrate in another way the process of gaining
information from an ATP-systen.

The problem stated in everwvday language is as follows:

On a certain island the inhabitants are partitioned into
those who always tell the truth and those who always
lie. You land on the island and meet three inhabitants:
A, B, and C. You ask A: "Are you a truth-teller or a
liar?". He mumbles something that you cannot make out.
You ask B what A said. B replies: "A said he is a liar".
C then volunteers: “Don't believe B, he's lying!"what
can you tell about A, B and C?
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Before we can formulate this problem in the language of an
ATP-system, we have to introduce some functions (Fet):

1(x) ... Fct: x is a liar
t{x) ... Fect: x is a truth-teller
sd(x,y) ... Fct: persgn x said statement y.

We formulate the problem using a single predicate that is
used to ‘ndicate that a given statement is true. TR{..] thus
means taat its argument is a true statement,

The ATP-program reads:

(1)  TrR{t(x)Iv TRrR{1(x)]

(2) oTRIt(x)Iv A TRIL(x)]

(3) TRCt(x)IA TRI[sd(x,y)] --> TRI[y]
(4) TRLI{x)]JA TR[sd(x,y)] =--> TRIy]
(5) mTR{yl] A TREsd(x,y)] --¥ TrRlt(x)]
{6) Trlyl] A TR[sa(x,¥)] -=> TR[1(x)]
(7) TR[sd(B,sd(A,1(a}))]

(8) TR[sd(c,1{B)})}

The clause {1) expresses the fact that either statement t(x)
is true or statement l(x) is true or that both are true.
Clause (2) pins down that everyone is either a liar or a
truth-teller, but not both. The meaning of the clauses {3-6)
should be clear and the clauses (7-8) simply encode the event
that tock place.

In order to see how an ATP-system might solve this problem
we apply its basic algorithm, We therefore place the axioms
(1-6) in the general axiom list, and the last two in the set~-
of-support list. There are no demcdulators for this problem.

Hyperresolution is the most useful inference rule. The weight
of each clause is calculated by the number of symbols in its
argument-1list, excluding commas and parenthesis. Thus, the
weight of clause (7) is 7 and the weight of clause (8) is 5
('TR' counts as a single symbol).

We now follow the deduction procedures of the ATP-system:

[ 8+3+1] =y [ 9]
[ 8+4+1+1] =Y [10]
{ 7+3+1] =) {11]
[104347) =) [12]
{11+3+41] =) [13]
[11+4+1) =) [14]
(13+2+410] =) [15]
[13+4411+13)=> [16)
{16+2+10] =) [17])

TR[{1(B)] Vv TR[1(C)]
TrRlt{c)] v TRlt(B)]
TR{sd(A,1(A))] v TR[1(B)]
TR{t(C)] v TR[sA(A, 1(A))]
TR[1(B)] V TRL1(A)]
TRI1(B)] v TRIt(A)]
TR{2(A)] v TRIt(C))
TR[1(B)]

TRLt(C)])

a0 46 % ev es s e e e
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From these clauses we thus can conclude that B is a liar and

that C tells the truth. Do we know anything about A? The ans-
wer is no. One, in fact, could run the same program two more

times - one denying that A is a liar, and one denying that A

is a truth-teller. In either case a proof could be obtained,

so that nothing can be concluded about what A said.

The above presentation of the derivation chain is only an
extraction of the actual computer-run since all the generated
clauses, which were subsumed by earlier clauses, were left
aside. Thus, a more complete account of the above derivation
15:

[8+3+1] = [ 9] : w=7 [13+2+1] =) sub
[8+4+1] =y [10] : w=7 [13+2+10] =y [15] : w=7
[8+5+1] =Y sub 10 [13+4+47+11]) =) sub 13
[8+6] =) sub 9 (13+4+1+48] =) sub 15
[13+4+9+8] =) sub 13
[7+3+1] =» [11] : w=9 [13+5+8] =) gub 15
{7+6] =y sub 11 [13+2+1] =) sub 13

[13+4+411+1] =) sub 14

[9+2+1] =Y sub 9 [13+44+11+13] =) [16] : sub(9,11,13,14)
[(o+4+1] =Y sub 1
[9+4+9] =) sub 9 [16+2+1] =} ‘sub 16
[9+5+8] =) sub 1 [16+2+10] =y [17] : sub (10,12,15)
[9+2+1] =) sub 9 [16+5+8]) =) sub 17
[9+4+8] =) sub 1
(9+4+8+9] =» sub 9 f17+2+1] =) sub 17
[17+3+48] =) gub 17
(1042+1] =y sub 10
[10+2+49] = sub 1
[10+3+8] =) sub 1
[10+2+1} =) gub 10
(10+2+9] =) sub 1
[10+3+7] =y (12] : w=9
[11+3+1] =y [13] : w=7
[11+441+1] =» [14] : ‘w=6
[11+4+1+7] =) sub 1
(114449+7] =) sub 9

[1144+11+7) =) gub 11

[11+45+1] =) sub 14
(11+61 =) sub 13
C11+5+7] =) sub 1
[1142+1] =} sub 1l
[11+2+10] =) sub 12

(1144+7+11]) =) sub 11
(11+4+1+48] =) sub 12
[11+4+9+8]) =) sub 11
[11+5+8] =) gub 12

e e ep e om
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In this section we discuss a second, similar thinking
problem which is considered "a hard nut to crack, even for
advanced logic hackers“[6]. The problem is cast in the form
of a little story: :

The only inhabitants of an island are either 'knights'
which always tell the truth or are 'knaves' which always|
lie. Both are either rich or poor. A man of this island
falls in love with a girl and wishes to marry her. The
girl however wants to marry only a rich ‘'knave'. Suppo-
se the man is indeed a rich 'knave'. How can he convin-
ce her in one statement that he fullfills her
conditions. What should he say?

.

The solution is obvious. The man should say: I am a poor
knave. Then the girl can deduce that he is a 'knave',K because
no 'knight‘can say that he is a 'knave', and because he can't
have said the truth, he must be a rich ‘knave’.

The formulation of this problem in first-order locic is
rather difficult due to a number of inherent complications
which we will discuss later. Nevertheless we notice that we
don't have the classical ATP~situation of proving the co-
rrectness of a theorem, but we require to construct a solu-
tion. This can be achieved by formulating the problem in such
a way that we are interested in the instantiation of z varia-
ble which is existentially guantified when the axioms and the
conjecture are formulated.

We first define the predicates (Prdj:
.

salx,y) ... Prd: x says y.
TRIx, u} ++. Prd: x is true {u is an open parameter)

and functions (Pct) plus constants {Cst):

k{x)}, h{x) ... Fect: x is a knight, knave
p{x), r(x) ... Fet: x is poor, rich

and{x,y) .+. Fot: logical conjunction
or{x,y) .+« Fct: logical disjunction
a ++.« Cst: man who wants to marry the girl.

The axioms of the problem then read:

(1) (¥x,u) TR{k(x),u] ¢~=> ~TRLh{x),ul

(2) (¥x,u) TRLr(x),ul ¢~->» M TRIp(x),ul

{(3) (¥x,y,u) TR[k(x),u] --> { salx,y) ¢--) TR[ym]}
(4) (¥x,y,u) TR[h(x),u) --> { salx,y] ¢--) 'rR[y.u]}
(5} (Wx,y,u) TrRland(x,y),ul¢-> TR[x,ul] A TR[y,ul
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and the conjectu e is given the form:
(6) (Ax) sala,x] ¢--) TRlar:il(re.ra),x]

Note, in the above formula w2 have introcuced the simplifying
notation: h{a) ha, which we also will use lateron,

Let us comment on the formulas (1)-{¢) where tnhe theorem (6)
is the most difficult part. First-order logic has limitations
which become transparent in this example: (i) it is nct real-
ly constructive, usually one proves the ccrrectness of a pos-
sible solution for a problem; (ii) guantificatiorn is allowed
only over individuals, not over functicns, predicates and
formulas; (iii) an impiication is true evep if the premise is
false. A remedy for (i) has been indicated earlier -- we simp-
1y introduce an existentially quantified variable and let the
deduction mechanism determine its value. The remedy “or [ii)
consists in the introduction of a predicate TR[x] {which

means “"1< is true that ...“, and the redefinition ¢f all pre-~
dicates and logical connectivaes as Boolean functions: k(x),
hix), p{x), »(x), and(x,y), orix,y), whereby the uction of

the latter two Boolean 'operacors’ has to be axiomatized exp-
licitly. As a resalt of {1ii), thz formulation of the thecrem
{6} poses probiems., Usina the implication-sjign instead of the
cquivalence-sign leads, after a few deduction steps, to the
conclusien that notody can szy thatc he is a ‘knave': Salz,
k{z)] . The eguivalence-sign is still not enough. the reason
being that the variable x appears only on the left-hand side
of (6). Thus wenevalizing TR[x.uv] such that it has two argu-
rents, as it would e for instance in relevance logic, leads
to the expected result. The meaning of (6) is as follows:
"There exists a statement x from the man {named ‘a') which
shall be eguivalent to the fact that he really is a rich
‘knave’ ",

Putting the ‘axioms' and the negated ‘conjecture’ in conjunc-
tive normalform leads to the following set of clauses:

1) : ~TRIk(x),¥] v & TR[h(x),y]

{

( 2) = ‘Trik(x),yl v TR(h(x),y]

( 3) : ~NTRIE(x),¥y] v o TRIp(x),y]

( 4) s TRIr{x).yl v TRIp(x},y]

{ 5) : ~vTR[k(x),2z]) v ~ SAlx,¥]l v TRLy.z]
{ 6) : ~TRIk{x},2] v salx,yl ym TRLy,z1
( 7) : mTR[k(x),2]) v ov SAlx,y] vy TRLy, 2]
{ 8) : NnTR[k(x),2z] Vv salx,y]l v TRly,z]

9) : sTRland(x,y).z] v TRIx,z]

(10) : eTR[and(x,y),z] v TRIy,z]

(11) : TRland(x,y),2]l¥e~ TRIx,zlJve~ TRLy,z]
(12) : e sala,x] V & 7TR[and(ka,ra),x]
(13) = sala,xl v 7TR{and(xa,ra),x]
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The proof steps are as follows:

[13;2)+0 9;1] = [14] : sAla,x] v TRlka,x]

[13:23+010;2) =» [15] :+ SA[a,x] ¥V TRIra,x]

[15;23+[ 3:13 =» [16] : sAla,x]) v s TRlpa,x]

[16;2]+[10:2. =>» [(17) : sAla,x]) v~ TR[and(z,pa),x]

[ 8;1)+[14:2] => [18] : sAl[a,x]v TRIy.x] v sala,y]

[18;23+(17:2] =y [19) : sAla,x] v sala,and(z,pa)]

[19] + Fac =) [20) : sSAfa,and(z,pa)] x {-- and(z,pa)
[20;13+[ 5:2] =» £21] : ~TR{ka,x] v TR{and(z,pa),x]

{21;13+f 2:1) =» [22] : TR[kxa.x] v TR[and(z,pa},x]

[22;2]+[ 9:1] = [23) : TR[xa,x) v TR[z,x]

£23} + Fac =) {24]) : TR{ka,x] z (-~ Xka
[24;1)+0 7;1) => [25] : ~SAla,x] Vv o~ TRIx,y]

£25;11+[20;13 => [26] : w TR[and(z.pa),y]

[11;1)+[26:1) => [27) :eTR[z,y)V o~ TR[pa,y]

[27:13+[24;1] => [28] : ™ TR{pa,y] z {-- Xa
[ 4:2)+[28;1]) =y [{29]) : TRlra,yl

[11;31+[29:1) => [30] TR[and(z,ra), x] va TR[z,x])

[30;2]+[24:1) = [31) : TR{and(ka,ra),x]

£31;13+012;2]) => [32]) : ~SA[a,x]

[32:13+[20:1]) = [33] .} x ¢(-~ and(z,pa)

6. Schubert's Steamroller [8-11]

In this section we present a problem which merits atten-
tion because it can be combinatorially very difficult. It
also illustrates the danger of using natural language for a
problem description, since, as is demonstrated in the follo~
wing example, it can give rise to ambiguities.

In 1978, L. Schubert presented the following problem
(which came to be known as Schubert's Steamroller) as a chal-
lenge to the existing ATP-systems. The problem, described in
natural language, is as fcllows:

Wolves, foxes, birds, caterpillars, ané snails are ani-
mals, and there are some of each of them. Alsc there are
some grains, and grains are plants. Every animal either
likes to eat all plarts or alil animals much smaller than
itself that like to eat some plants. Caterpiilars and
snails are much smaller than birds, which are much smaller
than foxes, which in turn are much smaller thant wolves.
Wolves do not like to eat foxes or grains, while birds 1li-
ke to eat caterpillars but not snails. Caterpillars and
snails like to ezt some plants. Therefore there is an ani
mal that likes to eat a grain-eating animal.
Is this true?




Before we can cast this problem in the formal form
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order predicate logic we have to define the needed
predicates:

Alx]
B[x]
clx]
F(x]
Elx,y]

Mo oMM N

is an animal G[x]
is a bird P[x]
is a caterpillar s(x]
is a fox wix]
likes to eat y M[x,y]

® X X XN

is
is
is
is
is

of first-

a grain
a plant
a snail
a wolf
much smaller thanm y.

We now give the formal form of the axiom- and the conjecture-
clauses and subsequently explain how they are derived:

1):
2):
3):
4):
5):

(12):
(13):

(14):
(15):
(16):
{17):
(18):
(19):
(20):
(21):

(22):
(23):
(24):
(25):

(26):

o Wix]valx] ( 6): wWlwl
o~ Flxlvalx] ( 7): FL£]
~ B[x]valx] _ ( 8): B(b]
~Cclx]wvalx] ( 9): clcl
~ s[x]valx] (10): s[s]

(11): Glqgl

o~ G[xlvP(x]
NV A[x]vePlylvnalzlveP[v]v E[x,yIve M[z,x]v~ E(2, vV
Elx,z]

vclxlveo Blyl v Mlx,y]
o~ s[xlv e Byl v Mlx,yl
~Blxlv e Flyl v Mlx,y]

~F[x] v

~viWlx] v
evilx] v
~Bx] v
~Elx]l v

aC(x]
~Cx]
~mSEx]
~oSix]

v
v
v
Vv

v Wyl v Mlx,y]
~ Flyl v ~ E(x,y]
e~ Gly] v ~ E[x,¥]
~Clyl v Elx,y]
~sSlyl vvEx,

P[h(x)]
Elx,h(x)]
Pli(x)]
E(x,i(x)]

N.A[x] v Alylve Glzlvev E[x,ylv &~ Ely,2]




387

where (x,y,z,v) are variables, (w,f,b,c,s,g9}) are Skolem-
constants and h{x), i{x) are Skolem-functions. The formulas
(1)~-(25) constitute the set of 'axioms' and the formula (26)
is the ‘conjecture’.

We indicate their origin by showing how the sentences of
the problem are encoded by formulas in first-order predicate

logic. Lateron these formulas are converted to normal clause
form by using the (equivalent) calculation rules and the Sko-

lemization trick:
Sentence-l: Clauses (6)-(11) and (1)-(5)

(Aw,f,b,c,8,a9) WIwlAF(£IAB(bIAC(cIAS[s]IAG(g]
{(¥x) wlxlvPlxIvBIlxIVclxlvs[x] --) ALx]

Sentence-2: Clause (12)
(¥x) G[x] --> P[x]
Sentence-3: Clause (13)

(¥ x) Alx]l -=> (¥y) l?[y] -3 E[x.y]} v
(¥y) {AlyIAMIy. zIA(Fz)(PLz] AEly.2])> --> Elx,y1}

Sentence-~4: Clause (14)-(17)

¥x,y)  {elzlvsixl}A Byl --» Mix.y]

x.y)  [BlxIAF[yl} --> Mlx,y]

¥) | Flx1aWCyl]} --> #Mlx,y)

Sentence-5: Clause (18)-(21)

Yr.y)  [rlxivelzl} A Wiyl --» Ely.x]

¥x,y) B{x) Acly] -~y Elx,y]

¥,y) -{Blx]Asly] -~ Elx,y]
Sentence-6: Clause (22)-{25)

(¥x) letxdvstxl} - (Iy) {pCyIaetx,y1}
The conjecture (26) follows from the expression:
(3xy { AxIaatyla (ECxyla(F2) Colzlasty.21)] }
which encodes the statement: “Therefore there is an animal

«++ ". There is a slight interpretation ambiguity which
stems from the expression: “grain-eating animal". In the
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above form we have used it in the sensc: an animal that e ts
some Grain. Altercatively it may be corstrued to mean: an ani-
mal that eats every grain, so that the conclusion is interpre-
ted as:

(gx,y){l\[x]AA[y]A E(x.y]A ('Vz) Colz) - Efynzljj }

Unfortunately matters are not so simple as they may appear
since there is a third interpretation given py the expression:

(3x.y) { AlxJAALyTA (W 2) [cm - (ECx,yIA z[y.zJ]] ]

Although all three versions have been dealt with in the lite-
rature, we will limit ourselves to the one given by the con-
jecture (26).

The derivation of the contradiction proof via an ATP-system is
quite long. We therefore refrain from pursueing this example
any further and refer the interested reader to the speciali-
zed literature.

7. School Boys [7]

We present in this section a thinking problem which can be
solved within the propositional logic if the appropriate
propositions are defined.

The problem is cast in the following little story:

All the boys, in a certain school, sit together in one lar-]
ge rocom every evening. They are of no less than five
nationalities - English, Scotch, Welsh, Irish and German.
One of the Monitcrs is very observant and takes notes of
everytning that happens. The following are some of his
notes:

(1) whenever some of .the English boys are singing ‘Rule,
Britannia‘, and some not, some of the Monitors are wi-
de awake:

(2) Whenever some of the Scotch are dancing reels, and so-
me of the Irish fighting, some of the Welsh are sating
toasted cheese:

(3) whenever all the Germans are playing chess, some of
the Eleven are not oiling their bats;

{4) whenever some of the Monitors are asleep, and some
not, some of the Irish are fighting;

(S) Whenever some of the Germans are playing chess, and
none of the Scotch are dancing reels, some of the
Welsh are not eating toasted Cheese:;
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l (6) Whenever some of the Scoich are not dancing reels, and
some of the lrish are not fighting, some of the Ger-
mans &re playing chess:

{(7?) Whenever some of the Monitors are awake, and some of
the Wclsh are cating toasted cheese, none of the
scot:h are dancing reels:

(8) Whenover some of the Germans are not playing chess,
and some of the Welsh are not eating toasted cheese,
pome of the Irish are fighting:;

(9 Whenever all the English are singing ‘Rule, Britan-
nia‘, and some of the Scotch are not dancing reels,
none of the Germans are playing chess:

{10) Whenever somec of the English are singing 'Rule, Bri-
tannia‘, and some of the Monitors are asleep, sone of
the 1lrish are not fighting:;

{11) whenever some of the Monitors are awake, and some of
the Eleven are not oiling their bats, some of the
Scotch are dancing reels:;

(12) whenever some of the English are singing ‘Rule, Bri-
tannia‘’, and some of the Scotch are not dancing reels,

Here, the Monitor's notes break off suddenly. The problem

is to complete the sentence, if possible.

We refrain here from giving the solution of this problem in
order to let the alerted reader to finé it himsel?.

One comes closer to the computer solution by dcfining the
following propositions:

... some English sing.
... some Scotch dance.
... some Irish fight.

E ... some English sing not.
S

I

W ... some Welsh eat.

G

M

o

+.. some Scotch dance not.

... some Irish €ight not.

some Welsh eat not.

... sOme Germans play not.

«.. some Monitors are awake. «». SOme Monitors are not awake.

... some of tne Eleven are ... some of the Eleven are not
oiling their bat-. oiling their bats.

+.. some Germans play.

SR E R R |

With these propositions the above statements (1)-(12) are cast
in the following formal form:

(1) eAE -y M (11) MAT --> s
( 2) saz -=>W T} {(12) Ea?

{3) ¢ -3 3vd {13) MAN

( 4) MAH -3 1 (14) sAS

(5 G ~-->» sv@ {15) 1AT

( 6) SaAl - G (16) waAW

(7)) mAw -—3. ¥ (17) G6AZ

( 8) &AW ~=enI (18) E

{9) EASAG — 5 (19) §

{(10) EaA® -3 ‘
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The derivation chain of an ATP-system now is as follows:

f18] + (13 = ([(20)] : E -~ M

(18] + [ 9] = (21] : TAG -->E

(18] + (10] =y (221 : R -~ Y

(19 + [ 63 = f23) : T -~ 6

(17) + [ 3) => [24) : Tvd

[22] + {13] = (27) : Tvwm

[27) +# [23] = ([31)] : MveG

£21)+{19)+(31)=> (38) : Ewvm

[38) + (20) => (43] : ™ B
£43)+(11)+(24]%> [44) : sv3&

(43] + [ 4] = [45) : H-->1

[43) + £ 7] =) ([46] : ~WV WS

(23] + [22) = (57) : M -G

(a6) + [ 2] =3 (68 : mSvwNI .
(46) + [16] = [69] : s --> W

(68) + [44] = (80 : I --> T

{69] + [ 5] => [(83) : G —>W

[80] + [ 8] = [90) : wIvewW

(831 + [57] = [93] : M-=> W

[90] + ([45] =) [97] :NWV MW

{97) + (93] =) [106]) : VH C—

Looking at proposition (43), one of the conclusions is: N B
"some Monitors are awake". Looking at the proposition (106)
we realize that we can make a stronger statement. Since : M ®
“some Monitors are not awake", its negation e~ N says : "no
Yonitors are not awake®, which means that ali Monitors are
asleep. Doubtless, this is a stronger statement than the ear-
lier one. Note that the propositions (12),(14) and (15) were
not needed,

8. Salt and Mustard [7]

In this section we consider the °‘Salt and Mustard Problem’
which comes from Lewis Carroll [13]. It is substantially harder
than the preceding problem, and it has an interesting history
as described in the indicated references.

The problem is as follows:

Five friends, Barry, Cole, Dix, Land and Mill, agreed to
meet every day at a certain hotel-table. They devised the
following rules, to be observed whenever beef appeared on
the table: .

PRy



(1) 1f Barry takes sa.-, then either Cole or Lang takes
one ornly of the two condéiments, sal: anc mustard: 1f
he takes mustard, then either Dix takes neither condi
ment, or Mill takes both.

{?) If Cole takes salt, then either Barry takes only one
condiment, or Mill takes neithevr: if he takes mustard,
then either Dix or Lang takes both.

{3) 1f Dix takes salt, then cither Barry takes neither
condiment or Cole taken both: if he takes mustard,
*sen vither Lang or Mill takes neither.

(4) if Land takes salt, then either Barry or Dix takes on-
ly one condiment: if he takes mustard, then either Co-
le or Mill takes neither.

(¢} If Mill takes salt, then either Barry or Lang takes
both condiments: if he takes mucstard, then either Cole
or I'ix takes only cne.

The problerm is to discover whether these rules are compa-
tible: and, if so, what arrangements are possible.

in
her

(

..
(S

(ii

In
cat

The

this problem several assumptions are implicit which we
e would like to specify:

i) °‘If Barry takes salt’' can have two meanings: (1) °‘He ta-
Xes salt only': (2) ’'He takes both condiments'. And so
with all similar phrases.

i) 'Either Cole or Lang takes one only of two condiments'
allows for three possible meanings: (1) 'Cole takes one
only, Lang takes both or neither'; (2) 'Cole takes both
or neither, Lang takes one only': (3) 'Cole takes one
only, Lang takes one only’. And so with aii similar
phrases.

i) Every rule is understood as implying the words ‘and vi-
ce verse'. Thus the first rule woulé imply the addi-
tion: ‘and, if either Cole or Lano takes only one con-
diment., then Barry takes salt’,

order to formulate this problem in the first-order predi-
e logic, we introduce the following predicates (®rd):

B{x]J ... Prd: x takes both salt and mustard.

N{x] ... Prd: x takes neither sait nor mustard.

Ofx] ... Prd: x takes exactly one of salt and mustard.
sfx] ... Prd: x takes salt.

“ixl ... Prd: x takes mustard.

censtants of the problem are:

b = Parry, ¢ = Cole, 4 = Dix, 1 = Lang, m = Mill.
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The axioms of the problem are given by the following list of
logical expressiors:

Exactly one holds: B[x] or N[x] or ofx] :

(1) = B[x] v N[x] v ofx]
(2) = olx1l --» o B[x]
(3) : olx] - o~ N[x]
(4) : B[x] -~y o N[(x]

Definition of O[x] :

(5) = olx] -~ s{x] v M[x]
(6) : olx] --) ~s[x]yvarMix]

Definition of N[x] :

(7) N[x] -~ a~ S[x]
(8) : N[x] -=y ™~ M[x]
(9) : ~S[xIV ~ M[x] -~ N[x]

Defintion of B[x] :

(10): B[x] --3 s{x]
{1L): B{x] ~=) M(x]
(12} ~Sixlve MIx] ~-Y Blx]

Clauses of Rule-~{(1l):

(13): s[b] -~ 0O[c] Vv of[1]
{(14): M[p] -~y N[d] v B[m]
(15): o[z] -~y s[bl
(16): o[1] -->» 5S[bl
(17): N[4] -~ M[b]
{18): B[ml --» M[b]

Clauses of Rule-(2):

(12): s(e] -~ 0[b] VvV N[m]

{20): M[e] -~ B[d] v B[1] .
{21): ofpl] =-->» slc]

{22): NIm) -~) s[e¢]

(23}: B[4&] -~ M[c]

{24): B[L -~y Mle]

Clauses of Rule~(3):

(25): s[al -~» N[b] v B[c]
(26): M{d] -~>» N[11 v N[m]
(27): N[b] --» s[4l
(28): Blc] --> sldl
{2%): nLil --> M[d]
(30): mImj --» M[dl



393

Clauses of Rule-(4):

(31): s[l] --> o[b] v ofd]
(32): wM[1] --y W[cl] v Nlm]
(33): ofr] ~--> sl1]
(34): ofd] --» s[1}
(35): N[ec]l ~--> M[1]
(36): N[m} -~y M{1]

Clauses of Rule-{5):

{37): sfm) -- B[b] v B[1]
(38): ML[m] -y of[c] v of[d]
(39): B{b] - s[m]
(40): B[1] ~=Y M)
(41): ofe] ~=» M[m]

142): ofd) == M[m]

The derivation chain of the new clauses is very long. We the-
refore refrain from giving the complete list of derived clau-
ses and limit ourselves to a few examples plus the complete
list of the relevant ones:

[17) + [1] => [43] :  M[b] v B[d] V o[d]

£29] + [1] => [49] : M{dal v B[(1] v of1]
: =y [316] : s[b]) =Y [611] : =~ 0ofDb]
; =» [319] : ~Nb] =y [612] : m~Mlc]
: =y [509] : of1} =) (613] : wBlc]
=» [510] : e~ B[1] =Y [615] : esN[m])
=» {5113 : e N[1] =) [627] : e8[c]
=» [600] : N[d] =) [629] : N[c]
=» [601] : BLb] =) [631] : M[1]
= [604] : ~o0[d] = [632] : wmo[c]
=) [605] : e~ B[d] =) [635] : wsS[1]
=) [606] : N Ss[d] =) [640] : ewM[m]
=) [607])] : ~M[d]
=) [608] : S[m]

Putting the derived clauses for the five persons saparately,
we find:

Barry: 8{bl, ~N[b], ~olb]l, s(b]
Cole : w~Blel, NM[C],l N[c:J, ~olc), ~nslel
Dix : B[4}, tvmld]l, N[d], e~o[d], evs[d]
Land : w~B{1], M[1], ~N[4], of1), ~s[1]

Mill ~Mim], ~N{m], S[m}
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These derived unit clauses allow us to conclude:

Dix and Cole take neither salt nor mustard,
Barry takes both,

Lang takes mustard but not salt,

Mill takes salt but not mustard.

This hard problem illustrates how the fact that a clause set
in non-Horn makes working with it difficult., Note that the
first unit clause is not derivad until fairly late in the
run, and then there is another long wait for the second one.
In the course of the run, more than 32'000 clauses were gene-
rated and then subsumed. The formulation given here may not
be the most optimal one, but it has the advantage of being a
very straightforward translation of the problem.

9. Tiles plus Hole

We consider in this section the ‘Tiles plus Hole' game
which consists of a scrambled set of 15 numbered tiles plus
one hole within a four-by-four tray:

9{10 111212

1311415

You are allowed to slide the tiles, up, down, left, or
right, with the goal of putting them eventually in order.

To submit this type of problem to an ARP, the starting
configuration must be represented and the possible moves of
the hole must be defined, since moving a tile in effect moves
the hole. Finally, a means is needed for the ATP-system to
know when the problem has been solved.

Before we give the clauses of this problem we define the
needed predicates (Prd) and functions (Fct) and we also make
use of the earlier defined list-function:
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(e, po.. g0 =1adp, o {esd] ]

nix) .... Fct: characterizes the tile x{number).

h ...» Cst: hole.

* = end ... Cst: 'end-of-list', 'end-of-line'
sTl...] .... Prd: state of tray with tiles-list.
EQL...] .... Prd: equality-demodulator.
sSTi[& , P vees = sTlli(d ,P,...,*)J
EQil (..), (..)J = EQ[1i(..), 1i(..)]

Note, for simplicity of notation we again use the convention to
drop the li-function in the argument list of the predicates and
add a 'l' at the end of the predicate name: ST =-¥ STl, etc.

We are now in the position to state the clauses and subsequent-
ly explain their meaning:

(1} sT1[ n( 1), n( 6), n( 2), n( 4), *
n{ 5), h, n( 3), n( 8), *,
n( 9), n(10), n( 7), n(1l), *
n{13), n{14}, n(15), n(12), *

(2) sT1[ n{ 1), n{ 2), n( 3), n{ 4), *
n( 5}, n{ 6), n{ 7), n( 8), *
n{ 9), n(10), n(11), n(12), *,
n(13), n(14), n(15), h, *

(3) EQ]-[ (hl n(x): y) . (n(x)' h, Y) ]
(4) EQ]-[ (hlxIYIzluln(w)'v)l (n(w):XpY.z.u,h;V) ]
Y 7 "

The clause (1) defines the initial state of the tray by gi-
ving the position of all tiles on the tray in the form of a
list whereby the end of the lines are marked by the *-symbol,
meaning ‘end-of-line’'. The function n{(x) introduces the tile
number at that particular position on the tray. Thus the tray
position is fixed Dby ‘the position on the list whereas its co-
ntent (meaning the tile number) is given by the argument of
n(..) . The end of the list is again indicated by the *. The
clause (2) determines the state one would like to reach. Note
the negation sign which allows for a contradiction proof. The
clauses (3) and (4) are demodulators which describe the side~
wise displacement of the hole (clause(3)) and its up-down mo-
vement (clduse(4)). This latter movement follows from an
interchange of the first and (the following) fifth position
in the list; remember that the * (°' end-of line') also takes a
position in the listl

Sofar, the discussion has been in terms of moves that
interchange the hole with a tile. However there are more
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complex moves, such as the diagonal move, which changes the
position of the hole and that of two tiles; the hole could be
moved up and to the right with the corresponding tile-
movements, of course. The program can in fact develop such a
clause on its own by applying paramodulation on the clauses
(3-4). To see what happens, we first rename the variables in
clause 3):

(3) EQil (h,n(x7), x8),(n(x7),h,x8) ]
(4) E0il (h,x,y,z,u,n{v),w),{n(v),x,y,z,u,h,w) ]

In clause (4) we seek the variable replacement which causes
the first argument of clause (3) and the first argument of
clause (4} to become identical. The unification succeeds when
¥ is replaced by n(x7), and x8 by (y,z,u,n(v),w). Next we ma-
Xe this variable replacement uniformely in clauses (3-4),
getting temporarily clauses {3a) and (4a}. Then we substitute
the second argument of clause {3a) for the first argqument of
(4a), and after renaming the variable x7 to x we obtain the
form

(5) EQ]-[ (n(x),h,Y- zluln(v)lw)l (n(v)ln(x)IYIzl ulhlw) ]

If paramodulation is applied to this last clause and any ST1-
clause, the attempt will either fail because there is not dia-
gonal move possible, or it will produce a new STl-clause.

10. Checkerboard

We consider in this section a thinking problem which
has a simple, well-known sclution. Nevertheless the solution
af this checkerboard problem, as we present it to an ATP-
system allows for the treatment of similar or related problems
whereby the solution can no ldnger be given by a simple
thinking~trick. The most simple version of the 'Checkerboard
Problem' reads:
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There is a set of domino~stones of size: cne~by-two units.
Can the modified checkerboard be fully covered by these
domino-gtones?

Th:is thinklng protlem can be considered as an abstraction
ani or simplification of a probiem of pratical value. We can
think of the selling o©f land in portion of sguares. or the
optimal arrangement of Zurnitures in a room, or the optimal
layout of pipes, or =f laying out a circuit with the con-
straint of not having wires cross, and the 1like.

There exists & simple solution of the above thinking
problem which we would like to mention before going to the
formulation of a more general solution path with an
ATP-system. Imagine the checkerboard consists of white and
non-adjacent black sguares. Before removing the top-left and
bottom-right white squares there are 32 white and 32 black
squares on the checkerboard. Each domino-stone placed on the
checkerboard covers one white and one black sgquare. If the
top-left and bottom-right (white] sguares are removed there
is arn imbalance between the number of white and black squa-
res, and consequently the checkerboard can no longer be fully
covered by the domino~stones.

The above thinking-trick is quite nice for the particular
problem: it nowever is not of general value. Had we removed
one black and one white square, or had we removed ten sgquares
“he argument could no longer be applied. We therefore present
now a more general way of solving this problem by an ATP-system.

We define the AC-predicate, AC for “achievable”, with es-
sentially two arguments., The first one gives the number of
the row under consideration, whereas the second one is a list
of the status of each square in that row: the symbols
r=removed, n=not_covered and c=covered indicate their status.
For instance:
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Acl row(l), sg(r,n,n,n,n,n,c,c) 2

represents the state of the checkerbocaré where row 1 has its

first sguare removed, and the last two squares are covered Dy
a dominc-stone. Note that the functions: row( ) and sq( ) we-
re introduced for convenience. For clearness of presentation

we drop the first one, but keep in mind that the first AC ar=-
gument gives the row-number.

Notice that the particular arrangement of the domino-
stones does not matter; they thus can be placed horizontally
and vertically. If we now were to consider all possible se-
quences of plays, the program would be forced tc examine more
than six trillion sequences. By choosing an order in which to
play the domino-stones, and also by ignoring dublicate paths
to the same particular covering, fewer than 500 partial cove-
rings result. In order to illustrate our noticn of 'dublicate
naths' we show in Fig. 10.1 two possible ways of covering
rows 1 and 2 {with other coverings being possible) which are
considered as equivalent. The important points for the two
{and all other) different ways of placing the domino~stones

are, that square 1 in row 1 has not been touched {(because it
was removed) and that square 1 of row 2 still needs to be
covered.

In the placing of the domino~stones, we will have the
ATP-program observe a few simplifying rules:

1., The program shail start placing domino-stunes at the top \
of +he checker.ward with row 1 where the left-most square
has been removed.

2} A row will not be left until 2ll of its available sguares
have been covered.

(%)

All horizontal plays that the program wishes to make must
precede any vertical play.

4) When a vertical play is made, all the remaining squares
(in a row) are also covered, and this simultaneously, by s
vertical plays. -

As a result, this latter rule 4) allows domino-stones to be

placed vertically, and conseguently to cover sguares in the .
next row. It, however, does not allow, for example, a domino-

stone to be placed horizontally in a row unless all of the

previous rows had their available sguares covered. The rule

4) is obeyed by, for example, playing domino-stones horizo-

ntally in a row as far as possible, and then playing verti-

cally into the next row. The above set of rules leads, for

any newly derived AC~-clause, to implications.
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acl{2, sqln,n,n,n,n,c,c,c)], for instance, implies that all
squares of row 1 are covered. It also implies that no square
of the rows 3-8 has yet been covered. This last implication
follows from the requirement of making &ll vertical plays,
that affect a row, simultaneously. The above AC-clause can be
achieved by placi:g in row 1 the domino-stones first horizo-
ntally to cover the squares 2-7, and placing subsequently a
domino-stone vertically to cover the eighth sguare of the
rows 1 and 2, and finally placing in row 2 a domino-stone ho-
rizontally to cover the squares 6-7. According to the above
rules 1)-4) the clause: Ac{2, sg(c,c,n,n,n,n,n,n)] can not

be generated. If it were, it would imply that the seven squa-
rves of row 1 are covered and that row 3 would be completely
uncovered. This can not happen: first, the sguare 1 of row 2
must be covered by a domino-stone horizontally since square 1
of row 1 had been removed and square 1 of row 3 is uncovered.
Second, the domino-stone on row 2 also covers square 2.
Third, since all remaining squares of row 2 are not covered,
<J1 seven squares of row 1 must have been covered horizontal-
iy, which is not possible. The clause: AC[2, sg(n,c,c,c,c,c,c,c)])
zan be generated in severali different ways: playing seven
‘jumino-stones vertically or placing six horizontally and one
vertically. Whichever seguence of plays occured, has no ef-
fect on the next play. Therefore, only the state of the board
is recorded, not the particular way it was achieved by pla-
cing the domino-stones. Thus, since only the partial covering
is considered and not the particular placing of the domino-
stones that achieve it, subsumption is used to discard all
but one of the paths to each partial cover.

We are now in the position to formulate the program for
an ATP-system, and subsequently we discuss some of its
particularities:

(1) : acll, sq(r,n,n,n,n,n,n,n))

( 2) : Ac(x, sq(p,n,y3..,y8)] -~} AC[x, sqlg.c.y3...y8)]

( 3) : Aclx, sq(yl,n,n,y4...y8)] -~ AC{x, sqlyl,c,c.¥4...y8)]

( 4) : Aclx, sq(yl,y2,n,n,y5...y8)] --) Ac[x, sqlyl,y2,c,6,¥5...y8)]

( 8) : aclx., sqlyl...y6,n,n)] --> Aclx, sq(yl...y6,c,c}]

( 9) : aclx, sq(yl...y8)] =~-» Aclx+l,sqlcpl(yl),cpl{y2),...cpl(y8))]
(10) : Bolecpl(c),n]

(11) : EQlcpl(n),c]

(12) : EQlcpl(r),n)

(13) : Ac[9.sq(yl...y8)] subsumer c¢lause

(14) :w~acl8,sqlc.c,e,c,c,c.e,n)] (in separate liste)
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The <clause {1  gives the initial condiiion of row 1l L=fore
any domino-stonegs have been placed. The clauses (2-8) permit
an ATP-program to place domino-stones horizcontally whereby the
status of two adjacent squares is changed from n to <. Note
that there is a variable in the first argument of the AC-
predicate meaning that these clauses can, in principle, be
applied to any row. The clause (9) serves to place domino-
stones vertically. A domino-stone placed vestically caovers
one sqguare in each of the two adjacent rows, and the squares
have the same number between 1 and 8. If, in a row under con-
sideration, the status of a square is ¢ or r, then a domine-
stone can not be placed vertically starting with that square.
These properties suggest that an AC-clause is defined to ad-
vance the row number and to give the status of each square in
the r2w row, based on the status of the sguares on the prece-
ding row. The employecé mechanism is 'complementation'. A
complement~function: cpl{ ) is defined which switches the
status of a square: ¢ (- n and r - n. The idea is that if a
square is c{overed) or r{(emoved), then the one below it can
not be c{overed) by placing a domino-stone vertically. This
procedure thus implies that the placing of several vertical
domino-stones proceeds simultaneously. The clauses {10-12)
serve as demodulators to define or rewrite the AC-clauses co-
ntaining a cpl-function to new ones with the constants r,n
and ¢ only.

There is one problem left. Without any additional clauses
there is the possibility that some domino-stones could be
placed vertically into the non-existing row 9. To prevent
such an occurence, one relies on subsumption such that it im-
mediately removes any new AC-clause which plays into row 9,
meaning that it classifies that newly generated clause ag
less general than itself. To block clause (13) from partici-
pation it is placed on a special list that is kept separate
from those clauses that are consulted by the inference rules.
Clause {(14) denies that the checkerboard can be fully covered
by dominc-stones placed horizontally and vertically, and it
therefore serves as the termination condition. Note, that the
status of its last square is n. This results from the form of
the clauses that enable: the program to make vertical and ho-
rizontal plays, and hence from the form of the clauses gene-
rated by a reasoning program.

As for choosing the appropriate inference rule, note that
the object is to find AC-states which are represented by po-
sitive unit clauses. Thus, two inference mechanisms come to
minds
UR-resolution yields a unit clause from a set of unit clauses
plus one non-unit clause (these may be positive or negative),
whereas Hyperresolution yields a positive clause (with one or
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more literals) from a set of positive clauses plus one non-
positive clavse. Employment of the ser-of-support strazegy
with clause (1) or the clauses (1) and (14) in the set-cf-
support will further strengthen the search process.

The submissicn of the above program to an ATP-gystam did
not lead to a contradiction proof, but instead the nsrogram
exhausted all of the sequences of plavs restricteé ty the or-
dering rules 1)-4) qiven earlier, and it therefore g2nerated
all of the possible AC-states. Since the ordering ruies do
not rule out any covering, the ~onclusion, that no covering
exists, is correct. The subsumption-trick td recognize that a
parial covering has been obtained by one segquence of playing,
and that any other segquence of producing the same partial co-
vering is unneeded, proved toc be of valuable help tc reduce
drastically the combinatorics of the problem.

The above program has alsc be tested on a modified chec-
kerboard which in fact can be covered by domino-stones, wne-
reby the placing of the domino-~stounes can be reconsrructed
from the actual computer-run by following the generated
AC-clause.

To this point we have considered checkerboards that are on-
ly slightly modified. We now would like to show how more
complicated and perhaps more realistic cases can also be dealt
with by an ATP~system. Suppose for example we wish to consider
covering a checkerboard with one-by~two domino-stones that
may have a number of its squares missing. Subseguently, we
also will treat the same problem where however the domino-
stones are of size: on-by-three. And finally we wil consider
the problem of covering a modified checkerboard consisting of
exactly 26 squares, with a possible choice of the checkerboard
as shown in FPig. 10,2(a). Suppose, seven one-by-two and four one-
by~-three domino-stones are given. Can the above defined chec-
kerboard be covered? -In Fig. 10.2{b) we have given a particular
solution. The first of the above-mentioned extensions is sol-
ved by using the f} ~function (defined by curly-brackets)
which has two arguments. In the first argument is the first
item of the list or is the 'end'-item which, for ease of no-
tation, is again abbreviated by the asterix: °"*'. The list~
function: 1i(..) then consists of a chosen number of {..}
-functions, each one being positioned in the second argument
of the preceding {..} -function such that for instance

" 1i{d .;) - d.'{} 1) - (*mend)
LY} ™ =1« .
l"("?l"'lp‘l’) .!‘ I{p' IERR] {tl.}] "'}
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2y using this list-function we represent the status of the
checkerboard as :

li(n,n,...,c,* (row 1)
n,t,...,n,* (row 2)
n,n,...,n,*) (row B)

Ir this example, the first row of the checkerboard is comple-
tely uncovered except for the last square, and the second
squarse in row 2 has been r(emoved); all other squares are n(ot-
coverd)., The end of each row ic marked by the constant:; *
end, Thus, an arbitrarily modified board can easily be repre-
sented by one of the huge lists. We now employ the convention
that any leading arqguments (in the list) that are 'c{overed)’
or '#*'-ed are removed from the list. This means that the
initial argument will always be an ‘n' as long as at least
one uncovered square remains on the board. We shall rely on
the demndulators to remove undesirable leading arguments in
the deduced clauses and thus ‘trim‘’ the clauses by the app-
ropriate EQ~clauases. With the above introduced simplified
list-notation the ATP-program is rather short and simple:

(1) : acllil{n,n,r,n,n,n,n,n,*,
n,h,n,n,r,n,n,n, .,

n,n,n,n,n,n,n,n,*)]

AC{li{n,n,xrest)}] -=» AC[trim(xrest)]
Acf{li(n,y2...y9,n,xrest})} -~ AC[trim(1li(y2,...y9,c,xrest)}]
Boltrim{li(c,x)), trim(x)}]

EQlerim(1i(*,x})),trim(x)}]

EQltrim(1li(n,x)),1i{n,x}]

EQftrim(*),* ]

o~ AC(*])

(2)
(3}
(4)
(s)
()
(7}
(8)

0 a8 0w e se e

The clause (1) gives the initial state of the checkerboard,
and the clauses (2-3) place domino-stones horizontally and
vertically. The clauses (4-7) serve as demodulators to ‘trim’
the list. The clause (8) denies that the checkerboard can be
completely covered with one-by-two domino-~stones and it thus
serves for a contradiction proof.

Suppose the domino-stones are now of size: one-by-three.
This can be easily accomodated in the preceding formulation
by replacing the clauses (2-3) by the following expressions:

(2): Aé[li(n.n,n,xrost)] -~> AC[trim(xrest)])

(3): Aacfli(n,y2...y9,n,y11...y18,n,xrest)]
2 %-Tﬂ%ﬁ-'in(li(yz. «.¥9,c,yll...y18,c,xrest))]

PR,
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The last extension of the checkerboard problem consists in
finding the domino-stone coverage of a 26-square board where-
by a limited number of one-by-two and one-by-three domino-
stones is used. This problem is solved with the preceding
technique. The AC-predicate is given two more arguments which
give the number of the unplayed one-by-twc and one-by-three
domino-stones. Thus the initial state clause is replaced by

(1) Mf7,‘r li(nlnlcto)J

whereby the first two arguments give the number of unplayed
one-by~two and one-by-three domino-stones. The clauses for
playing horizontally and vertically are almost the same:

{(2) : AC[u,v:li(n,n,xrest)] A GT(u.,0] -) AC[(u~l},v:trim(xrest)}]
(3) : AC[u.v:li(n,zz...xS,n,xrest)] A GT[u,0]

-~3 acl{u~1),v:trim(1i(y2...y%.c,xrest))]
{4) : ac[u.v:li(n,n,n,xrest)]A GT[v,0] -¥ AClu,{v-1);trim(xrest)’
(5) : Ac[u,v:1i{n,y2...y9.n,yll,...yYl8,u . xrest)] GT[v,0]

-~ Aclu, (v-1);1i(y2...y9,c.y11...y18,c, xrest)]

where (2-3, place one-by-two domino-stones and the clauses
(4-5) place one-by-three domino-stones. All the other clauses
and demodulators can be taken over from the earlier program in
unchanged form.

There are many more of this kind of problems which we will
leave to the interested reader. We can think of covering the
checkerboard with “domino-stones® of different shape such as
for instance a right-angle, or of leaving certain areas comp-
letely uncovered, and o on.

11. Missionaries and Cannibals

We consider in this section a scheduling problem which re-
veals some of the characteristics one often meets, and we
show its description and elegant solution. The essence of
such problems is contained in the folowing "Missionaries and
Cannibals" problem:

There are three miasionaries and thre%® cannibals on the
west bank of a river. There is a boat on ths west-bank
that can hold no more than two people. The missionaries
wish to cross to the east-bank. But they have a problem:
If on either bank the cannibals can ever outnumber the
missionaries, the outnumbered missionaries will be eaten.
Is there a way for the missionaries to get their wish -

to get to east-bank without loosing anyone?
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This proble:s is somewhat similar to the scheduling difficult-
ties one is faced if a number of meetings must be held wvhere
some of them must run in parallel. Suppose that various con~-
straints exist on scheduling all the meetings, whereby some
must proceed others while some must not be held in parallel.
Certain speakers have prior travel arrangements and must give
various talks consistent with their prior plans. The gquestion
is: with all of the constraints, does a schedule exist thst
conforms to the requirements?

The solution of the above thinking problem proceeds in
three steps. We first must represent the starting situation
at the beginning of the problem. Next, the clauses must be
found which enable an ATP-system to move the missionaries,
cannibals and the boat from one side of the river to the
other and back, whereby the program must take the constraints
into account that the missionaries always must outnumber the
cannibals, and that the boat can not take more than two
persons. Finally, the ATP-system must be able to tell when
the thinking problem has been solved, or determine, if possi-
ble, that it can not be solved. If the problem is soOlvabel,
then an arrangement is found in which the three missionaries
are on the east-bank of the river. If it is not solvable,

. then every seguence of boat trips results at some point . in
the solution where the cannibals outnumber the missionaries,
or it leads to a sequence of boat trips that simply result in

repeating a missionaries-cannibals assignwent where, for
example, one cannibal goes forth and back on the river, for-
ever.

The setup of an efficient ATP-program for this problem ma-
kes use of the so-called “successor function® s(x) which has
as value: x incremented by one unit. Thus the successor of O
is 1, of 1 is 2, and of 2 is 3. Therefore ss{0) s(s(0)) acts
like the number 2. We furthermore introduce the functions:
west(x,y)., east(x.y) which give the number of missionaries
cannibals in their first/second argument and this for the
west- and .the sast-bank separately. As a last essential in-
gredient we define the predicate AC[west(..),e/w, east(..)]
which stands for “"achievable”. Its firs argument contains the
function west(..) giving the number of persons (missionaries
and cannibals) on the west-bank, and its third argument, with
the function east(..), gives the same information for the
east-bank. The letters e a-d w in the second argument indica-
te where the boat is on the west~ or the sast-bank.

We are now ready to fomulate the ATP-program and subse-
quently discuss some of its particularities:

LIS
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{1):AC{west(sss(o),sss(0}).w, east(0,0))

(2):ACIwest (x,8(y)),w,east(z,w)] =) AC[west(x,y),e,east(z,slw)}]
(3):AC[wrutix,y), e, cast(z,8{w)}] =3 ACiwest(x, s(y)),w,east{z,w)]
(4} :AC{west(se(x),y),w,2ast{z,w)] <> AC[west(x,y),e,ecast{ss(z),w)]
(5):AC{west(x,y),e, cast{as(z),w)] - AC[west(ss{x),y),w, east{z,w)]
(6):ACchst(st:lliizll:rijfzﬁig,w)]-) AC[west(x,y), e, east(s(z),s(w)]
{7):ac[west(x,y),e,east(s(z),s{w))]-? AC[west(s(x),s(y)),w, east(z . w)]
(8):AC{west{s(x),y),w,east{z,w)] -) AC[west(x,y),e.east{s(z}, w)j
{9):AC[west{x,y),e,east(s(z),w)] - AC[west(s{x},y).w, east{z,w)l
(10} :aC[west{x,ss(y)),w,east{z,w)] =) AC[west(x,y),e,east{z,ss{w)]}]
(11}:Ac[west(x,lefif:ifii;iiiz))] -? Aclwest(x,ss(y)),w, east(z,w)]
(12): aC[west(o,0),u,east(sss(o),sss(o)]
{12a): AC[west(o,y),u,east(sss(o),w)]

(i) AC[west(s(x),ss(x}),u,east{z,w)]

(14} ; AClwest(s(x),ss5(x)),u,cast{z,w)] subsumer clauses
(15) : Acfwest(x,y),u,east(s(w),ss(w))] {on special iost)
(16) : AC{west(x,y),u,east(s(w},sss(w))]

Clause (1) encodes the initial state with three missicnaries
and three cannibals and the boat on the west-bank of the
river. Tha clause (2),(3) and (8),(9) move one cannibal
(resp. one missionary) from the east- to the west-bank and
alsoc in reverse direction. Similarly, all the other clauses
up to (11} move two persons across the river. Note that the
starting number of persons on either side of the river is
left open via the variables x,y,z,w. The clause (12) denies
that this thinking problem is solvable. Note in particular
that the pogition of the boat is left open and that all mis-
sionaries and all cannibals are required to be on the
east-bank. Had we limited ocurselves to requiring that only
all the missionaries should be on the east-bank with the can-
nibals being arbitrary, we would have described this case by
clause (l2a). .

The clauses {13-16) serve to block certain damaging boat
trips - those that place more cannibals on one side of the
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river than missionaries. The mechanism to prevent such clau-
ses from being active is subsumption. Recall that subsumption
discards unwanted clauses as soon as they are generated; they
are discarded before they can be added to the retained infor~
mation, and hence before they can be used. Thus, rather than
blocking the bad trips, the clauses {(13~16) are used to im~
mediately discard those clauses which would lead to unwanted
actions. For example, two missionaries and three cannibalg on
the west-bank must be avoided. One missionary and either two
or three cannibals on the west-bank must be avoided. Similar
conditions on the east-bank must be avoided. All possible
arrangements can be characterized by the difference between
the number of missionaries and the number of cannibals. The
clauses (13-16) suffice. Now, if any bad trip is taken resul-
ting in an excess of cannibals over missionaries on either
side of the river, the results are immediately subsumed by
cne of the clauses (13-16), and hence discarded. None of the
clauses (13-16) however are allowed to participate in the in-
ference mechanisms, in the search for achievable arrangements.
Consequentely they are placed on a list that is consulted for
the purpose of discarding less general information than is
present; hence subsumption comes into play. Again in (13-16)
a variable occupies the position of the boat for it does not
matter where the boat is when an excess occurs.

With the above discussion we have aimed to give an elegant

sclution of the posed problem although other solutions might
have been possible. The explained method has the advantage
that it allows for easy variations of the thinking problem
and its solution. One might for instance wonder about the
changes if four missionaries and cannibals are waiting to get
across the river. The changes are as follows: clause (1) and
(12) have tc be modified as to account for the fact that the-
re are four missionaires and cannibals,

(1) : ac[west(ssss{o),ssss(0)),u,east{o,0)]
{12) : Acfwest(o,0,u,east(ssss{o),ssss(o))]
(12a): Ac{west(o,y),u,east(ssss(o),w)]

and two more subsumer clauses must be added:
{(17) : AClwest(s(x),ssss{x),u,east(z,w)]
(18) : Aclwest(x,y),u,east{s(w),ssss(w))]

Going one step further and assuming that there are five
missicnaries and five cannibals with a boat that will hold
three people, demands for the following changes: again the
clauses (1) and (12) have to be modified as to account for
the increased number of missionaries and cannibals. They for-
mally will be the same except that there will be five instead
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of four successive s-functions. The earlier clauses {(2)-(11)
describe the transfer of one or two persons, missionaries and
cannibals, across the river. This set now has to be extended
as to describe the transfer of three persons in the boat ac-
ross the river: three missionaries, or three cannibals, or
two missionaries and one cannibal, whereby the crossing of
two cannibals and one missionary shall be exclude. Finally
the set of subsumption clauses has again to be extended by
two more clauses, additonal to the ones discussed above. The
solution of this latter situation with five missionaries and
five cannibals and maximally five people in a boat is as
follows:

a) First three cannibals cross to the east-bank and one returns,

b) Then two more cannibals cross, and one returns,

¢) Then three missionary cross, and one missionary and one
cannibal return, g

d) Then three missionaries cross, and one cannibal returns,

e) Finally, the three cannibals cross.

In the foregoing we have presented the solution of the
thinking problem mainly based on the "successor-function”
s(x). We now show a different method which takes advantage of
the demodulators, and which has the advantage that it uses
one single transition axiom. The AC-predicate takes the form:

AC [ same(xl,x2),u, other(x3,x4) ]

The first argument of this AC-predicate lists the number of
missionaries and cannibals on that side of the river where
the boat is. The second argument (variable u) gives the posi-
tion of the boat: w = west-bank, e = east-bank. The third argu-
ment gives the number of missionaries and cannibals on that
side of the river which is opposite to where the boat is. The
information on the number of missionaries and cannibals is
given by the first and second argument of the functions:
“same(x1,x2)" and "other(x3,x4)", where the variables xl and
x3 (x2 and x4) give the number of missionaries (cannibals),
Besides of the AC-predicate we also will use the predicate:
LE{ less or equal ) and EE (equal). Furthermore, we introcduce
a few functions: check(x,y) will certify that there are never
more cannibals than missionaries on either side of the river:
rev(u) reverses the position of the boat, and finally:

true if x?y
ge(x,y) = -{for x,y integers)
false if x ¢ vy



408

We now are in the position to give the ATP-program, and we
subsequently will discuss some of its particularities:

(1) AcC{same(3,3),u,other{o,0)]

(2) AC{same(xl,x2),x,other(x3,x4))A Plxm]A Pl(xc]
LE(xm,x1] A LE(xc,x2] ALE( {xm+xc),2]A )
EE(check({xl-xm),x2-xc)), true] A EE[check( (x3+xm}, (x4+xc}), true)
-~} AC[same((x3+xm), {x4+xc)),rev(u),other((xl-xm), {x2-xc))]

(3) plo]
(4} PL1]
{5) Pp[2]

(6) EQlcheck{o,x),true]
(7} EQlcheck(x,y),ge(x,y)]
(8) EQlrev(w),e]

(9) EQlrevie),w]

(i0) o AC[same(3,3),e,other(o,0)]}

The "pick“"-predicates P[... give the acceptable numbers of
missionaries and cannibals to be transfered over to the other
side of the river. The EQ[..] serve as demodulators for the
“check" -and "rev(erse)"-functions. The clause (1) gives the
starting state and the clause (10} denies that the sought
state can be reached. The clause (2) is the transition axiom
which leads to new AC-states whereby the LE-predicates certi-
fy that the number of persons in the boat is below 3, and the
EE-predicates certify that the number of cannibals is always
smaller than the number of missionaries on either side of the
river. Note that the number of missionaries (and also
cannibals) changes side from “same” to “"other®, as it should
be.

12, Billiard Ball Weighing

We are in this section concerned with a thinking problem
of a more difficult nature than what we have considered so-
far, because each move must add a maximum of possible new in-
formation in order to arrive at a solution. It therefore asks
for some kind of optimization of information. The formulation
of the "Billiard Ball" problem is as follows:
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There are 12 billiard balls, eleven of which are identical
in weight. The remzining ball -~ the odd one - has a diffeT
ront weight. You don't know whether it is heavier or
lighter. You are given a balance-scale for weighing the
bails, Can you find which ball is the odd ball in three ?
weighings, and also find out whether it is lighter or hea-
vier than the others? _

This problem presents difficulties which are also encoun~
tered when planning for instance a trip in a city with vi-
sits to several people taking traffic constraints etc. into
account, whereby the trip must be completed in a specified
amount of time.

The billiard ball problem would be simple to solve if the-
re were no limitations on the number of weighings. However,
since we are expected to find the odd-ball, and also whether
it is heavier or lighter, in at most three weighings, we must
get as much as possible information form each of them. The
essential point thus is to realize what information a balance
can give and then imparting that knowledge in the representa-
tion of the problem.

The billiard balls need, in particular, not be numbered
but instead they are characterized by the information that
one can deduce from the weighing process. Assuming for the
moment egual numbers of balls on the left and right pan of
the scale, it may tip to the left telling us that the odd-
ball might either be heavier and lying on the left pan with
all the remaining balls being of standard weight, or the odd-
ball might be lighter and lying on the right pan again with
all other balls being of standard weight. Thus all bpalls
on the left pan are of heavy or standard weight whereas all
balls on the right pan are of light or standard weight. Ana-
logous conclusions can be drawn if the scale tips to the
right, or even if it stays in balance. We therefore are lead
to define the four weight-classes:

. heavy or light or standard = hls
. heavy or standard & hs
. light or standard W% 1s
. standard =& s

where each ball, at any time, is in one of the four classes.
As we learn the results of the weighings, a ball may change
from being in one class to being in another. After a weig-
hing, the particular classes of the balls in the two pans of
the scale are known. For example, if one ball is weighed
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against another and the scale tips to the left - the left si-~
de goes down and the right side goes up - then the ball on
the left is in the hs-class and the one on the right is in
the ls-class. Note however that the weighing of one ball
against another does, in general, not provide sufficient in-
formation to arrive at a determination of the odd-ball in th-~
ree weighings. Obviously, each weighing may change the clas-
sification of the balls that are being weighed. In the ini-
tial state, all balls are in the hls-class since nothing is
known about them.

As a result of the above insight, we define a state-
predicate which gives the number of balls in the above defi-
ned classes and also lists the number of remaining weighings.
The initial state for instance is described by

acl state { hls(12), hs(0), 1s(0}, s(0), re(3)} 1 m
acifi2, o, 0, 0: 3]

AC stand for "achievable”. For ease of notation we drop the
"state"-functions and simply list the number of balls in the
four classes plus the remaining number of weighings: (hls, hs,
ls, s; re), and we indicate this simplified notation with a ‘1’
at the end of the predicate name.

In order to present the basic idea of solving the problem
under investigation, we first discuss the transition axiom,
Starting from an AC-state with the ball-setting:

{xhls, xhs,xls,xs), it picks the setting: {(yhls,yhs,yls,ys), for
the right pan and the setting:(zhls,zhs,zls), for the left

pan out of the starting ball-sets. Three different situations
can now occur: the scale may stay in balance, it may tip to

the left or it may tip to the right. For these three situa-
tions we can determine the number of balls in the four clag-
ses as shown in Table 12.1.

If the scale stays in balance, we know that all the balls
we have just weighed aré in the s—-class. Consequently, those
selected ‘from amoung the starting hls-class and put in the
two pans are now Kknowns:- to be in the s-class. The remaining
number of balls in the hls-class thus is: xhls-(yhls+zhls).
Similar arguments apply for the remaining number of balls in
the hs- and ls-classes, The total number of balls in the
s-class is equal to the sum of the original set xs plus those
in the two pans (since the scale balances) which are not in
the s-class.

RO
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If the scale tips left, no balls will remain in the hls~-
class since all balls taking part in the weighing process
must be either in the hs- or ls-class, and all those not ta-
king part in the weighing process must be in the s-class.
Those in the left pan are obviously in the hs-class, and tho-
se in the ~ight pan must be in the ls-class. As a result, nc
ball is lecit in the hls-class whereas the hs-class
contains: (zhls+zls) balls (from the left pan} and there
are:(yhls+yls) balls in the ls-class (from the right pan).
The s-class is composed of the original set xs plus the zls
balls in the left pan (which tipped) and the yhs balls in the
right pan (which moved up) plus all those balls in the hls-,
hs- and ls-classes which did not take part in the we ghing
process.

If the scale tips right, the above arguments apply in an
analogous way. No balls remain in the hls-class since all
balls taking part in the weighing process must be either in
the hs- or ls-class, and all those not taking part in the
weighing process are in the s~class. The number of balls in
hs~class is:(yhls+yhs) (from the right panj, and the ls-class
has: (zhls + zls) balls (from the left pan). The s-class is
composed of the original set xs plus the yls in the right pan
(which tipped) and the zhs balls in the left pan (which went
up) plus all those balls in the hls-, hs- and ls~class which
did not take part in the weighing process.

The actual formulation of the transition axiom takes into
account several points which we now discuss:

- By convention no standard balls are ever placed in the left
pan. There is not point in putting standard balls in both
the left and the right pan of the balance scale, since this
simply would doublicate a weighing in which the smaller
number of standard balls in the two pans is removed from
both.

-~ Assuming that the odd~ball is only slightly different in
weight from the standard balls, it only makes sense to
weight the same number of balls in each pan of the scale.
Thus the number of points in the two pans are the same,
between 0 and 6:

0 ¢ (yhla+yhs+yls+ys) = (zhls+zhs+zls) ¢ 6

- Since we are interested only in states which eventually
lead to the identification of the odd-ball, some of the AC-
states must be discarded, if it can be shown that they de-
finitely will not lead to an identification of the
odd-ball. There is no point in pursueing the consequences
of such non-solvable states, The transition axiom therefore
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contains a numerical test which allows for the detection of
a great many (but not alll) of such states. The test con-
sists of comparing the number of possible solutions, mea-
ning the number of possibilities for the odd-ball, with the
number of possible outcomes that can occur for the remai-
ning weighings. The first number is given by twice the num-
ber of balls in the hls-class plus the number of balls in
the hs-and ls-classes. Since each weighing can produce th-
ree outcomes, the second number is equal to 3R where n is
the number of remaining weighings. Thus, if for a state: (2
hls+ hs+lis) ¥ 3N, then that state is definitely non-
solvable, meaning that the odd-ball can not be determined
within the remaining number of weighings, and it conse-
quently is prevented by this test, from being generated via
the transition axiom.

In summary, new AC-states can be generated by applying a
transition axiom to the initial state. Since a transition
axiom corresponds to a weighing, and since a weighing can
produce three possible outcomes - the scale may tip to the
left, tip to the right, or it may stay in balance - three new
AC-~states are obtained from the original one. In actual
fact, the transition axiom first generates a record-
predicate (RD) which collects together all the .possible out-
comes of the weighing process and which allows for the subse-
quent deduction of the resulting AC-states. These latter AC-
states give rise to new RD-predicates which again zllow for
the derivation of new AC-states and so on.

Having understood the AC-state and its transiticn axiom,
we now also need the SO~ {(or SOl-) predicate to chiracterize
and find the "solvable” states which definitely will allow
for the determination of the odd-ball. The generation of new
AC~states is not sufficient to assure the determination of
the odd-ball. Instead, the problem requires that a sequence
of weighings, regardless of which of the three outcomes may
occur at each weighing, finally leads to the determination of
which is the odd-ball. We emphasize that it is not enough
that only one or two of the three possible outcomes eventnal-
ly will lead to the odd-ball. The idea is that of choosing a
weighing so well that each of the three outcomes leads to the
next weighing, where the next weighing is based on which of
the three outcomes actually has occured. The next weighing
must .also have this same property of leading to good '
weighings. Finally, the last weighing must be such that the
odd-ball can be identified. A state is called “solvable® if
it is one of the type just described. Three states can be im-
mediately classed as solvable:

ped
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sol[0, 1, O, 11; O]
soifo, 0, 1, 11; 0]
soifo0, 0, 0, 12; O]

whereby in all of them no further weighings remain. In the
first one 11 of the billiard balls are in the s-class and one
is in the hs-class, which means that this last one is in fact
the hcavy odd-ball. Similarly, the second SO-state leads to
the identification of the odd-ball as light. The third SO-
state in which all 12 billiard balls are in the s-class, is
defined as solvable, although this state indicates that the
problem was incorrectly given: nevertheless this clause will
turn out to be useful.

Since a state is "solvable® if a weighing starting with
that state leads to three new solvable states, we take the
given solvable states and work backwards, expanding the set
of solvable states, with the help of the RD-predicate, until
the initial state is finally included among the solvable
states. The process we are about to present can therefcre be
described as proceeding in forward direction: generating an
RD-state and subsequently the AC-states until the three
weighings have been made. At that point, the program
pvoceeds in reverse, adding new solvable states to the known
wnes until the initial state has been proved solvable. Ac-
tuvally, the forward and reverse process are not completely
separated, nor need they be. Depending on the clause on which
the program is currently focusing, the program may be reaso-
ning in either direction.

We are now in the position to give the ATP-program, and we
subsequently discuss some of its particularities:

(1) : p{O]
{2) : P[1]

—_
RERYEE]
—
-

p(6]

(8) : AC1[x1,x2,x3,x4:xr] A P[yl] A P[y2] A PLy3)A Ply4] A
LE[yl,x1] A LE(y2,x2] A LE[y3,x3] A LE[y4,x4] A
GT( (yl+y2+y3+y4),0] A LE[(yl+y2+y3+y4),6] A
P{z1] A P(z2] A P[23] A
LE[{yl+z1),x1] A LE[(y2+22),x2] A LE[(y3+23),x3] A
EQL (yl+y2+y3+ya), (21l+22+23)] A
LE((z1+22+yl+y3),3%F~1] A LE[ (z1+234yl+y2),3XI~1] A
LE[2:{ x1-(yl+21)} + {x2-(y2+221)) +Tt3-(y3+z3)l ,3%Xr-1]

——p RD1l[up, ua, ul, ur; bal
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{9) : rRD1l[up,ua,ul,ur,ubl] == AC1[ull
(10): RD1[up,ua,ul,ur,ub] =--» AClfur]
(11): RD1[up,uva,ul,ur,ub] ~--=)» ACl{ub]

(12): so1{9,1,0,11:0]
(13): so1f0,0,1,11:0]
(14): so1(0,0,0,12;0]

(15): RDl(up,ua,ul,ur,ubl A S01lull A solfur] A soOllba] --) solfupl

(16): ~s01(12,0,0,0:3]

We comment on the program. Note that we again have dropped
the "state()"~-function in the AC-predicate {(whose argument
consists of a list) and have introduced a 'l' at the end of
the predicate name, instead. The clauses P[0}, ..., P[6],
standing for "pick 0...6 balls", permit a reasoning program
tc pick balls from the various classes. The predicates LE
(less or equal) and GT (greater than) introduce checks that
no unreasonable choice of balls for the right and left pan in
the weighing process are made. There is also a check to ex-
clude AC-states which definitely will lead to unsolvable
states. The RDl-predicate has five arguments where each of
them is a list. The first one gives the parent ball setting
{parent), the second one describes the taken action by 1li-
sting the number of balls from the four classes for the left
and right pan (action), the third, fourth and fifth argu-
ments, each lists the number of balls in the (hls,ha,ls,s)
~classes if a weighing has been carried out whereby the third
one covers the case for "dip left", the fourth one for “dip
right" and the fifth one for "balance". The arguments in the
RDl-predicate are thus lists which are defined as folliows:

parent... up = {xl.xz,x3,x4; xr}
action.., wa = {yl,y2,y3,v4), {z1,22,23)
left ... ul = {0, (z1+z2), (yl+y2), (x44+x3-y3)+(x2-22) +x1-
(yl+zl):xr-1 }
right ... ur = to,(y1+y2),(zl+z2),(x4+x3-z3)+(12-y2)+x1-
: (yl+zl):xr-1 }
balance...ub = {xl-(yl+zl),x2-(y2+22),x3-(y3+23),x4+(yl+y2+y3)
+(z1+22+23) ;xr-1 }

Note, for simplicity of notation we have dropped the
function-heading (for each list) given on the left-hand side
of the above list, as well as the “state"~function in front
of the lists and have added the ‘l' at the end of the
predicate-name, instead.

[P

XN
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The clauses following the transition axiom, derive the

three ACl-states :orresponding to the three possible outcomes

of

a weighing. The subseguent claugses define the three initial

"gsolvable”-states whereas the next clause allows for the de-
rivation of new solvable states which are defined in close
analogy to the AC- (resp. ACl-) states. The last clause denies
that the initial state is solvable. It enables a reasoning
program to know that the puzzle has been solved, since it al-
lows for a proof by contradiction.

The best approach to solve this problem with an ATP-system

is to use "Hyperresolution™ combined with the SS-strategy,
whereby the initial state and the one that denies that the
initial state is solvable are placed in the set-of-support.

Attempts to solve the above problem with an ATP-system have

lead to its solution, and, in fact, have revealed more than

40

non-trivially distinct solutions within less than 22 se-

conds on an IBM 3033 computer.

13'

Some Insights

The above examples give several insights which we would

like to summarize:

1)

2)

3)

Replacing in an ATP-system the specific with the general,
is preferable. If the constants in a clause can be repla-
ced by variables one may expect a gain in efficiency. Fur~
thermore, a ATP-system discards all instances of existing
or new information, retaining the more general fact only.
This process is called gubsumption, and it preserves in
most (but not all) resolution refinements the completeness

property.

If several copies of the same literal (with identical ar-
guments) occur in a clause, the extra copies are deleted
from the clause by a process called "collapsing dublicate
literals”.

The process of finding a solution might seem to an unexpe-
rienced person surprisingly long for such a trivial
problem., This comes simply from the fact that an ATP-
system can not leave out all the (many) intermediate steps
which a human being undergoes in his thinking process, but
usually is not aware of.




4)

5)

6)

7)

8)

9)
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A mechanism exists, called weighting, which allows an ATP-
system to consider certain facts more important than
others. The program thus can be told to key on this fact,
at least at the start. ’

Adding a denial clause (which was left aside in the above
example) has the advantage that the ATP-gystem seeks a
contradition which then acts as a convenient termination
condition.

It is important to realize that a problem must be comple-

tely characterized by the set of initial clauses in order

to avoid logically wrong conclusions. Furthermore a viable
path to a solution can easily be overlooked.

It can well arise that there is redundant information among
the clauses defining the problem, which means that some of
the original clauses can, in fact, be derived from the
other clauses. Redundancy and dependence are present in an
ATP-system and they often contribute to a much more effi-
cient reasoning of a program as compared to the case where
the initial clause set is completely independent.

The fact that there is missing information in the descrip-
tion of a problem can in most cases be deduced from the
fact that obvious facts are missing from the program's way
of reasoning.

Finding extra information whilst solving a prob. em is quite
common in an ATP-system's attempt. However if tuo much ex-
tra information is found, the problem never gets solved.
Thus one important item one needs to pay attention whilst
using an ATP-system is how to curtail the finding of extra
information.

14, Conclusions

This paper is the third part of an introductory tutorial

on "Theorem Proving/Automated Reasoning”. It focuses on the
use of Automated Theorem Proving (ATP)-systems by showing how
thinking problems of various degrees of complexity are
solved. Our presentation has several aims: to demonstrate how
a problem is cast into the language of first-order predicate
logic, how it then is submitted to an ATP-system, and finally
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how the deduction process proceeds. From the wide field of
possible applications including mathematics (group-, set-,
numbcr-, .. theory), real-time systems control, robotics, au-
tomatic programming, logic circuit design/validation, program
dubugging/verification, expert systems, communication proto-
coit, hardware verification, and so on, we hi:ve limited our-
sclves to a set of thinking problems or puzzles which do not
require any specialized knowledge. A presentation of more
“practical” problems and their solution will be given in a
forthcoming article.

What have we learnt? The solution of a problem with au ATP-
system is not straightforwardl The first difficulties begin
if a formulation in first-order predicate logic is sought.
The problem at hand however could well be of higher-crder lo-~
gic, or it might ask for suggestions not only a procf. Once a
problem is in the appropriate first-order form, a second dif-
ficulty arises as to the most appropriate resolution methog,
the right emphasis on particular clauses, the choice of the
best search-strategy, and so on. If a proof is found, we have
solved the problem we have submitted to the ATP-system. Howe-
ver we might not yet have the answer to our overall problem
because the chosen axiom-system does not fully represent the
actual probiem situation.If no proof is found, the third
difficulty beromes transparent: one doesn't know whether ones
conjecture is incorrect, or whether the system simply
couldn't find the right deduction-chain.

With these critical remarks we didn't intend to cause dis-
couragment or disappointment but rather aimed to caution the
interested reader that ATP is a field of high interest and
potential which however has not yet reached the point of its
ultimate perfection. And still, there are exciting new deve-
lopments ahead... [12].
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Table Captions

Table 3.1 : Person-to-job coordinations of the complex ijob-~
assignment problem.
Table 4.1 : Days of truth and non-truth of the lion and

unicorn problem.

Table 10.1 : A particular placing of the domino~stones in
the checkerboard problem.

Table 10.2 The domino-stone covering of a modified

checkerboard consisting of 26 squares.

Table 12.1 : Number of billiard balls in the { hls,hs.l:,s}
~clagses after a weighing has taken place.
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hls - class hs-class 1s - class 8 - class
balance xhls-(yhls+zhls)| xhs~(yhs+zhs){ x1la~(yls+z1ls)| xs+yhls+zhls+yhs+zhs+yls+zls
tips left 0 zhlsa+zhs yhls+yls xs8+zl1s+yhs+(xhls-yhls-zhls)
) +(xhs-yhs~-zhs)+{x1ls-yls-zls)
tips right 0 yhls+yhs zhls+zls xs+zhs+yls+(xhls~yhls-zhls)
) +{yhs-yhs~zhs)+({xls-yls~zls)
Table 12.1
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ABSTRACT

The present status and further perspectives for precision tests of the clectroweak
theory are discussed with emphasis on future experiments at ete™ colliders. Ambi-
guities in the theoretical predictions for the W mass and the left-right asymmetry
are scrutinized and the interplay between QED and QCD corrections is studied in
detail. It is shown that the theoretical predictions are well under contro! at the
precision level envisaged for future experiments. Various methods to determine the
weak couplings of heavy quarks are compared. Asymmetries on a toponium reso-
nance are free from hadronic uncertainties. They could be measured to an accuracy

sensitive to electroweak radiative corrections.

*Lectures presented at the “X. Warsaw Symposium on Elementary Particle Phy-
sics”, Kazimierz, Poland, May 25-20, 1987, and at the “Workshop on Topical
Problems of Testing the Stanford Model in High Energy Reactions”, Budapest, |
Hungary, June 15-19, 1987.
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1. Introduction

One of the central aims of future high energy experiments will be to fix the basic
parameters of the GSW aud to measure with comparable precision other observables
which are then predicted by the theory, Thus some of the most basic aspects of the
theory namely the quantum corrections wiil be tested and through the virtual cor-
rections information ma; be obtained on heavy degrees of frcedom not yet accessibjy
wilh present encrgies. More specifically, one measures three quantities which allow
the determination of the S€/(2) and U(1) gauge couplings ¢ and §' and the Higgs
ficld vacuum expectation value v. Many observables of the theory (like the bo-
son masses, asyinmetries in ete™ annihilation or neutrino scattering cross sections)
can be calculated in lowest order from g, ¢’and v only. They depend only weakly
through radiative corrections on the remaining parameters of the theory, the Hi.ggs
scll'-coupiing {or mnyg), the Yukawa couplings (fermion masses and mixing angles)
or on the couplings of further, not yet discovered heavy particles. Two of these
“basic” experimental input parameters are the fine structure constant.‘determined
c.g. from the Thompson scattering cross section, and G, as calculated from the
muon lifetime.

a = 1/137.03604(11) i—" =0.82x1075

2 6G, (l'l)
Gy = 1.16637(2) x 1073 GeV~ EE =17 x 1075.
]

These are known with extremely high precision and wil! retain their role for a long
time.

As a third input quantity one of the two gauge boson masscs, their ratio or in-
formation from neutrino scattering like Ry = on¢ (v N)/oce (vN) or o(ve)fa(ie)
can be used. Within the standard model all these quantities serve to determine the
weak mixing angle 0. The actual choice depends on the (time dependent!) preci-
sion of experiments (and should not be confused with the choice of a renormalization
scheme).

Up to now the most precise value came from deep inelastic neutrino-nucleon
scattering [1) sin? 0y = 0.233 % 0.003 + 0.005 (with the definition sin?fy = 1 -
M;"V/Mé and assuming m; < 100 GeV, my < 1 TeV). The systematic error which -
originates from the uncertainty in the theoretical treatment of the hadronic system
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limits any further improvement of this measurement. The determination of sin? Oy

from My (or Mz) in conjunction with a and Gy starts to compete [2]

— sin? 6y = 0.232 + 0.003 + 0.008 (1.2)

My =802£0.6+05+13GeV
a, Gy

Mz=915+124£1L7

whereas the determination from the W-Z mass ratio suffers still from significant
statistical and systématical errors of about 0.025 and 0.01 respectively. In the near
future this ratic will be determined at the pp collider [3] to an accuracy of £0.003 &
0.002, which translates into an error of twice this size for sin? Oy. The Z-mass
Jetermination at the e*e™ colliders LEP (and SLC) with an ultimate goal of A7 =
20/50 MeV (with/without transverse beam polarization for the energy calibration)

will lead to a drastic improvement. This translates into a prediction for My and

sin? Gy
2 _ 2l __  Axar
My = Mb (1 + Jl TG, _Ar)) (1.3)
.9 1 dra
- PO § DL — .
Sitw =g ( \I \/2‘M§G,.(1—Ar)) (14)

[Ar incorporates the radiative corrections discussed below] with an error from §M 2

M cos2f
SMw = ‘__‘l_______w____ : -
W Mz cos? 8y — sin? ow6MZ = 1.26Mz = 24/60 MeV
292

25in? 6%, cos Mz §M;
g W22 0.6 —£ =1.31/3.3x 1074
sinzow—coszaw Mz Mz /33 x

(where the entries refer to §Mz = 20 and 50 MeV respectively). An important
quantity to be measured in e¥e” annihilation is the left right asymmetry Ayg,
dcfined as the asymmetry in the production cross sections for right-handed and

(1.5)

§sin? bw =

left-banded polarized electron beams o, and o

_%L—or __2A1- 4sin20;y)

— 4sin?
= oLior (-t +1 ~ 2 —4sin"0w) (1.6)

ALg
It can be predicted from Mz to an accuracy of

6§ ALp =~ 8 Ssin® Oy = 1.1/2.7 x 1073, (L7
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To achieve an experimental precision of My ~ 100 MeV and éAfp = 3 x 10-3
is presently considered to be a reasonable experimental goai [4,5] and we will in
the following concentrate on these two measurements. Other observables of interest
like the forward backward asymmetry, {6) o{ve)/o(7e) [7) or Arp on toponium (8]
will be measured with less precision, nevertheless also they might lead to important
tests of the standard model and could be sensitive to new physics.

2. Windows to “New Physics”

A T T 1 Fig. 2.1: Variation of the predic-
¢ 2 1 . .
oput pacameters tion for the left-right asymmetry
o G, m = 92GeV 'lr:" ] ALR. end for My, as a function
.0 of my and my in comparison with
the expected ezperimental preci-
0.201 1 sion. (From Ref. [9]).
[(A1llg 1
0. 18f 7
[ Blly b
L] A 9
(RIS 1
i 1 -1 i
®s ane ns “7e
o GeV)

The theoretical predictions for My as a function of a, Gy and Mz to lowest
order and including one loop corrections differ by about 1 GeV such that the effect
of quantum corrections will be clearly visible. Since these corrections depend on
my and mg, a combined measurement of My gnd Agz would lead to restrictive
bounds on the Higgs boson and top quark masses or even to a crude determina-
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tion of these parameters if both particles are beyond the kinematic limits of LEP.
“New physics”, like a fourth heavy quark doublet with large mass splitting, a fourth
{even mass-degenerate) generation or contributions from SUSY particles all lead to
radiative corrections at a level observable in experiments. Of course, to disentangle
the combined effects of such contributions and identify their source, could well be

difficult.
Q.020
0015 |
0010 F
0,005 f
0 <
-0.005 E
Yo T ) T B I B
o) 100 200 300
m7 (Gev)
-Q,006 AL S B A LA N A
-0.005 |- ~"each genarcfion 3
-0.004 E 5
F soch quark doublet 1
-0.003 id
o ]«
-0002 | 3
-0.00! ;‘ each lepion doublet ‘é
ot....sLLu¢L...:
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MASS . (GeV)
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:
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8

Fig. 2.2: Variation of the prediction for the lefi-righi asymmetry ALR'
Jor a fourth quark doublet (a) a fourth lepton doublet (b) with large mass
splitting, mass degenerate fermion multiplets (c) and squark multiplets
with large splittings (d). (From Ref. [10)).




3. Uncertainties in the Theoretical Predictions

When planuing measurcinents a relative precision of O 10~3), the study of un-
certaintics in the theoretical predictions is mandatory. These originate from uncal-
culated higher order electroweak corrections. from the hadronic contribution to the
vacuum polarization and from hadronic initial or final state corrections, if one aliows
for hadrons in the initial or final state. Initial state radiation plays an important

and special role for the Mz determination.

3.1. WEAK CORRECTIONS

The most thoroughly studied example is provided by the Mz — My, mass relation
(1.3). An error $Ar in the radiative correction transfates into an error in My and
sin? Oy through

My 1 sin? Opp .
My~ 2cos? O — sin Oy Sar
(3.1}

dsin? Oy = ——————Si',f b °°f2f W_s

cos? Gy — sin® Oy

The hadronic contribution to Ar has been estimated on the basis of experimental
results for g(ete™ — hadrons) at low and intermediate energies together with
some theoretical input, namely asymptotic freedom at high energies and dispersion
relations. An error on Ar of 0.0013 from this source has been quoted [11} which

translates into an uncertainty of 17 MeV on My and of 4 x 10~ on sin? fyy.

A full calculation to 0(0{2) has not been performed to date. The dominant
correction, however, originates from terms of the form (£ In ,},‘—.-{")". These are fixed
by renormalization group arguments and are incorporated already in (1.3). The
second term in this series leads to a shift of My by 80 MeV and is thus comparable
to the envisaged experimental accuracy.

Corrections of the form a?ln M/m ¢ are calculated in Ref. 12. They are all
contained in the corrections to the fermionic vacuum polarization (Fig. 3.1).

This amounts to multiplication of the leptonic part of Ar by (1+ % 2} and thus to
an increase of Ar (Myy) by 6-10~% (1 MeV). The corresponding corrections to the
badronic part are, in any case, dominated by the uncertainty in the experimental in-

put and are in principle absorbed in the evaluation of Ar from a{ete™ — hadrons).



430

Fig. 8.1: Leading correction of O(a? In Mz/m 1)
to the mass relation.

The remaining not yet calculated O(a?)-terms do not involve large logarithms
and the resulting uncertainty is thercfore 2 few MeV at most.

Once a complete calculation to order o™ has been performed, predictions within
different renormalization schemes differ in general by terms of order a®t!. After
the forementioned a2In? M, /m f and o?ln! M, /m £ terms have been incorporated
into a full @(a) calculation, the remaining “scheme dependence” should therefore
be of the same magnitude as the not yet calculated O(a?) terms, i. e. a few MeV*.

3.2. Mz-DETERMINATION AND INITIAL STATE RADIATION

In view of the large Zj width around 3 GeV it will be a formidable experimental
task to determine Mz to a precision of 20 MeV and information from the peak of
the resonance and from its wings will be required. This is complicated by the effects
of initial state radiation which leads to a reduction of the cross section on top of the
resonance, to a shift and a strong distortion of the line shape.

Terms of the form (aln Mz /m )™ have been incorporated [14, 15] into the O(a)
result [16]. Recently also a complete O(a?) calculation has been performed [17].
The difference between O(c) and O(a?) results is sizeable. The peak cross section
is reduced by 26 % (29%) if the O(a) (O(a?)) result is compared with the Bora
prediction. The location of the maximum is raised by 184 MeV (96 MeV). The
difference between the O{a?) and the exponentiated versions of the O(a) and O(a?)
calculations'is about 20 MeV and should be indicative of the remaining theoretical
uncertainty (Fig. 3.2.)

*For slightly larger estimates of this uncertainty see Ref. 13. These do not incor-
porate terms of O(a? In? M/my).
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Fig. 3.2: The total cross section for
G e e ete™ — uTu~ around the peak
P i O with Mz = 93 GeV. The dotted line
represents the O(a) corrected cross-
section. The curve with large dashes
represents the O(a?) corrected cross-
section. The other dashed line is the
O(a) ezponertiated form, the solid
fine represents the O(a?) ezponenti-
ated expression. (From Ref. 17).
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3.3. Mys DETERMINATION

No theoretical study for W pair production of comparable precision exists up to
date. Initial and final state radiation. electroweak radiative corrections and finite
width effects have to be controlled at the same time. Happily enough. since the
planned experiment.ai precision on My is only about 100 MeV, the requirements
on the theory are Jess stringent. The My determination through an analysis of the )
distributions of ev and/or ¢ final states will be straightforward since the connection
between the distribution of the W decay products and My (defined through the
location of the pole of the W propagator) is evident.

To determine My through the energy dependence of o(ete™ —» W*W™) is
conceptually more complicated: The width of W amounts to about 2.5 GeV and
hence the threshold is smeared over a region of several GeV. The cross-section de-
pends on My dinecily through kinematics and indirectly* through the dependence
of the weak couplings g and ¢’ on My, if one adopts the standard model and kecps
e.g. a and G, fixed. Since the form of this second indirect dependence relies heavily
on the standard model, tﬁis approach is no longer applicable in extensions of the

nodel and would be invalidated by an 2nomalous magnetic moment of the W or by

*The compensation between these two effects leads to the insensitivity of the cross
section to the value of My several GeV above threshold [4]. This, however, is
an artifact of the choice of input parameters. i
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non-standard ZW W’ couplings expected e. g. from composite models. It is, however,

possible to choose an energy region very close to threshold, say 1 — 2 GeV above

2Myy where the neutrino t-channel exchange dominates the rate and the shape of

the cross- section depends only weakly on the model [18, 19]. (Fig. 3.3).

o [pb]
[} .
t Yrww *
[INPUT a Gp.Mp=926 GoV. My, grygy

31‘72—’9-'- £1 0y x25GeV

2k N
H gzw
F 2950
: o=
0 h

M, « 813 Gev M, = 82.3 GeV

16‘5 |7I0
Vs [Gev)

155 160

Fig. 3.8: The cross section for W pair pro-
duction in the threshold region and its de-
pendence on the ZWW coupling gzww for
two values of My . gg:,a, demoles the pre-
diction of the standard model for gzww .

(From Ref. 18.)

4. Ay p From Hadronic Final States*

Ouce the parameters of the standard model are fixed through the determination

of Mz, the measurement of AL g could well lead to the most precise test of the

standard model, apart from the measurement of Myy. To arrive at a statistical

error in the asymmetry of 3 - 10~2 about 4 -10% events are required, assuming an

average polarization of 0.5. Hadronic final states with their large production rate

will thus be of prime importance, at least in the first round of experiments. In such

*Sections 4.2-4.5 of this chapter are based on work done in collaboration with S.
Jadach, G.G. Stuart and S. Was [20]. For a related discussion see also Ref. 21.
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a situation large and uncalculable corrections from hadron physics could appear in
principle. There is, furthermore, a complicated interplay between QED corrections
aud hadronic effects such that both have to be controlled simultaneously. Section
2 of this chapter will therefore be concerned with QCD corrections to App for
massless and nassive quarks. The effect of initial state radiation on Ay p will be
discussed in section 3. Section 4 is devoted to a discussion of £ — v and v — 4
box diagrams and their influence on the cross scction and the asymmetry. It will
be shown that their influence is sinall on top of the Z. The discussion on helicity
ponconserving spin configurations in section 5 conciudes this chapter. In view of the
importance of these measurements the brief discussion of the experimental setup in

section 1 may be justified.

4.1. Tue EXPERIMENTAL SETUP

Polarized electron beamns have been produced and accelerated by the linear ac-
celerator at SLAC since long ago. The main task for SLC will be to preserve the
electrons’ polarization on their complicated way from the source through the accel-
erator, the damping and the bending rings to the interaction region and to measure
the degree of plarization with sufficient precision. (6App = ALgéP/P, such that
an experimental accuracy on Az of 3- 1077 requires the determination of P to
about 10~2.) The positrons remain unpolarized. Since the cross section for elec-
trons and positrons with opposite spins vanishes in the ultra relativistic limit. this
configuration is sufficient for a Ay g measurement.

At LEP, like at any other ete™ storage ring, the Sokolov-Ternov effect may be
exploited. Synchrotron radiation from electrons and positrons flips their respective
spins, such that their magnetic moments are aligned with the external field of the
bending magnets. This leads to transverse polarization of e* and e~ with opposite
relative sign. Spin rotators will then transform these to electrons and positrons with
longitudinal spins pointing into opposite direction. This is most easily understood
as a consequence of CT invariance (Fig. 4.1). Let us assume a set of spin rotators
(consisting of a sequence of magnetic fields) which turns the transversely oriented
spins (say in direction s ) of electrons with momenta § into Jongitudinally oriented
spins of direction s at the interaction region and back to their original direction
afterwards. A CT operation leaves the magnetic fields of the spin rotators invariant,
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but changes the electrons into positrons of opposite momenta —f and opposite spins
-5y and -3 respectively. The cross section for such a configuration vanishes
in the ultrarelativistic limit, assuming for the moment the idealized case of 100%
polarization. To arrive at an interesting measurement, some of the (four electron
and four positron) bunches have to be depolarized. A particularly elegant scheme*
is provided by depolarizing the electron bunches number 1 and 2 and the positron
bunches number 1 and 3. One can then measure at each interaction region the cross
sections with the electron-positron spin configurations** (— , <)}, (v,u), (=, u)
and (u, «). The ratio between the first two rates provides the calibration for the

polarization, the last two measurements determine Ay p.

. P e pmm

—_— rofatorj - rotator /| —8—
Yo LA < WA by

cT

. ) e O]

«+——— |’ rotator <+——— | rotator /| «——

'f-s, V/// <€ s A R s

Fig. {.1. Schematic descriplion of the operation of spin rotators on po-

larized electron beams and their beheviour under a CT operation.

*For a more detailed discussion see {5].

**y stands for unpolarized.

Caatmm timawe o o em
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4.2. QCD CORRECTIONS TO THE LEFT-RIGET ASYMMETRY

Calculations of the total hadronic cross section in e*e™ annihilation are subject
to large corrections, compared to the quark parton model predictions. For massiess
quarks, the correction factor has been caiculated to O(a?) and is given [22] by
(1 + ags(@D)/7 + 1.4 (azs(Q?)/x)?) for ny = 5. Numerically it amounts to
about 1.05 on top of the Z0. For massive quarks, in particular close to threshold,
the corrections are even larger and are subject to a substantial uncertainty. For
the left-right asymmetry, the situation is much more favourable. Oxn top of the
resonance, Z and 7 Born amplitudes do not interfere and the square of the photon
amplitude can be neglected to a good approximation. (The small corrections from
this last contribution are discussed below). The dominant Z0 contribution leads
to an asymmetry, 2veae/(v2 + aZ), (ve,ae are defined below) independent of the
final state [23]. The Z-y interference can no longer be neglected even slightly,
say, 0.1GeV off resonance, and predictions for the asymmetry depend on the final
state. The size of this effect can be calculated in the parton model. As long as we are
concerned with massless quarks, all relevant hadronic vacuum polarization functions
are modified by QCD corrections by the same factor to order aZ, which cancels for
the asymmetry. (The parton mode] predictions even for the small corrections are
therefore applicable up to this order). The question arises at which order of a, the
parton model will caase to apply. To simplify the discussion, only the Born terms
in the electroweak interaction will be considered. The amplitude for the reaction
ete” por4 4, a hadronic final state, is then given by

Afete™ ~ h) = (hlJﬁ"'IO)i:'ﬂQe'r"u

v " &2 (4.1)
+ (Bl + 4 M‘ — M% TiMzT; 7" (ve — aeys)u
with
8- in2 3 .
Q, = =] Ve = -ﬂm I/ (4.2)

Ge = —-.—‘_
2sin by cos by 29in fyy cos Py
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The total cross section with polarized beams is

(FVV) 4 H(4.4))

4xa?
=l

+2Qe(ve F &)Rc(m)r(m'v) 4.3
+ er(em,em)]

i

The r(#J) are defined as the transverse part of T5(0{J/|A}(A|J/|0), and are general-
izations of the familiar B = 0pq4/0point- Explicitly

Buby —y‘,y)(21r)2 2(2:)‘64(P,,—P)(0|J’(0)|h)(h|J’(0)|0) (4.4)

() (p2) = F(
r(V:4) and r(é™4) vanish upon summation over the final states as a consequence of
charge conjugation invariance. The remaining r’s are given in the massless parton
model by

SV 2 2 o A - Z.,} plemem) _ 2 QF  remV) < 20 ror

(4.5
On the basis of these equations the deviations from the parton model predictions
for Arp will be investigated. Evidently these are closely related to corrections
to r{iJ) which cannot be absorbed in a global factor and the relative weight of
such terms. The first and dominant }Z}? term in eq. (3) leads to the familiar result
2vea,/(v2+a?) for the asymmetry. The last |v|2 term contributes differently to Azp
depending on the final state. This effect, however, amounts only to 1-2x10~3 and
is thus already below the planned accuracy. This statement is somewhat modified
in the presence of initial state radiation, see Section 3. - Furthermore it can be
be caleulated quite reliably. (For massless quarks ooe expects mon-irivial QCD
corrections of order (a,/x)3, such that the uncertainty from the contribution is
completely negligible.) The interference term vanishes for s = A}, if and only if
+(em.V) i real, a requirement evidently fulfilled in the parton model, independent of
the quark mass. As long as all quark masses are identical (which means in practice,
as long as m%/M} < 1), r®™V) can be shown to be real by using SU(n) flavour
invariance. The argument is particularly simple if these light flavours are grouped

PR
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into weak isospin doublsts. say (u.d} plus (¢, 8)- The electromagnetic and vector
current are decomposed into weak isospin singlet (=hypercharge) and nonsinglet
parts.

JV =2(1 — 2sin? Oy )J3 — 2sin® Oy JY

Jom = I+ 37 o

HemV) = o(1 — 2sin? ow)r3P) — gin? gyr(MY)

4.7
+ (1 -2sin?0p)r(M3) — 24in? gppr3Y) @.7)

The first two terms are evidently real, the remainder vanishes as a consequence of
isospin invariance}. In case we have to consider incomplete multiplets of say, (u,d)
plus s or (u,d), (¢, s) plus b, one expands the electromagnetic and the neutral current
in terms of SU(n) generators with real coeflicients (n = 3 or 5 in our case). Asa
consequence of SU(n) invariance only diagonal elements contribute to rlemV) such
that +(€™.V) is real also in this more general case. Imr(®™V) thus originates from
singlet-nonsinglet mixing due to different quark masses, denoted by my, and m;,
in the following.

Fig. 4.2: Leading diagram responsible
) Jor the difference in (i) Jor singlet and

nonsinglet currents and for ImrlemV) if

wy, # M-

£, f,

Two gluon intermediate states are forbidden by C-invariance. The leading con-
tribution to Im r("" V) and thus to the Z-+ interference on top of the Z 0 originates

from the diagrams dep)cted in Fig. 4.2, is thus of order (I‘z/Mz)(—‘)”(—z—;z&)
and can be safely ignored. A similar line of reasoning applies off resonance where
all four functions r(#) play an equally important role. As long as quark mass ef-
fects can be iguored, the leading (and not yet calculated) corrections to the parton
model prediction are of order a. The argument is alightly more involved for the
contribution from r{4+4) gince flavour singlet states e.g. two gluons, can contribute -

t Isospin breaking effects Jike p-« mixing are induced by QED, and are thus part
of the electroweak corrections. '
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already at order a?. These terms, however, cancel within one isospin doublet, again
up to mass terms, such that the leading (uncalculated) correction off resonance are

2 _,2
of order (2)? (Z:b.—m-&) . However, off resonance there are also other uncalculated

corrections of order afm}/M% and even the uncertainty in the definition of the
quark mass (say of a heavy top) plays an important role, such that these are the
“sading effects which limit the accuracy of an asymmetry measurement off resonance.

Massive Quarks - The contribution from massive quarks, say top quarks, can be cast
.into a form similar to eq. (5). In the parton model

r(VV) = 3+ 4%)/4 of

plemem) _ B8(3 + ﬂ’)/4 Q,’ (4.8)
AemV) _ a3+ 8/4 Qe '
AA) = 33 a?

and the O(a,) QCD correction factors Y and R4 for vector (i,j = V or em) and
axial vector (i = j = A) current induced production read [24)

ool 22

t={ue "'[25 (G-5e+3)G-&}

QCD corrections to the asymmetry are now in general of order ay, their size, how-
ever, is small, Close to the peak the dominant uncertainty originates from the
uncertainty in mg and is shown in table 1 for some characteristic cases. A knowi-
edge of my¢ to +] GeV is cvidéntly sufficient to keep the resulting uncertairty in
ALR below the required level of 3 x 1072,

‘QED ‘CORRECTIONS
Initia) State Radiati
As for QED corrections we shall understand. if not stated otherwise, the Ofa)
corrections with real and virtual photon emission (vertices with a photon line} from
initial and final state fermions for both v and Zo.a-channel exchanges. Box diagrams
with at least one photon are included. No vacuum polarization and no genuine
electroweak correction are included. Fermions masses are assumed to be small.

.
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Epegm ~ 22 | ~25GeV | —0.5GeV | 0 | +.13GeV | +0.5GeV | +2.5GeV
bmy = —1GeV | 502 -89 | -16 -4 33 103
my = +1GeV 590 114 19 -2 ~42 ~126
smy = —5GeV | -1892 -331 | ~65 -12 17 383
émy = +5GeV | - ¢ |10 -30 -330 ~990

§ARL(QCD) 30 % 3 ~8 -28 -114

(A% - AkL! 440 95 23 8 2 93

Tab. 4.1: Varistion in the asymmetry in units of 10~4 from a variation
of my, from inclusion of the QCD correction and from a variation of the
QCD corrections as described in Ref. 25.

As was stated in above, AL is least dependent on the properties of the final
state due to pure QCD corrections at /s = Mz and it is thus particularly suited for
a precision test of the standard electroweak theory. Initial state radiation, however,
smears the effective energy and raises the energy of minimal sensitivity (EMS) to a
slightly kigher value. Also the maximum of the cross section is located about 200
MeV{ above M. With somewhat (over-} simplifying assumption it can be shown
that the EMS is raised by roughly the same amount. The cross section as a function
of s is given by

o(s) = [ &5 f(s')oBorn(s - #) (4.10)

where the resolution function f incorporates the smearing from initial state radiation
and from the beam energy spread. If f were strongly peaked and its width small
compared to the Z® width, I'z, then one would prove this coincidence rigorously.
Under the sbove sssumption the integral is dominated by the region close to the
peak. 0gors may be then expanded around M3

Born(M}) + %g— - MER (411

fResult for single photon bremsstrahlung.
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The folded cross section is then given by

o(s) = / ds'f(s') [ago,,.w}) + %gLMEu - - MH 4 ] (4.12)

and at the new maximum Smaz the first derivative vanishes, which implies

%o’(a)l = / (smaz — ¢ — M,’)f(a’) =0 (4.13)

$=bmer
such that any term in 0 gopy, Which vanishes linearly at s = M% does not contribute
to the corrected cross section at s = Smqz. In practice, however, this can only
be considered as a qualitative line of reasoning because the radiative tail extends
through the whole 29 peak region and the presented argument is not strictly valid.
For example, using the O(a) exact result for the initial state bremsstrahlung [26] one
finds the peak at Mz +0.23 GeV and the EMS at Mz +0.32 GeV. In Fig. 4.3a it is
shown that also after the corrections from the initial state radiation are incorporated,
the asymmetry at the EMS (=Mz+0.32 GeV) is practically equal to the uncorrected
. asymmetry at Mz and that at this point it is again independent of the final state
fermion flavour}. It should be noted, however, that to obtain this result the pure
a-channe} photon contribution had to be switched off (Fig. 4.3a). It affects the
asymmetry differently for different final states, as can be seen in Fig. 4.%b. Without
initial state radiation this difference amounts to about 103, Inclusion «£ the inftial
state radiation up to the kinematical limits enhances the difference by a factor of
about 3{, that is at a level relevant for experiments. However, a sizeable fraction of
this effect originates from final states with a very hard photon plus a fermion pair of
rather low invariant mass. This contribution is easily eliminated by a rather loose
cut on the photon energy, say k < 0.9 which corresponds to m(ff) > 30 GeV (cf.
the dash-dotted line in Fig. 4.3b for f = u). Nevertheless these contributions seem
to be large at first glance. since the leading Z%-exchange amplitude is of O(a%) on

{1t should be noted, however, that Ay at s = M2 is strongly affected by initial
state radiation and furthermore becomes strongly dependent on the final state.
This conclusion differs from the one of Ref. 21

{The resonant }Z|? contribution is depleted through the shift of the effective
energy to a lower value, the |4]2 contribution is enhanced.
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the top of Z° while the photonic amplitude is of O(a') and the non-interfering |7
correction is thus of O(a®). It should be noted, however, that the Z%amplitude
is supressed by the large Z% width — a consequence of the large number ny of
open fermionic channels — such that its magnitude is characterized by o%/n 7. No
corresponding suppression operates for the photon, so that the alleviation of the al
suppression is easily understood.

Initial/Final State QED Interferences and Box Diagrams

Final state QED bremsstrahlung by itself is not able to influence Ay g because it
factorizes off the cross section}. The interference of the QED bremsstrahlung from
initial and final state fermions and the interference of photonic box diagrams with the
Born amplitude involve the couplings of the photon to the final state fermions and
is therefore sensitive to the final state flavour. This dependence may, in principle,
show up in the integrated cross sections and therefore in Ay p. One generally does
not expect these contributions to be large because, at the level of the differential
cross sections, they do not contain large logs of the type & In(s/m2), however, the
integration over the photon spectrum in the presence of the Z0 resonance might
perhaps produce & In(M%/T%) terms.

Technically, in the one-loop/single-bremsstrahlung calculations, an infrared free
resuit is obtained by adding the contributions from box diagrams (in fact their in-
terference with Born amplitude) to the corresponding initial/final state hard brems-
strahlung interference contribution integrated over the photon energy up t0 some
maximum value, poesibly up to the phase space hmit. Th&we two contributions,
virtual and real, correspond to two possible ways of cutting across one generic di-
agram, see Fig. 4.4. We shall consider four QED interferences shown in Fig. 4.4
which correspond to four assigi.ments for s-channel exchanges. They are denoted
in the following as (Z27) ® Z, (27} ® 7, (Y7} ® Z and (v7) ® 4. The last one is,
however, t.riv%a.lly equal zero due to charge conjugation invariance.

Most of ingredients necessary for numerical evaluation of the above QED inter-
ferences can be found in the literature. The relevant exact analytical expressions

1 A very small influence ~ 10~ may arise for strong cut-off on photon energy
due to competition of the initial and final state hard photon emission, see later
in this section.

Came cabe s
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-y iy . U-’;g 4.4: Four diagrams correspond-

>-—"<I;—I ing to four types of QED initisl/final
¥ state interference. Combinations of the
q.(.z’.?.é’-!,LF, 3-:‘0’,22 cvupling constants relevant for the con-
tribution to Apy are merked below the

b4 T . .
>_Z_<I-;[ . corresponding diagrams.
T

Ze(m 1®(m)
Qv Qay =0

for the 4 contribution to the differential cross section may be found in Refs. 27,28
and the corresponding one for the Z'y box in Ref. 29. The analytical expression
for the differential cross section, do/dk (where k is the photon energy emergy in
units /3/2) from the initial/final state real hard bremsstrahlung interference con-
tribution was calculated recently in Ref. 28 and later confirmed independently in
Ref. 25. The total contribution to the cross section is obtained by integration of
the box contributions over the scattering angle and of the real photon part over the
photon momentum. The integrations can be performed either analytically, following
Ref. 25, or numerically. {In principle, these are also calculable using the existing
M.C. programs [30, 31] but this is technically difficult due to smallness of the result. .
Here the first two methods were employed. The Monte Carlo approach was only
used for additional tests on the hard bremsstrahlung.)

The first result is based on analytical integration. (o — og)/o3°™ is shown
for muon pair final states in Fig. 4.5. The cross section o4, where A = R, L denotes
the electron polarization (positrons unpolarized), is calculated for each type of the
interference using the following compact expressions

G v e
JZner _Sanan ~ealy (8] -B8h) M Born
A VT = p qqu(ﬂi! + ﬂi’)- m’lz.’m (—‘i; l'mu')ﬂz {4.15)

ez _8e g2 =By (Bl -BL) ez (M} Born
A o gy e i) 420
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where A= R L, eg=1.¢, = ~1 and
12992 (3, kmas) = @17
Re[z(z +1)hn "—"'ﬂ’—ﬁ:—l +lz=1)(1 - k,...,,)] —In|2| - 21n Emas
120972, kinaz) = (4.18)
Ref(1 = =*)(e(e + Dl L0 (5 1)1 — ) ~ () — 210 b |

IOV8Z(;, ker) = Re(1 - 2)(~21n hmas + bimaz + 5) (4.19)
for which,
k=2E,/3 < kmas M} = M} - iMzT5 (4.20)
xat s 2 2 2 2 2’
B = | S 5 el ¢ o) (e21)

gf and ff denote respectively the left and right hand couplings of the ZY to the
electron in units of ¢ = V4ra.

I5 — sin? 8y Q —sin? 0 Q
= 3~ Twiee =20 "Wke
At sin Oy cos 8y Pk sin 8y cos Gy (4.22)

B{ and ﬁlfi denote the corresponding quantities for the outgoing fermion. The
expression for a{ZV)®7 cap be obtained directly from olZY)9Z (cf. Ref. 25) by
suitably modifying the couplings and propagators. For oNBZ the situation is
slightly different since there are two 47 box diagrams compared to four Z4 boxes.
Hence one must return to the amplitude level and resum the contributing diagrams
appropriately.

In Fig. 4.5 the size of the interference contribution is shown and the relative
importance of the thr‘ee terms is compared. Three different cut-offs ka2 are applied.
The quantity plotted in Fig. 4.5 is normalized with respect to ag"’"' and represents
roughly the influence of each of the three terms on Az k. The normalization with
respect 10 g0, the total cross section, with photonic corrections, integrated up to
kmaz, will be used in all other plotsf. The following conclusions can be drawn from
Fig. 4.5: :

§The advantage of the normalization with respect to ag""" in Fig. 4.5 is that
the figure can be easily reproduced using egs. (15)—(16). '
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1. The smallness of the interference contribution is striking. For a cut-off of 0.3
and in the range /3 = Mz % 10 GeV the contributions are smaller than 10~3
i.e. below experimental precision level. They are below 10~ for a looser
cut-off and closer to the Z0 position.

2. The smallest term originates from (Zv) ® v and the other two, (Z7) @ Z and
(77)® Z, are of comparable maguitude. It should be noted that the smaliness
of the vector coupling constant ve = vy suppresses equally strongly all three
terms. (Fdr the relevant combinations of the coupling constants see Fig. 4.4.)
This is different for quarks, as shown in the next figure.

3. All three terms increase strongly when the cut-off kmgz is decreased from its
maximum value 1 — mf, /3 to 0.3 and further to 0.1. This reflects very strong
cancellations among the real and virtual photon contributions.

Similar results are presented in Fig. 4.6 for u-quarks. Here the emphasis is on the

cut-off dependence and (o — op)/51at is plotted separately for each value of kmaz,

for each type of interference and for the sum. The unpolarized cross section gy
includes initial and final state photon emission integrated numeﬁcaﬂy up to kmaz.
Each interference contribution and also their sum is again below the experimental
accuracy, particularly close to the Z%. Due to the different Z0 coupling constants
the contribution {from (Zv) ® Z interference is now dominant.

The figures that follow display the combined influence of the final state brems-
strahlung together with the three interference terms dicussed before. The result for
muons is presented in Fig. 4.7, the analogous result for u and d quarks in Fig. 4.8,
The photon energy cut-ofl varies from kmaz = 0.1 to 1. The combined influence on
App is very small, of the order 10~%. It is so small, that many other phenomena
are expected to influence Agg at the same level. Even final state bremsstrahlung
alone {no interferences) has a similar influence on Azg as can be seen from one
of the curves included in Fig. 4.7. This phenomenon results, in combination with
initial state radiation, from the fact that switching on/off final state bremsstrahlung
(modulus squared) influences slightly the relative strength of the initial state brems-
strahlung and thus indirectly also A7 5. It has §#so been checked that the inclusion
of the imaginary part of the photonic vacuum polarization — formally an order a?
correction on top of the 20 — afects Azp near Mz by a similar amount. At this
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order of magnitude most probably other higher order QED corrections come into

play.

The following comments should be added:

The relative size of the interference contributions is given by vasQf for o(3.)0 2
and by qu ¢ for 0240y a0d G(p)@2- Neglecting mass terms these contributions
vanish upon summation over all members of one generation as a consequence of
anomaly cancellation. Of course, when measuring the cross section experimentally,
the members of one generation (neutrino, heavy quark) will not be included with
equal weight to allow for the exact cancellation.

All the contributions from initial/final state interference vanish for s = M% or
are at most of order $(Iz/M: }2 as compared to the Born cross section. This fea-
ture holds true also for general hadronic states. The reason for this is easily seen
for oz,)02- The momentum flow in one of the two interfering Z-propagators re-
mains unaffected by photon emission and the corresponding amplitude is thus purely
imaginary for s = M2. To assure interference with the remaining contribution (the
box amplitude for virtual and the amplitude with initial state radiation for real
photon emission), the phase space of the photon is stroagly restricted, namely to
|Ey| < T'7/2 for real and to |E, — k2/2Mz| < Tz /2 for virtual emission.

To summarize: QED initial/final state interference contributions to A Lk around
the Z-peak are for loose cuts an order of magnitude below 3 - 10~3, the anticipated

precision of future experiments.

4.4. BREMSSTRARLUNG AND HELICITY NONCONSERVING BEAM POLARIZATIONS

Tests of electroweak theory by means of the measuring left-right asymmetry with
an experimental error 3 - 10~3 will require the beam polarizations to be measured
with a precision of 102, In LEP/SLC experiments this will be achieved either by
means of Compton backscatteringt off a polarized laser beam [33] and by scattering
e* beams with four sets of polarizations (some of them zero) [34) where the polar-
ization can be deduced indirectly from the four measured cross sections. Helicity
conservation is an important ingredient in this analysis and will be inspected more
closely now.

t For QED corrections to this method cf. Rel. 32.
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Helicity is consesved for incoming e beams up to (tiny) terms of order m3tM3
in Born approximation. This implies that the cross section with arbitrary polar-
izations p; of e~ and polarization pz of e* may be expressed in terms of only two
elementary croes sections opy and o R,

(1 +p1)(2 —p2)ore + (1 ~p1)(1 + p2)oLRr, (4.23)

where first index in 0 4 p denotes ™ the polarization R or L (helicity +1/2 or -1/2)
and the second the corresponding et polarization and U stands for an unpolarized
beam. In Born appro:sirnation the helicity nonconserving cross sections opp and
oL are of order m2/s and are totally negligible by LEP/SLC standards. This
allows not only oy and o g but also the degree of polarization to be determined
from the measurement of ogR, 0ry, oy g and oyy. In the presence of the QED
bremsstrahlung, however, the helicity nonconserving cross sections oggp and oz are
of order a/x, they do not vanish for m, — 0 [35}, are thus not a priori negligible.

Fig. {.9: Comparison of helicity con-

serving (o p and opr) and helic-

102 ity nonconserving (cpgr and ory)
cross sections into muon pairs in
the Z° region. In o4p the index
A = R, L denotes the helicity of
the electrons beam and B = R, L
the helicity of the positrons. a4p

" includes the complete single photon

Tee . bremsstrahlung over the total phase

space. The cross sections are divided

by the pointlike muon cross section

ka 0 S-Mp 0V B Thoint = 4za?{3s. The helicity non-
conserving cross sections are multi-
plied by a factor 100 end are shown
Jor the cut-offt kinge = l-m‘z,/a and
0.9.

Mz = 92GeV, inToy = 0.2200, Iy = 24508

107}
.
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In Fig. 4.9 the helicity conserving and nonconserving cross sections are compared
as a function of the energy in the ncighbourhood of the resonance. including initial
state radiation. The helicity nonconserving contribution can be derived from Ref. 28:

ORR = OLL = 35- f:"f“’ dkE(1 — E)als(l — )] (4.24)

As can be seen from Fig. 4.9 the helicity nonconserving cross sections do practically
not affect the naive result (23) through additional terms of the form
(1+ )1+ m)ogr + (1 — p1)(1 — pp)og since the ratios of ogp and oz to
opy and op g near top of Z0 are cleatly far below 10~3. In fact most of the con-
tributions to this tiny helicity nonconserving cross section originate from very hard
bremsstrahlung { close to one) and can easily be eliminated by a moderate cut on
k as also shown in Fig. 4.9. However, such effects could become importact if similar
measurements were planned outside the Z0 peak where they are of the order 19072,
The smallness of the helicity nonconserving cross sections follows from the absence
of infrared and (electron) mass singularities in eq. {24). (A logarithm of the form
In(1 — kmaz) is present, however.) Furthermore, the additional relative suppression
around /s = Mz is due to the fact that this cross section does not show a resonance
peak but rather a mild step. The reason is that for helicity nonconserving beam
helicities the fragmentation function of the electron into an electron and a photon
(24) has a zero at k = 0 (instead of the usual infrared 1/£ singularity.) When this
fragmentation function is convoluted with the Born cross section the Z? resonance
peak is effectively washed out.

5. Heavy Quark Couplings from e*e~ Annihilation Experiments

In the previous chapters only precision tests involving light fermions were consid-
ered. However, experiments which are sensitive to the weak coupling of fermions with
masses comparable to the weak scale are interesting in their own right. They could
be sensitive to the Higgs-fermion Yukawa coupling through the diagrams depicted
in Fig. 5.1, a feature practically absent in neutrino scattering, ete™-annihilation
into light fermions or the muon decay rate (and thus in the Z — W mass relation
(1.3)). Not all measurements involving heavy fermions are equally suited for this
purpose. The left-right asymmetry on top of the Z with heavy quarks as final states
for example is practically insensitive to their couplings, as discussed in chapter 4.
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The forward backward asymmetry exhibits this sensitivity, it is, however, subject to
QCD corrections and in practice such a measurement may also depend on details of
tLe quark decay, as discussed below in section 5.1. This leaves us with the left-right
asymmetry on a toponium resonance. QCD corrections are largely absent in this
case and a precision measurement is at hand (sect. 5.2).

f f l y—f
Y Z : Mﬂl‘
H ;H

- \\J -

f f H

Fig. 5.1: Feynman diagrams relevant forete™ — f, f involving the Higgs-

fermion coupling.

5.1. THE FORWARD BACKWARD ASYMMETRY

1t is straightforward to calculate the forward backward asymmetry of heavy
quarks® in the parton model in closed form (see e.g. Refs. 37,38); Since it depends
on the quark mass it is subject to the corresponding uncertainty and in addition to
QCD corrections which are available to O(ay) [39]. To perform this measurement
the heavy meson has to be reconstructed or at least the the proper coinbination of
jets or prompt leptons has to be collected. (Fig. 5.2.) Any such meas:rement will
therefore depend to some extent on nonperturbative physics from hadronisation and

jet reconstruction.

To avoid these complications one might look right away for asymmetries of the
decay products, e.g. of prompt leptons, as has been done for ete™ — B(— =)+ K—
e*). However, compared to the bb-case the boost is far smaller which then leads
to a large sl;illover of decay products into the opposite hemisphere. These lepton
asymmetries will in addition depend strongly on quark spin asymmetries through
correlations between the lepton direction and the quark spin such that the sign of
quark and lepton asymmetries is in some cases even reversed (Fig. 5.3.). A cut on’

*For a detailed discussion of the forward backward asymmetry with light quarks
and polarized beams see Ref. 36.

C ot s meaeit e
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Fig. 5.2: Production ond subsequent decay of heavy quarks in ete"-annihilation.

lepton energies reduces the spill-over, it leads, however, to a distortion of the asym-
metry at the same time [40]. The measurement of the forward backward asymmetry
with heavy quarks will therefore lead to interesting results on heavy quark decay
properties and hadronization and a crude determination of quark couplings, but will

not test radiative corrections.

5.2. ASYMMETRIES ON TOPONIUM

The situation is far more favourable for asymmetry measurements on a toponiur
resonance. The relative strength of electromagnetic and neutral current amplitudes
is independent of the toponium wave function and of QCD corrections. such that
a true precision test is at hand. Various measurements have been proposed which
however, all determine basically the same quantity:

1. The left-right asymmetry App that can be measured with polarized beams
[41).

2. The forward backward asymmetry in u-pairs A’;- g Or in other fermion-pairs
that is given by A¥pp = $A2 .

3. The forward backward asymmetry of leptons from the semileptonic decay of
a quark inside toponium. These leptons may serve to analyse the polarization
(= ALR) of the bound state which is given by ‘}%IALR with f = & [42).

Depending on the toponium mass, on potential technical developments to reduce
the beam energy spread and on the integrated luminosity available for toponium
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Fig. 5.3: Asymmetry pargmeters for
top and ¥, with and without instial
state radiation. Also shoun is the
asymmelry of prompt muons from
the guark decay. (From [40].)
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physics the asymmetry Ai & can be determined to an accuracy between 0.02 and
0.1 [43,38]. This suggests that radiative corrections are of relevance for this reaction.
The following results have been obtained [8]:

The corrections do depend on the Yukawa couplings through the diagrams de-
picted in Fig. 5.1. The corrections to the lowest order result can be written in the
form

ApL = A%L(Born)(l +af(mp,mz,my,me) + aay f(my,mz,mg,my)) (5.1)
and the func'tion F has been calculated. The corrections are typically a few x10~2,
and so is the dependence on my (Fig. 5.4).

The next term in the expansion is of order aag and originates frora the combined
electroweak and QCD corrections and has not been calculated. These corrections
originate from diagrams like the one depicted in Fig. 5.5 and do not lead to large
logarithms. Pure QED corrections from initial or final state radiation do not affect
the result.
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Fig. 5.4: (a) Prediction for the polarization asymmetry as ¢ function of the
toponivm mass for Mg = 100 GeV and Mz = 94 GeV. Solid line: full one-
loop correction. Dashed line: difference between first-order and lowest order
prediction.

(b) Change in the asymmetry, api(Mpg) — apr (100 GeV), for ¢ Higgs mass
of 1000 GeV (sdlid linc) and 10 GeV (dashed line), including the variation of
the Weinbery angle.

t . Fig. 5.5: Generic diagram giving rise to cor-

Z' A Z " rections of order aa,.
g
F .
) 6. Summary

The determination of My to 100 MeV and of Az to 3 x 10~3 accuracy would
be complementary to the precision planned for Mz. Theoretical predictions are
under control to this level of accuracy, also for hadronic final states. The optimal .
place for an accurate determination of beavy quark coupling is toponium. Such a
measurement is sensitive to physics not accessible anywhere else.
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New Results from the UA5/2-Experiment:

Ch. Geich-Gimbel
Physikalisches Institut der Universitit Bonn, Fed. Rep. of Germany

1. Introduction

This talk will caver recent results from the investigation of pj-interactions at /s = 200 and 200 GeV
with a streamer chamber deiector (UA5/2-experiment) 1! at the CERN SPS Collider. Last year
at the same occasion results on cross section measurernents, diffraction dissociation. multiplicivy
distributions, forward-backward multiplicity correlations and on the search for Centauro-like events
were presented [2).

Meanwhile the UA5-Coliaboration has published the results on cross section ineasurements |3},
difiraction dissociation [{] and the Centauro question [5). The investigation of mmitiplicity dis-
iritaitjon is not finalized, for the time being there is no new information available. Hence T will
concentrate on correlation studies, i.e. forward-backward correlations and two-particle nrendorapid-
ity correlations, on strange particle production. strangeness suppression and on the *typical’ cvent,
i.e. the particle composition of an average non-single diffractive (NSD) event.

The data these preliminary results are based upon were taken during a very successful run of
the pulsed pji-Collide- at CERN in spring 1985. The UA5/2 detector {6} took 115.000 streainer

chamber pictures and 500,000 electronic events {i.e.only containing information from the trigger

hodoscopes and the hadron calorimeter), rainly at the flat bottom at 100 GeV beam energy and

the four seconds flat top at 450 GeV of the cycle, see fig. 1. ’
The UA5/2-detector consists of two large streamer chambers (6 x 1.26 x 0.5m® visible volunicj,

placed above and below the 2mm thick beryllium beam pipe?, see fig. 2. The azimuthal coverage

of the chambers is 95% for a psendorapidity ® ipl < 3. At each end of the chamber there is a pair

of trigger hodoscopes covering a pseudorapidity range of 2 < |} < 5.6. For further details of the

UAS detector system see [1,6).

2. Correlation Studies -

For any finite positive value of the paramater k of a Negative Binomial Distribution (NegBin}*

_ [ n+k-1 ik \* 1
P(n;ﬁ.k) = ( n ) (1—1—1-1/—*) (_I—Iﬁ—/k—)i (2.1]
the dispersion .

Dj=1(1+}) (2.2)

 Bonn-Brassels-Cambridge-CERN-Stockholm Collaboration
’F‘t p-n o! the rum, an additional photen converter plate was introduced between the beam pipe and the upper
o i the photom delection efficiency st large production angles. ’
q = ~la tan Q/’
Swhere confusion could ariee we distinguish kyg and kyn, densting cluster siges k and the shape parameter k of
Unse megative binomial disteibution by apprepinte subscripts.
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is larger than that for a pure Poisson distribution where D = fi.. It has been found that at Collider
energies charged multiplicity distributions may well be described by NegBins, obtaining values for
the parameter k of 4.6 & 0.4, 3.69 £ 0.09 and 3.2 £ 0.2 at /5 = 200, 546 and 900 GeV, resp. [7].

Thus one may conclude onto the presence of correlations in the production of charged particles,
which broaden the multiplicity distribution. Also, the investigation of correlations may provide a
deeper understanding of the dynamics of multi-particle production.

2.1. Forward-Backward Multiplicity Correlations

The problem of forward-backward correlations concerns the fluctuations in the number of particles
going to either c.m.s hemisphere, np and ng, at an overall charged multiplicity

ng =0 +Np . (21.1)

The two-dimensional np versus ng distributions of minimum bias pp data are shown in fig.3 for
V5 = 200, 546 and 900 GeV [8,9].

There are two equivalent ways to measure the correlation strength: one may compute the average
number of backward going particles at a fixed number of forward going particles to obtain the
correlation coefficient b by a straight line fit

<np(ng) > = a+b-np. (21.2)
Alternatively, the linear regression (with unit weight to all events} leads to the correlation coefficient

_ cov(np,np) < (np—<Dp>)>-<(ng~<ng>)> (21.3)
T var(ng)var(ng) V< (F— <2F >)1 > - < (Dp— < ng >)2 > )

The linear relation (eq. 21.2) remarkably well describes the pp data at the Collider, see fig. 4 [8,9).

Equation (21.3) may further be developed, such that the correlation coefficicnt b only depends on
the second moments (fluctuations) of the marginal distribution of the combined multiplicity ns
18,10}, finally leading to (cq. 21.5) below, as follows.

Formally, for each combined charged multiplicity ns there exists a distribution fs(ng) and its
moments, describing the probability of finding events with np going into the forward region F,
where as an appropiate choice

F:=(0<n<4),B := (-4<9<0). {21.4)

As an exampz, fig.5 shows the fi2{ng) distribution, obviously excluding a binomial distribution,
which would follow, if each single particle has a probability p = 1/2 to fall into either hemisphere,
from random emission of individual particles along the (pseudo-) rapidity axis. This holds true at
all Collider energies; an assumed binomial distribution is too narrow to descsibe the data.

Averaging over all ng, with D} as the variance of the multiplicity distribution and dj(ny) being
the variance at a given value of ng, the following identity emerges®

Df - < di(nr) > (21.5)

b= il T <dan)>

*If in 0. (31.3) one first sums over all events at Aixad ng, then over the ng-distribetion, formule (31.5) results {11).
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As in an ISR analysis (12} a'n at /s = 546 GeV [13,14] a different. definition of the forward an‘:
backward regions was applic.. namely

F:i=(1<n<4).B:=(-4<59<-1), (21.6)
leaving a central gap of én = 2 between the two regions. The motivation was to decouple this

correlation study from short range correlation effects, which trivially may arise from rescnances,
emitting their decay products simult ly into either region.

Qu:ntitatively, the condition {21.6) Jowers the correlation coefficient to b = 0.41 = 0.01. instead
of getting b = 0.54 + 0.01 at /s = 546 GeV {13). when the two regions are in contact {condition
21.4). The corresponding values at the other Collider energies [8] are given in table 1. including an
updated figure for b at /5 = 546 GeV, based on a ronghly doubled number of events®.

Table 1 Correlation Strength b

rrinterval | /3 = 200 GeV | /& = 546 GeV | /5 = 900 GeV
<4 | 0481002 | 058:0.01 z 0.63 + 0.02
1<|g/<4| 032£062 | 044:0.01 | 049 :0.02

In fact, it is the presence of a positive correlation strength even in the case of a gap between the
control regions (condition 21.6), which calls for the existence of so-called Jong rauge correlatione
in rapidity space in the particle production. The strength of these carrelations increases with c.m.
energy, see fig. 6. about linecarly, i.e. b = d + ¢ Ins. They were already seen at highest 1SR energies
in experiment R701 {12), though with a much smaller correlation strength.

The correlation coefficient cannot exceed 1 by definition. To test for deviations from linearity we
therefore also tried adding a quadratic term, ie. b = a + 3Ins - 3-Ins. The contribution of
the guadratic term however is small in the energy range considered. Consequently. up to /s
900 GeV the rise of the correlation strength with c.u. energy is still compatible with a lincar lus
behaviour, indicating no saturation. The result of a Jeast squares fit for the linear parametrisation
isd = -0.184+0.016, ¢ = 0.061 £ 0.002 for the full range and d = -0.3800.019, ¢ = 0.065=0.002
when a gap is introduced {8) (s in units of GeV2).

2.2. Correlations and the Cluster Model

For the physical interpretation of the correlations observed different assumptions may be distin-
guished. In the case of independent single particle production, i.e. having a binomial di~tribution
with p = 1/2 for a particle to fall into either hemisphere, one obtains d2(ng) = p(1 - pins = 1/4 ns,
and with the measured values of < ng >= 16.0 = 0.2 and Ds = 8.8 + 0.1 (for a én = 2 gap at 540
GeV {15]), thus b = 0.66, in contradiction to a measured slope parameter of b == 0.42 = 0.01.

If instead of single particles, groups of them, or small-sized clusters 16! (tacitly including resonances
resonances”), are randomly emitted, a much better description of the data may be reached®.

‘In this more recent analysis of pp date at /5 = 546 GeV corrections were made for acceptance and trigger
efficicncy. The net effect of these corrections is smaller then 0.02 in terms of the slope parsmicter b 13,9,

Twhich on theic ewa would mot be suficient to explain the measured mean charged cluster size < k > of about
2.2, since from the specirum of low-mass {and prompt hadtons) one obtains < k > of about 1.4 {8)

*Independess of mubtiplicity correlation studies it had been argued from several experiments that the finad state
particles in hadronic intersctions are likely to group in *Clusters’ over u relatively anwll range of rapidity (17-19).
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Assuming a fixed cluster size k one would get di(np) = p(1 — p)kns = 1/4kns, or

k = 4d3(ny)/us , (22.1)
hence e X
b= g/ <Bs> —k (22.2)

T D} <ms> +k

This picture is still unrealistic, as the cluster size may vary, at least due to various decay multiplic-
ities of known resonances. Under the assumption of clusters of mixed size the cluster size k in eq.
(22.2) turns into an effective cluster size kg [20]

kg =<k> +vark)/ <k> , (22.3)

which is a function of the first two moments of the (unknown) cluster decay multiplicity. Equation
(22.2) finally becomes ’

D’/(ns) — ke
Pt Tl R .}
b= Dij<mss ¥ . (22.4)

This quantity 4d2(ng)/ns = keg is plotted in fig. 7 for different c.m. energies and different spans
An. in dependence of the overall charged multiplicity ns in the intervals considered. It appears
that. provided the multiplicity ng is large enough as well as the interval Ay, the effective cluster
size saturates at kg > 2.5, also independent of the c.m. energy. As for sinaller intervals and/or
smaller multiplicities the relative probability for clusters to eimit particles outside the control regions
{leakage effects) is enhanced, naturally smaller values for kg emerge.

The curves in fig. T represent the results of Monte Carlo simulations, based on independent cluster
emission (UAS Cluster-Monte-Carlo [6,21]). There for the charged cluster decay multiplicity a
truncated Poisson distribution was input, with < k >= 1.8, resulting in k.y ~ 2.6.

This result ties in with the conclusions drawn from the analysis of two-pzrticle pseudorapidity
correlations [22] at /5 = 540 GeV and also with earlier ISR results {23}, whre compatible values
for kg were obtained.

2.3. Variation of the Central Gap Size and Position

A further investigation of the nature of long range multiplicity correlations has been carried out by
determining the slope b between two regions in pseudorapidity {hat are one unit wide (| r):‘s - q:-‘.n |
= 1) and separated by a central gap §nF*B = | qf - 1P | of varying size. Furthernore we have studied
the behaviour of the correlation coefficient for fixed forward/backward intervals of ane unit in 5
decoupled by a gap of fixed size of 2 units in n, and moving the center of the separating gap from
=0 towards n=2.

As is shown in figure 8. where the slope b is plotted as a function of the size of the central pseudo-
rapidity gap for 200, 546 and 900 GeV, the correlation strength d tonically as the gap
size is increased. The observed behaviour of b for different gap sizes are in agreement with model
predictions (24.25), and is also well reproduced by the UAS cluster Monte Carlo program [6,21}
{ilnstrated by the curves in figure 8). In this Monte Carlo program first the clhiarged multiplicity
of the event is drawn from a negative binomial distribution and then the cluster decay multipficity
from & Poisson distribution with a mean value of ~2.3 charged particles/cluster, whereas she nun

ber of clusters is determined by the charged multiplicity of the event and the clusters ate randomly
distributed along the rapidity axis. Therefore the observed long range multiplicity correlations
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can be understood in our cluster Monte Carlo program as a result of correlated cluster emission.
whereas the correlations between clusters are forced by the multiplicity distribution.

Figure 9 shows the correlation coefficient as a function of the central gap (being two units of
pseudoranidity wide) position at 200, 546 and 900 GeV. The correlation strength decreases when
shifting the center of the gap towards 2, but does not vanish. Thus we observe sirong positive
correlations of long range within one c.m. hemisphere.

2.4. Two-Particle Pseudorapidity Correlations

A different approach to correlations in particle production is obtained by the study of two-particle
(psevdo-) rapidity correlations {16,26]. This approach requires the introduction of some suppie-
mentary variables.

Besides the one-particle psendo-rapidity densicy

£ = Yodofdn, (24.1)
one similarly defines a two-particle pseudorapidity density ®
‘ Almym) = /o do/dmdn (24.2)
with the normalisations
_/:_ " pndy = <ng> (24.3)
[T[:uﬁ’(m,m)dmdm = <na(na-1)> . (24.4)

The definition of the correlation parameter (i.e. the second Mueller moment [27))
f; =<nafpa~1)> -~ <ng>? (24.5)
then leads to the construction of the two-particle correlation function
Cim,m) = A*(m,m) - p'(m)p'(m) . (24.6)

For the case of uncorrelsted particle production the two-particle density factorizes
Ponses (M) = £ (mIl(m) , (24.7)

wheace C(m1,m) (eq. 24.6) vanishes Kkewise,
In eonnectbn with this correlation analysis it should be remembered that the multiplicity distri-
butions were well described by ssgative bimomials [7], where

o =<ng>/k (24.8)

aad for the shape parameter k fnite (and positive) waluss were obtained.

In the past this formalism has boen weed in variows amalyses at the ISR [12,23,28), proving the
existence of both short range smd long range correlatioms in particle production. Ia terms of
specillc cluster models thelr relevast parameters, ie. the decay multiplickty and decay width'
became accessible (16,28]. .

*soad sho-tom for J
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2.4.1. Inclusive Charged Particle Rapidity Correlations

The inclusive correlation function C(0,7:) (m fixed at 5 = 0} for /s = 200, 546 and 900 GeV is
shown ! in fig. 10a and for comparison the analogous quantity for /s = 63 GeV {19,23a] is included.

The striking increase of the height of the correlation function is to be expected as D?/ < n > (hence
D?— < n > = §;) has been found to increase strongly with the c.m. energy {7,30] - a behaviour
which was discussed as 2 broadening of the multiplicity distribution (and KNO scaling violations).
Originally, in the context of two-component models [16,29,31,32], the correlation function was
broken down into terms for intrinsic correlations within each component and a *crossed’ term from

the mixing of components. When sumiming over & range of charged multiplicities ngy, i.e. mixing
events of different multiplicities, the inclusive correlation function similasly may be split like {31)

C(th,m) = Cs(m,m) + Cr(m,m) (241.1)

where the "short range’ correlation term
= 1fo 3 0uCa(m,m) (241.2)
n

is related to the semi-inclusive function C, st fixed multiplicity and where a "long range’ correlation
term
CL = Vo Y o, [o'(m) - Ai(m)) [5'(m) - pl(m)) (241.3)

arises from the mixing of events, which have different pseadorapidity densities. In these formulae the
index n denotes a fixed charged particle multiplicity and the corresponding one-particle densities.

The leng range contribution, shown in fig. 10b as Ci,(0, 72), only sums the products of the differ-
ences between the inclusive and semi-inclusive one-particle densities, and consequently depends on
the shape of the multiplicity distribution. This term differs from zero even in absence of ’true’
correlations [23a). It broadens the correlation function and is often (misleadingly) called long-
range’ correlation term, masking dysamica) correlations, which are present only in the Cs-term
(’short-range’), as it is the only one which contains two-particle densities (eq. 241.2).

The determination of the pure short range correlation component wanted, Cs(m,m1), see fig. 10c,
which is sharply peaked (hence 'short-range’), proceeds via a measurement of semi-inclusive pseudo-
rapidity densities to obtain Cy,(m, n3) (eq. 241.3). Then one may calculate 3, according to eq. (241.1),

Cs(m,m) = C{m,m) - Cu(m,m) . (2414)

The remaining short raage contributjon is wswally fitted by the sum of a Gaussian and a residual
background term proportional to the product of single particle densities,

<kk-1
Cs(m,m) = _.‘E(a_)_LZ W"?‘: - "),)—Ar'(m)r‘(m), (240.5)
wbcu,wkﬁthmdnmmkhnlﬂodtothedouymhiplkkyofth:clutm
and & their decay width.

S corsecsod for strosmar chomber and irigger scoaptonce 8]

This is one seliabls way ¢o moasuse Cy, as i aveids the uncortalatios in coseciing measused samé-inclusive twe-
particle densitios, which wese nosded if ons followed 04.(241.3) and 0q.(34.6) in lie somi-inclusive form to messure
Cs. The results of the aliesnative pooceduse, sor the nent section, are given In table 3.

-t
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In such an inclusive investiration of two-particle correlations one obtained for the cluster decay
moment 53‘—"2}2, which is linked to the effective cluster size keg {eg. 22.3) by

2. _ 2 2
<kk-1> K> <E>P4<k> k> twarki<k>= ks (241.6)
<k> <k>

a value of = 1.5 and for the decay width § = 0.7 at /s = 546 GeV [33]. These figures agreed guite
well to ISR results at /s = 53 GeV (23], and even to corresponding investigations at the FNAL
[34]. The respective inclusive results on § and kg = J!E-I-E +1 at /s = 200 and 900 GeV and
updated ones at /5 = 546 GeV [8] are given in table 2.

Table 2 Inclusive Short Range Correlation Fits

Ve $ ke = SR> 4
ISR 53 GeV 0.67 £ 0.05 2241020
SPS 200 GeV 0.81 + 0.08 2.65+0.11
SPS 546 GeV 0751008 2.65 £ 0.06
SPS 900 GeV 0.74 1 0.04 2.84 £ 0.10

2.4.2, Semi-Inclusive Charged Particle Rapidity Correlations

The complementary semi-inclusive investigation of two-particle correlations is ideally performed at
a given fixed multiplicity, where the Cp, past in eq.({241.1) vanishes. On account of limited event -
statistics a narrow multiplicity band has to be chosen in practice.

In the framework of cluster models {16,29,31] the semi-inclusive correlation functions would aiso be
expressed by a gamsian distribution and a background term (similar to eq. 241.5), being connected
to cluster model parameters by

<k(k—1)>‘.’:(m+m) 1 up(_(m-m)’)

Ca(mym) = T<k> ﬁg/;‘.' w1
{ ) <Kk-1)>
- 5—)"‘L—"'l (m -(1+ IR L) (242.1)

The parameters of the fits (242.1), kg ~ 1 and §, are shown in fig. 11 and 12, as function of the
normalized mubktiplicity £ = a/ < ng > for all three Callider energies. For comparison, two sets
of semi-inclusive ISR-results on two-pasticle correlations [23a,23b] at \/z = 44 and 63 GeV have
been added to these figures. A set of examples of such fits to Collider data at /5 = 9500 GeV is
shown in fig. 13 for charged mukiplicities between 34 and 38, and for fixed 1 values, subsequently
increased in steps of 0.4 units of puudo-rupidny

It appears that neither parameter of the Gaussian shaped ﬁts (oq. 242.1, respectively eq.241.5),
describing short range two-particle correlations significantly varies with the overall charged multi-
plicity (or the noemalised mulitiplicity s), and secondly, perhaps more important, they have - if at
all - only slightly increased from ISR to Collider energies, see aloo ublu 2 (for inclusive results)
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and 3 (weighted averages of semi-inclusive figures). H it app fair to lude that the
cin-rering mechanism has not changed qualitatively between ISR and Collider energies. ,

Table 3 Semi-inclusive Fits, averaged
Vi § kg = SHEU> 4
ISR 44 GeV = 0.7 2.2
ISR 63 GeV = 0.6 = 2.2
SPS 200 GeV { 0.81 +0.05 2.56 + 0.15
SPS 546 GeV 0.75 £ 0.03 265 £ 0.00
SPS 900 GeV | 0.7310.04 2631011

2.5. Conclusions on Cosrelation Studies

‘The complementary (and independent) analyses of forward-backward multiplicity correlations (sec-
tion 2.1.) and of two-particle pseudorapidity correlations (section 2.4.) may jointly be interpreted
in terms of a cluster model [16], which assumes independent emission of small sized clusters (which
partially may consist of resonances). But these clusters should not be identified with resonances
alone, as the mean charged multiplicity of known, light resonances is only in the order of 1.4.
Thus, besides resonance production other short range order effects, mch as local quantum number
compensation, must be present.

The average cluster size (charged particles) kg, being about 2.6 from the forward-backward mul-
tiplicity correlation analysis agrees quite well with the resulkts obtained in the (semi-inclusive)

two-particle rapidity correlation study, aamely —'gf,—’)z =~ 1.6 a

_ <kk-1)>
ka-1 = —<is - (25.1)

The decay width § of the clusters (in units of rapidity) is of course mot accessible via forward-
backward multiplicity correlations, though the size of the gap required for the separation of the
two control regions to prevent spill-over from decay products from the same cluster offers some
estimate for the decay width.

The apparent approximate energy independence of the cluster sise kog has an implication on the
correlation parameter b, as to be seea from oq. (22.2)

_ D}/ <ng> ~ka
. b—m. (25.2)

If kex is about constant (see fig. 11), most of the variation of b with the c.m. energy, see fig. 6, must
arise from a variation of D}/ < ng > with energy, as discussed in [35,36}.

In final consequence one would state, as advocated in the introductory remarks to this chapter,
that the shape of the multiplicity distribution (broader than Polsson) and positive correlations are
two facets of the same pheniomenon, whose underlying dynamical origin is well represented by the
Cluster model.
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3. Kaon Production

In an analysis [37) of kaon production at /5 =546 GeV the UAS collaboration has found a large in-
crease of the average transverse momentum of kaons compared to expectations from ISR data, while
other features of kaon production seemed to agree well with extrapolations from lower energies.

From niodels based on Quantum Chromodynamics {QCD) one would expect {38] that the pro-
duction of heavier quark pairs would be supprecsed relative to lighter pairs. At Collider energies
however there is a chance that these mass differences are less important and suppression of heavy
quark production would become less pronounced.

For the present analysis a sample of 5162 (3113) events at 900 (200) GeV c.m. energy has been
used, allowing for an analysis of strange particle production in pp interactions over a large range
of c.m. energies with small systematic uncertainties.

Although there was no magnetic field in the streamer chambers, the kinematics of the decay pro-
cesses KO — x+x~and K* ~ ## 2% 2~ can be fully determined using measured angies only. In
the present study 192 (60) K} decays have been analysed at 900 GeV (200 GeV) in the rapidity
range |5} < 3.5 and 38 (18) K* decays in the range {n| < 2.5.

In fig. 13 we show the corrected lifetime distributions of K2 in the rapidity range in| < 3.5 at
V3 = 200 GeV and 900 GeV. The data are consistent with an expected slope of one as represented
by the straight lines and thus provide a useful check of our procedures.

Fig. 14 shows the corrected inclusive transverse inomentum spectra {normalized to the number of
non single-diffractive events) for knon data in the range |y| < 2.5 at three Collider energies. The
dependence of inclusive cross sections on pr is often parametrized by a combination of simple ex-
ponentials in pr. However at the Collider it has been found that the inclusive spectra of hadrons
{3941} and pions {40,41} follow nicely a QCD inspired power law p3/(po + pr)®* up to verv high
transverse miomenta. Detailed studies of the low pr part (pr < 500 MeV/c) of transverse mo- -~
mientum spectra of pions at the ISR [42] show that they are best described by an exponential in
transverse mass exp{—bm,), where m} = m? + pj. Jt has also been argued on theoretical grounds
{43] that this form js more likely to be correct than an exponential in transverse momentum at jow
pr- The lines shown in fig. 14 are minimum x3—fits to the form (for details see (48]}

1 do A.exp(-b-m} forpr < 0.4 GeV/c
-——.m=

.

(3.1)

A (s " forpr > 04 GeV/e.

From the fits we calculate the average transverse momenta to be (0.50 + 0.04) GeV/c at 200 GeV
and (0.63+0.03) GeV /c at 900 GeV. These are to be compared with the value of (0.57=0.03) GeV /¢
found previously [37] at 546 GeV.

The variation of the average transverse momentum with c.m.energy is shown in fig. 15a. We
compare lower energy pp data with Collider energy pj data - as at Collider energies one expects no
difference between pp and pp data (as suggested e.g. by the convergence of the total cross sections).
One notes that our data suggest an increase with Ins, which is faster than that expected on the
basis of ISR date alone. This trend can also be observed when comparing recent UTAL results {44!
for the (pr) of charged pasticles with lower energy pion data. '

In non single~diffractive events for K§ we find p(O)nsp = 0.14:4:0.02 at \/5 =200 GeV and 0.19+0.02
at 900 GeV. Correcting for a single diffractive component as described in [37] the central rapidity
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density of kaons in inelastic pp interactions is estimated to be:

0124002 st Vi = 20GeV
A0 = {0.17:!:0.02 oY Do

The energy dependence of the central rapidity deasity of K3 in inelastic events is shown in fig. 15b.
The lower energy data and our point at /3= 546 GeV (0.15:0.02) are taken from [37] and references
therein. The central rapidity density is seen to rise slowly with energy. The straight line in fig. 15b
shows the result of a linear fit in Ins, given by (units in GeV?)

P(0) = (-0.035£0.002) + (0.015+0.001)ln s (x*/NDF = 3L.1/14)

In table 4 we display the average number of kaons per event and the knon cross section at 200 and
900 GeV together with our earlier result [37).

Table 4 K2 - Production
200GeV | S46GeV | 900GeV

{nygIns (Ipl < 35) | .73+ 0.11 [ 092+ 0.07 | 1212 0.10

{oxe)nsp 0.78 +0.12 | 1.10 + 0.10 | 1.51 + 0.18

Tina(K$) [mb] (30£5) | (49+5) | (86+7)
L 0.72+0.12 | 100+ 0.10 | 1.31+0.14

These results, together with data from inelastic pp and pp interactions at lower energies and our
result at /s =546 GeV (from (37] and refs. therein), are shown in fig. 15c. The curve is a fit to pp
data in the range 10GeV to 63 GeV and to the UAS results, using a quadratic form ? in Ins (in
units of GeV?),

(MKwa = (—0.013£0011) + (-0.012:£0.003)Ins + (9.0076 + 0.0001)la%s .

3.1. The K/x Ratio

The K/ ratio is defined as the ratio of one kind of knon (.g. K3) to ome kind of pion (e.g. £°, which
is taken as J(x* + x7)). It has been found earlier [37) that the K/x ratio rises with c.m. energy,
with the ratio estimated in the region |y| < 3.5. The number of pions has been derived using the
measured charged particle yield [45,46_]_;_11 Inl < 3.5 from which we subtract the measured rates of
K* and estimated yields of p/p, Tt, TF, =-, E- and the costribution from Dalits pairs.

The K/x ratio has beea found to be ]
0.092 10015 at s 200 GeV
and 0.105+£0.010 at s 900 GeV.

These results are compared to our result at 546 GeV (0.095 £ 0,009) and to lower energy data [87]
and refesences therein in fig. 15d. Though the situation at the ISR seems somewhat unclear, the
K/x ratio appears to rise very slowly with c.m. energy.

1t should be mentioned thet the form meed in Rg. 15c may be simply motivated by the fact that both the width
and the height of the sapidity distalbution incronse reughly Kie Ins.
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Finally we give an estimate of the strange quark suppression factor A, which is defined as the
ratio of the numbers of produced s5 to ni or dd pairs. Using our K/x ratios and the formulae of
Anisovich and Kobrinsky [47] we find at 200 GeV A = 0.29 + 0.05 and at 900 GeV A = 0.33 + 0.03
10 be compared to our result at 546 GeV of 0.30 + 0.03 [37].

3.2. Strangeness Suppression and B® - B° Mixing

The measured )A,; value has implications on the conclusions deawn from the recently discovered
evidence for subssantial B® — B® mixing by the UAl experiment {49} at the Collider and by the
ARGUS experiment [50) at DORISY. At this conference B® — B® mixing observed at the Collider
was discussed by A. Roussarie {54].

Defining the degree of mixing r as

r= i—;’:%::%:g—g:—; (32.1)
one approximately has * ¢
(29 (32)).
where
AM = m(B,,,,) - m{(Byu) (32.3)
*nd / 1 0
0= g (C(Bhny) + P(BE)) (324)

Biicarys Bligw being the mass eigenstates.

Oscillations may dominantly occur due to the well known box diagrams (56! with the help of @ = 2/3
quarks (u,c,t) between the different neutral B-meson cpecies

BY = (bd) —~ B = (bd) {32.5)

and
B? = (bs) — BY = (bi). (32.6)

In the calculation [57} of the mass differences AM; (i = d,s), entering the mixing rate (eq.32.2),
different elements of the (Cabibbo-)Kobayashi-Maskawa matrix [58.59] are involved, namely \'q
for case (32.5) and V., for case (32.6), once only the dominant different contributions to AM; are
retained, such as ¢ quark exchange.

As Vy, is large compared to V4, their utio being in the order of 1/A, A = sin@, = ©.23 {Cabibbo
angle), B? oscillations are likely to be more prominent than BY oscillations. Recent calculations
{60} rendered

AM/T (B) _

AM/T (B3) = 10...40 . (32.7)

*Upper bounds for B® - B* mixing have been given from the CLEO expesiment at Cornell (51], the MARK-2 {52
and the JADE {53) experiments at PETRA.

*Ar(Bu,Br) € AM(Bxn,BL) assumed and CP violation neglected.

“This formula holds for time integrated quantilics, as the time dependence of possible benuty oscillations appears
not to be measurable with the present experinental resolution (55}, For maximal mixing i.e. the ‘observation’ (decay)
tinse Tqecay = 1/T being much Iarger than the oscillation time roy; = 1/AM, the degree of mixing t approaciies unity.
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From the observed numbers of like and unlike sign dimuons for the parameter x
_ (BD — ﬁo)
X = [B°— B9+ (B° > B '
the UA1 experiment has obtained x = 0.121 £ 0.047 [49b). The other commonly used variable r
(eqg. 32.1} is connected to x by

(32.8)

_ X
r= i (32.9)

Full mixing would correspond to x = 1/2o0rr=1.

Any measured y-valne {(at the Collider) reflects a combination of By and B, transitions, which
presumably have quite different oscillation rates (see relation 32.7):

1

X = TEES {BRy fz x4 + BR, £, xi] (32.10)
or
x=flaxa+thix, (32.11)

assuming equal branching ratios into muons. The factors f;, f3 (fa = 1/2(1-£) if f3 = f,, fpe = 0)
denote the probability for a b quark {or a b quark) to pick up a strange or down quark to form
a B? or a BJ meson (resp. antipasticles). These quantities are related to the ); paramelter, as
e.g. measured by UAS5 or by the SFM experiment at the ISR {62], by

U (32.12)

-0y’

As discussed before at the Collider the UAS5 experiment has obtained a value of \; = 0.30 £ 20%,
which appears to be quite energy-independent over the pp Collider range (including statistical
and systematical uncertainties). From lower encrgies, at the ISR [62a), but at high values of
the fragmentation variable z (z = E;/ZEg.4), 8 value of Ay = 0.50 + 0,05 is inferred by [62b]
7. Converting these results into f, values one ends up with f; = 0.13 £ 0.02, respectively with
f, = 0.20 £ 0.02.

Some effect originates from the f,f; values for the case of inclusive B® — B® nixing rates y, which
have to be broken down according to eq.(32.11) into x4 and x, parts. In fig. 16, which is adopted
from |55}, the central UA1 result (x = 0.121 = f3 xg9 +£, X, and one 5.D. bands are shown, together
with the newest ARGUS result [50] for the two extreme sets of f,, [y values ®. As the intercept on
the x, axis is y/f,, the UA1 result comes closer to the ARGUS result concerning x4 for smaller f,
values °.

For completeness the combined results of the UA1L analysis (with the larger f, value), the ARGUS,
CLEO and MARK-2 [49-52] experiments !° are displayed in fig. 17, taken from [54,55]. The dotted
line, first shown by !55] originates from the unitarity bound of the CKM matrix {64], constraining
Vigi and 'V, within in standard model of three families !*. The remaining allowed region is dotted
in fig. 17, demanding almost maximal amount of B® — B? mixing - but being still compatible with
three fermion families - unless X, will be found to be smaller than say 0.4.

TArgunients have been put forward {63] that in connection with B® ~ B® mixing the c.m. cnergy may be less
important for the usefuiness of the measured A,; than the kinematical environment, i.e.the z region, as the produced
B-mesons carry, due to their large mass, a aubstantial fraction of the energy of the surrounding jet {49,556},

*1n {49.55) 10% of the produced beauty quarks sze allowed to hadronize into B-baryons, hence one has f,-+2 £ = 0.9.

*The ARGUS experiment, being the susceptible to B} oscillations only, as studying B mesons from the Ts(10575)
decay, which is below B?B{ threshold, may give results anly for x4.

1°The JADE result {53} is less tight on the same quantity as measured by MARK-2.
" tmplications of B® - B® mixing to non-standard nodels are discussed in [65), see also references therein.




473

4. The Avcrage Event

Ifere the knowledge obtrined so fu: an the particle composition of a typical event in inelastic
(non-singl: diffractive, to be precize} pp collisions at Collider energies will be summarized.

The inforw.nion is most complete from the fisst runs at /8 = 546 GeV. the corresponding fizures
from the daia taning at /S = 200 and 200 GeV are coming in. as the methads to 4. cernine inclesive
cross seriions for specific particles. total nuliiplicities for charged particies and tha like are knowr
and tested. For the UAS experimet, for which one goal was a rapid survey on particle production
at Collider energies 16,67} these methods have been .escribed in varions publications, the Monte
“urlo progia.es involved are presented in a dedicated article {211

Maay of the figures given in table & {abbreviated from [611). which contains rates for individual
Linds of particles i non-single diffractive even's at the Collider, and for comparison, at highest
ISE vnergis, are dedured by indirect methoeds. This will be explained in detail later. together
with individual references. As far as data fromn the Cellider are concerned. thiey were obtained
with the 17AS detector [6.i°8), unless explicitely stated otherwise. We Lave to warn the reader that
sonte figares presented in table 5 might well be updated in between now and the printing of these
procecdings.

1 caling particles (i.e. one baryon and anti-baryon per event, with equal prohahilities for praton
and newtron} are always excluded fram, that table. Throughont isospin svmmetsy i ascun ~d, e.g.
to mfer afp 1+ p) from o{n -~ i} measurements. Finally the average number of charged plons i
setimated by subtracting all other sources of charged particles from the total charged mmitiplicity

Fram table 5 one way netice a discrepaney between Jof{=¥} and be(e) (= o(7%) - assuming all

pheinus originate from x? decays). One possible origin of this discrepancy s the sroduction of
n mesens, which on average deliver 2.65 inore photons than charged piors when decaving, The
number ¢f n’s given in table 5 has been adjusted to account for the photon excess at each energy
1. One can mxt, of course, exclude other sources for this excess of photons, or the intrresting case.
that for unknown reasons there are more primary 7’s produced than =* or 7.

In the tast row of table 5 we have given estimates for the average number of stable particies producced
in toral, which is at least fifty particles at highest Collider energies. Into the term “stable particles’
we have included K, p, 1, A, Z, = (and their anti-particles), 5 and = if not coming froin the decay
of n mesons. As the Z, T, A and nucleon rates are given inclusively, i.e. not corrected fur hivperon
decay, one conld remove about two particles (nucleons and pions} from the stable particle count.

In a very first approximation, the relative abundance of the different kinds of particles does not
change betveeen /s = 53 and 900 GeV, if it were not for barvons, whose contribution is quite smalt
at ISR cnergies, see also table 6.

In tahle 6 rates for some kinds of particles and particle ratios in their dependence on the c.m.
energy are collected. One may.notice that surprisingly the relative kaon content in the final state
remains constant (within errors) at a level of ahout 9% - or, when compared to direct pions’ {as
from the bottom part of tablé 5) does not change much, eitker.

! Concerning the number of n's estiniated this way the measured photon yield at /5 = 546 GeV (69,70, now apprats
rather high, when comjsred with the corresponding figures at the other Collider energies, see table 5. The probable
season lies in the photon detection system of the UAS apparatus itself. The data on which the former photon analysis
was based originated from ions in the corrugated steel beam pipe only, whilst for the newer photon analysis
[71] one could make use of & photon converter plate (72,73], which was added in view of the Centauro question.
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Table § Particle Composition of a Typical pp Event
ISR SPS - Collider i |
VoGVl | 53 200 | 546 %0 !
Particle Type {n) (m} ‘ ) (n} ’ Remarks |
i Al charged l105202 | 204208 | 281209 | 336212 {a)b) '
K* + K- f0.74 2 0.11 { 1.34 £ 0.28 { 2.24 £ 0.16 2.52}0.30} ehd) |
K°® + K% 074011 11342028 {224 £ 0.16 [ 252030 | e}, f)
1 1.2 £ 0.7 ~ 2 33.0 + 3.0 ~3 ' gh)
p+p 0.3 £0.05 {0.63+0.15 ! 1.45 2 0.16 | 1.50 + 0.22 | i), j), k), 1}
i A+A-E"+E0 | ~013 {041:0.06]053+0.11[084+0.08] mj n} ‘
— - b i
TET 4+ 87 + ¥+ £ 0.20 + 0.03 | 0.27  0.06 | 0.42 % 0.04 o) |
: =-4+ 37 i 0.10 £ 0.03 o) |
et e 10144£001 ] ~0.25 [041+0.04 ~ 0.4 q) !
e
A : ~ 92 ~178 | 236+ 1.0 ~28.7 ) l
n C o ers 0.85 3.5 20 5|
K|
*Z (not from 5) 8.8 173 21.6 27.6 ’
;. x% (not from ) 4.4 8.7 108 13.8
" Stable particles ~16 ~31 ~ a4 ~5% Y

#) For Jeading baryors 1.0 has been subtracted.

b) ISR data from {74], compare also [75], (n) = 16.3 % 0.1, resp.: Collider dats from [7].

¢) Generally we take o(K* + K~)= o(K®+K9). At /3= 566 GeV this relation was expetimemally verified {37).
d} ISR data from [7\6}

e) Collider data a1 /¢ = 648 GeV from [37).

{) Collider dats a1 /2= 200 snd 200 GeV from [48].

£) ISR daiz from [74).

h) Collider data ot /o= 646 GeV from {6,609}, other estimates preiminary [71).

i) Genesslly we take o p-l-;':):a(n+ﬁ).
i} 1SR (pp} data from {78), for non-leading p P the d amti-proton mte was doubled.
k) Cullider data ut /7= 546 GeV (p/p) from UA2 (77}, extrapolated to full phase space (6].

1) Cellider dataat /5 = 200 and 000 GeV from [78], preliminary ralucs for /ants:

m) E%(EC) included in A{A} values from the Collider [8.79)

) The velus given fur /3 = 53 GeV is eatimated from {80},

o) Taking #{E* +TO4 T~ )= ofA), which includes T¢,

P} From 31, susumed sane rate for nevirsl Xi's,

q} Estiznated pumber of Dalits, pairs. calculated from the photon yield and relative branching ratios of x9.
r) Alt other {known) sources subtracted from the total charged multiplicity.

s) Calculated from the excess of photons over v, as suggested in {69,70).
t) Long lived particles including the products of strong decays; ns from hyperon decays mot subtracted.

Janti

The expected increase of heavier flavour production however is provided by a rise of the relative
abundance of strange particles, when including hyperons, see table 6. This rise is mostly due to
increased strange haryon production, which in turn proceeds in parallel to the baryon production
taken as a whole.

So, the most significant variation of the particle content of a typical event, when going from ISR
to SPS Collider energies, is the considerable increase of (non-leading) baryon production, whilé the
mechanism of baryon production appears not to be very well understood.
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Table 6 Strange Particle and Baryon Content of the Typical Event
ISR i SPS- Collider 3
V5 {GeV] 5 | 20 ED i 900 | Remarks
Percentages of Stable Particles E a), b) !
Kaons 9.1% 8.8% | 102% | 9.5% ;
Baryons 4.9% 6.4% 8.8% 8.6%
Hyperons 1.2% 2.3% 2.3% 2.9% c)
Particle Ratios d)
Strange Particles/Stable Patticles | 0.0 | .12 ‘ 012 | 013 !
" Hyperons/Bacyons 0.25 036 | 026 034 | e) ‘
Kaons/Direct Pions 0.11 0.11 0.14 0.12 '

Into 'Stable Particles’, a1 [om table 5, we have included K. p, 1. A, E, =, 1 and 7 (if mot coming from n).
b Typical nnr:ernuiy 20% of pcrrr.un wven
¢} Larger uncertaintics due to =S5 =-2B.
d} Typical unceriainty 20%, except for l'lypem/ﬂnryol ratio.
<) Error at Jeast 30%, sec remask c).

5. Summary

In this review of recent UA5 results from pp-interactions at /s = 200. 546 and 900 GeV. obtained
at the CERN SPS Collider, the following points were discussed:

¢ The findings on correlations strongly favour the independent production of clusters {of mixed
size) of particles, giving rise to multi-particle production. For the eflfective cluster size. which
is defined by the first two moments of the cluster decay multiplicity, a value of about 2.5
charged particles is estimated.

It appears that the strength of "ong-range’ muktiplicity correlations still increases linearly
with Ins; 'short-range’ correlations, when interpreted in terms of a cluster model only slightly
change between ISR and Collider energies, i.e. the cluster size and decay width are little
energy dependent.

¢ Kaon production has been investigated at all available Collider energies. The average mean
transverse momentum rises with c.m.energy, faster than suggested from extrapolations of
lower energy data (and faster than with Ins).

From the K/x 1atio (which is found to rise slowly with the energy) for the inclusive strangeness
suppression factor A; a value of 0.3 is calculated at Collider energies. This figure has been
discussed in the context of beauty oszillations.

In the investigation of the ‘average event’, i.e. the final state particle content of non-single
diffractive events, it turned out that most remarkably the fraction of baryons amongst the
stable particles has about doubled when compared to ISR energies.
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QUARK FRAGMENTATION
in
SOFT K*p COLLISIONS AT 250 GeV/c

EHS-NA22 Collaboration

E.A. De Wolf

Department of Physics. University of Antwerpen, Belgium

ABSTRACT

Inclusive data are presented on p%. p%. w. A™U(392: and $(1620). pro-
duced in A *p interactions at 250 GeV/c. for p* and w for the first 1ime
in a K*p experiment. In the forward c.m. hemisphere. the p*. p° and
w differential production rates are equal within errors. and remarkably
similar to muon-inelastic scattering data on p? and w at 280 GeV/fc. In
the Kt fragmentation region. r > " 2, the ratio of o to A™%(892) is
used to estimate the strangeness suppression factor A. with the result
A = 0.17 £ 0.02 {stat) £ .01 (syst). We see no evidence for an energy
dependence of A in the c.m. energy range 7.8 € /s < 21.7 GeV. -

1 Quark Fragmentation in Soft Collisions 7

In this talk I shall discuss new data on production characteristics of resonances in
soft K*p collisions, and their interpretation in terms of quark fragmentation.

The subject of “guark fragmentation™ is most naturally studied in point-like
processes: ete~ annihilations. deep-inelastic scattering. For such reactions. QCD
prescribes the dynamics at its earliest stage in terms of quarks and glwons. The
fragmentation of these coloured objects enters in the evolution of the “primordial™
final state towards the observable world of hadrons. Such a two-stage piciure is
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remarkably soccessful in spite of some basic theoretical difficulties. It would be
surprising indeed if nature has not invented a smoother and more elegant procedure
than the abrupt transition from quantum mechanics to Monte Carlo. as imagined
in present-day phenomenology !

Returning to soft hadron hadron interactions. it is well known that these share
many similarities with point-like processes. Similarities. however, are more surpris-
ing than the observed differences. since the dynamics is apriori more complicated
in the former. In a soft hadronic collision, ensembles of valunce quarks and gluons
of beam and target most of the time interact at relatively large distances. Final
state hadrons emerge in “jets” collimated along the line of flight of the colliding ob-
jects. However, experiment reveals that ihe inclusive production properties along
and transverse to these axes resemble strikingly those found in point-like processes
along the direction of the fragmenting quark (or diquark) systems. Are such sim-
ilarities the reflecrion of common hadronisation dvnamics or are theyv accidental ?
At present. the former explanation seems prefered. but clear-cut evidence is still
lacking. If we adopt an optimistic point of view and assume that quark hadronisa-
tion is “universal”, then we should address the question of the fate of valence quarks
in a soft hadron hadron interaction.

Consider a R'* p collision as an exampie. A beam of 3 and u valence quarks and
ciuons interacts with a proton composed of three valence quarks and gluons. In a
first cla~s of models. one imagines that the collision is initiated by gluonic ‘nterac-
tions. The valence quarks loose some energy but essentially behave as spe :tators.
The original valence quarks may either “recombine” into a “fast™ particle or frag-
ment independently. In the first case, we expect the beam fraz:mentation region to
be populated mainly by particles or resonances with the quantum numbers of the
A" beam: A*’s. A”"*(892.1420). In the second case. the 5 and u valence quarks
fragment and produce roughly equal amounts of K+'s and A'”s. A**’s and A"
otc, Naively, we expect the momentum distributions to be softer in the latter case
since two valence guarks have to share the available beam momentum.

In a second class of models. the interaction is viewed as a collison of one of the
valence quarks (say the u quark of the K'*) with proton constituents. This quark
louses most of its energy whereas the 7 quark continues as a spectator carrying
its original momentum. Forward particle production is then dominated by the
hadronisation of a single (3) quark. Alternatively. if the 3 quark interacts, we observe
the [ragmentation of the u quark. This picture implies that particle production in
the A'* fragmentation region is a superposition of 3- and u-quark hadronisation.

Which of these alternatives is chosen by nature ? This question has been the
subject of several investigations with A+ and {more recently) #+ beams. The




reactions studied are:
K™p — Kbt X, (1
~ Kggyum+ X: 2

at 32{1,2.3} and 70 GeV /c[4]. and

K¥p — KTX, (3
- A3+ X: (4)
at 70 GeV/c[5}. and
Ktp — p°+1X. (5}
— pt+X: (6)

at 250 GeV/cl6).
What has been learned from these studies can be summarized as follows:

o The total and differential cross sections of the pairs of reactions (1-2). (3
4), (5-6) are very similar in absolute vaiue and in shape. This excludes an
Jmportant contribution from so-called “two-valence recombination”.

-

o The data are well reproduced by a simple model which assumes that hadron
production in the beam fragmentation rcgion results from a superpasition of
single guark hadronisation, whereby the frugmenting quark carries wnost of
the momentum of the incident meson.

We therefore vonclude that the ~rcond class of models {sce above) comes clos-
est to a description of the hadre: * final state in soft hadron hadron collisions.
This further implies that the solt meson-proton interaction can be used as a tool
to study quark fragmentation. With kaon beams. this gives us the possibility to
study s-quark fragmentation with better precision than is possible in other types of
interactioss.

Ia the rest of this talk, I shall briefly describe the data now being analyzed by
the EHS-NA22 collaboration (sect.2). In sect.3, I present new results on pt, p°
and w resonances and a comparison with recent EMC data. Sect. 4 is devoted to
a discussion of a new measurement of the strangeness suppression using data on ¢
and K0 resonances in At p collisions. ’
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The experiment (NA22) has been performed at CERN in the European Hybrid
Spectrometer {EHS). equipped with the Rapid Cycling Bubble Chamber (RCBC)
as an active vertex detector and exposed to a 250 GeV/c tagged positive meson
enriched beam. In data taking, a minimum bias interaction trigger lias been used.
The experimental set up and the trigger conditions are described in {7] and references
therein.

The detector consists of RCBC embedded in a 2T magnetic field and a down-
stream spectrometer composed of an additional 1T magnet, a wire-chamber and six
drift chambers. Charged particles are measured over the full solid angle with the
momentum resolution (Ap/p) varving from 2.5% at 30 GeV/c to 1.5% above 100
GeV/e. Particle identification is supplied by RCBC. the Cetenkov counters SAD
and FC. the ionization sampling device 1518 and the transition radiation detector
TRD{7). The photon detection in the intermediate and forward gamma detectors,
IGD and FGD. is described ir detail in [&]. The comhbined acceptance of the v
detectors allows to measure 7%'s for .-t(__:r”) > 0.025. The acceptance for p* and w is
then restricted to 7 > 0.06. For the p* the sigral to background ratio is very small
for r < 0.2 and we have to limit ourselves to the region z > 0.2.

In this analysis. events are accepted when the measured and the reconstructed
multiplicity n are consistent, charge balance is satisfied . no electron is detected
and the snmber of badly reconstructed tracks is less than n/3 and smaller than
4. There are 36300 such inelastic A'*p events, corresponding to a sensitivity of
2.0% eveals/ub. Charged particles for which the y*-probability of the best mass-
hypothesis is at least 10 times larger than that for any other mass hypothesis are
cousidercd “uniquely identified”. To these we add protons and x*’s with laboratory-
momentum smaller than 1.2 GeV/c, ide: ified in RCBC by ionization. All other
particles are considered unidentified and taken to be pions.

3 Inclusive p*° and w production

In spite of its importance for parton models. little is known about simifarities or
differences in the production of p*, p and w. This is mainly due to difficulties in
the identification and measarement of neutral pions.

[n deep-inclastic lepton-nucleon scattering, p® and w production are measured
for the first time in the same experiment by the European Muon Collaboration{9].
The authors conclude that, in u-quark fragmentation, the differential production

PR
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rates of p® and w are equal within errors.
Here w = present uaia on inclusive p%, p* and w production in the reactions

K*p — 2+ X. (7)
- pt+ X, (8

at 250 GeV/c, the highest momentum so far reached for K+ indaced reactions.

In K'p interactions, p production is less affected by diffraction than in xp colk-
sions. Moreover, low-pr models lead us to expect that, in the forward c.m. hemi-
sphere, non-strange vector mesons are mainly produced from K+ u-valence quark
fragmentation and should therefore resemble those in deep-inelastic scattering.

The data are obtained in the full Feynman-z range for reaction (7), z > 0.2 for
reaction (8) and z > 0.06 in reaction (9). Reaction (7) has previously been studied
at 32 [10] and 70 GeV/c [11 - No viher data on reactions (8) and (9) are available.

The invariant 7%z~ 7+ 7% 2and 7+ 7~%% mass distributions are shown in Fig. 1
for z > 0.2and £ > 0.5. To accour for the limited geometrical acceptance for
the 79 in reactions (2) and (3}. we consider only events with cos 01(7r°) > 0. where
cosfy = "ﬁtarg'ﬁv' with 7 unit-vectors iu the resonance rest frame. The reflection

of the (strong) K*°(892) and F‘O(BQZ) resonances into the #+ 7~ mass distribution.
and of the K**(892) into tie ¥ 2% mass distribution is treated as described in [12),
where detailed results on meson resonance production will be presented.

The resonance cross sections are obtained by fitting the iuvariant mass spectra
by the function do/dM = BG(1+ aBW), where BW is a relativistic P-wave Breit-
Wigner for p*® and a Gaussian for w. For the #*x~ mass spectrum, a D-wave
Breit-Wigner has been added to account for the f; signal. The background is taken
as N

BG = a(M — My, ) exp(~cM — dM?), (10)

with My the corresponding threshold mass; a,b,c,d and « are fit parameters. The
natural width I'y and mass of p*¥ are taken from the PDG tables13]. The total
width T is taken as the sum of 'y and 'y, where I'g is the width (FWHM) of
the experimental resolution function, measured to be 12 and 15 MeV for p° and
p*¥, tespectively. For the w, the mass and width of the Gaussian are left as free
parameters. The fitted width is consistent with the experimental resolution of 29
MeV. The fits are shown by solid curves in Fig. 1 and describe the data reasonably
well. The signal to background ratio for all resonances improves significantly at
larger Feynman-z. ’
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The otal inclusive p° cross section is found to be (5.4 £ 0.6)mb. The average
multiplicity < n(p°) > per inelastic collision is 0.31 £ 0.04 Assuming a rise with
c.m. energy, /5, according to

< n(p°) >= a + bin(s/sp),(s0 = 1GeV?), (11)

and using the data at 32 GeV/c{10], 70 GeV /c[11] and our result, a slope b = 0.04%
0.02 is obtained. These values are significantly smaller than the values < n(p°) >=
0.53 and b = 0.14 predicted by the quark-combinatorics model of Anisovich et -
al.{14.15]. Furthermore, the Lund string fragmentation model{16.17,18) and one of
the latest versions of the Dual Parton Models (DPM;{19] predict too large cross
sectiogs. a(p?) = 9.3 mb and 9.2 mb, respectivey. and too large b-values. A similar
conclusion can be drawn for the Lund model from leptoproduction (see [9] and refs.
therein).

The do/dz distribution for inclusive ¢® production in reaction (1) at 250 GeV/-
is presented in Fig. 2 and compared with data at lower energies. The spectra scaie
between 70 and 230 GeV/c in the fragmentation regions {z| > 0.2. The rise with
encrgy of the total p° cross section occurs in the central region. The Dual Parton
Modci[19] (solid curve in Fig. 2) agrees with the data in the fragmentation regions.
but overestimates the central region. The Lund model{16.17.18] gives a similar
result.

The inclusive p°% p*t and « cross sections in the kaon fragmentation region
r 2 0.2 are:

o(s°) =(1.36 £ 0.14) mb. (12)
o(p*) = (1.28 4 0.36) mb, (13)
e{w) ={1.3740.35)mb. (141

A comparison of the forward p° p* and w dofdz distribution is made in Fig. 3a.
For z > 0.2. alsd the differential production rates of these mesons are seen to be
equal within errors.

In Fig. 3b we compare the do/dz spectra for the p® and w to the EMC-data(9).
The latter are scaled to the total inelastic K*p cross section at /s = 13.3 GeV.
the average hadronic energy < W > in the up experiment. Despite the difference in
total energy, we observe an imeresting similasity of p° and of w production in the
two types of collision. Such a similarity is not merely accidental. Indeed, a detailed
comparison of our data with low-pr models, presented elsewhere[12], shows that
the production of p*® and w in the K+ fragmentation region (z > 0.2) is dominated
by the hadronization of the K+ u-valence quark, and is thérefore expected to be
similar to up deep-inelastic scattering. )
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4 Strangeness Suppression

It is known since loug that strange hadrons are less copiously produced than noo-
strange hadrons. in hadron-hadron collisions, and in deep-inelastic processes. Pre-
cise knowledge about the suppression of strange quark-pair creation is important
for (opics such as quark fragmentation. heavy flavour production or the observa-
tion of a quark-giuon plasma. It plays a critical réle in present phenomenology of
By, - By, mixing{20].

To characterize this violation of SU(3) symmietry. the strangeness suppression
parameter J is introduced and defined as the ratio of the probabilities of producing
an s3-pair to that of producing a (uT)- or (dd)-pair in the hadronic vacuum. I
related to finite energy mass effects, one may expect[21] an increase of A at suffi-
ciently large energies. If explained as a quantum tunneling effect, as in QCD{16.17],
the suppression is expected to be independent of energy provided the ficld energy
density is constant.

Recent analyses based on K/ ratio’s from lep-:.n-hadron collisions[22.23] give a
A-value of & 0.2, while a value around 0.3 is obtiw.icd for «* ¢~ annihilationf24.25).

For hadron-hadron collisions, A may be mildly increasing »¢ low /5 to reach an
average of 0.20 £ 0.03 at /3 = 20 GeV([26]. However, cousiderably higher values are
reported from the collider[27} and, in particular, for high pr jets at the ISR[28}

___The NA22 collaboration has obtained data on inclusive ¢{1020), K *°(892) and
K '+0(892) production in the reactions

K*p — ¢(1020) + X, (15)
Ktp — K*9(892)+ X, (16)
K*p — E(892) + X; an

at 250 GeV fc. Reactions (15) and (16) are particularly well suited to determine the
strangeness suppression directly from the data, while reaction (17) helps to estimate
central X*°(892) production.

At lower energies, reactions (1)—(3) were systematically studied by the Mirabelle
collaboration at 32 GeV/c(1,2,29,3} and by the BEBC collaboration (WA27) at 70
GeV/c[30,4]. High statistics data on ¢-production in K'*Be interactions at 120
and 200 GeV/c were recently presented by the ACCMOR collaboration for the
Feynman-z range 0 < z < 0.3[31]. 4

From Drell- Yan production at relatively low @2, it is known that the longitudinal
momentum distribution in the K+ is harder for the 3-valence quark than for the
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u-valence quark(32]. This implies that K* beam fragmentation at moderately large
Feynman-z is mainly dae to strange Savour fragmentation. Additionally, mode)
calculations indicate that for z > 0.2, the K* and ¢ fragmentation functions for
u-quark jets are about an order of magnitude smaller than those for 3-quark jets.

In reaction (1), the ¢-meson is dominantly produced through 7 fragmentation
via the creation of an (s3) quark pair from the vacuum. Furthermore, there is no
experimental evidence that the observed ¢-meson is a decay product of higher mass
resonances.

_Asto K *°(892), besides prompt production through 3- quark fragmentation, via
(dd) pair production. other contributions must be considered. As discussed below,
they are relatively small in the fragmentation region z > 0.2 and can be subtracted.

The cross sections for reactions (1)—(3) are determined by fitting the invariant
K+*R-. K'*tx~ and K~ r* mass distributions by the expression

do/dM = BG(M)(1 + B, BW\(M) + 2 BW3(M)), (18)

where BW) (M) and BW;( M) are relativistic P- and D-wave Breit-Wigner func-
tions, 5y and B fit-parameters (3; is fixed to 0 in the absence of a tensor meson
signal). The background function BG(M) is parametrized as

BG(M) = ay(M — M )™ exp(—asM — ayM?). (19)

The a; are free parameters and My, is the threshold mass.

To account for the reflection of a given resonance into the distribution of an-
other invariant-mass combination due to A'/x misidentification, we use the methods
developed in{30,4] and discussed in detail in[12).

The total width of K*® and K is taken to be the sum of the natural width
(T~} and the width (FWHM) of the resolation function [z = 25 MeV/c?. For the
narrow ¢-signal, the natural width is folded with a Gaussian for the experimental
resolution with a2 FWHM = 14 MeV/c?. For illustration, we show the K+K -
and A'*r~ invariant mass distributions in Fig. 4 for z > 0.2 and z > 0.5 . They
exhibit clear o, A°0(892) and K3°(1430) signals. The signal-to-noise ratio improves
significantly as £ — 1. The best-fit results (solid lines) are seen to describe the
experimental spectra. With our statistics and means of particle identification, we
are able to determine the z-spectram for K*° in the full z-range and for & in the
region z 2> 0. For K*0, we present a total inclusive cross section only.

The inclusive cross sections of X*0(892), K~5(892) and ¢ are summasized in

-
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Table 1. wogether with measnrements at 32 and 70 GeV/c.

Table 1. Cras sections Linb). o/ A" 14tios and A-values at 32, 70 and 250 GeV /e,

A

>02 0.16+0.01+£0.0] 01510021001 0.17+0.021 00}

[ I-rane: 32 GeV/c 70 GeV/c 250 GeV/c
e Rsa2y  all 32404 4.0% 0.5 _ 5.07£0.49
[T {Rx92))  all z 0.1£0.2 0.7£0.2 249 0.48
La(RUs92)) > 02 2.32 +0.07 2.64 % 0.09 254 +0.12
i o >0.2 0308 +0.019 0.334 + 0.028 0.348 + 0.037
{r O/ATUR92)  >0.2 0.3 4 0.009 0.127 £ 0.012 0.137 £ 0.017
«

The A%(892) has no valence-quark in common with beam or target and can ouls
he uroduced from sea-quarks. The largest part of its cross section. {2.40 = 0.34) mb
1+ vencentrated in the intersal ief < 0.2 Since central A" and A*° proguction may
br usstmed to be equa o can attril- o the rise of the K*% cross section mainly
1o contra oduction. tais i~ indveu confirmed by inspection of the K do/dr
spectrum. For ¢ > 0.2, the A" rrow section is practically energy independent
between 2 and 250 GeV /e, A< <ern irom Table 1, this is also true for the o-cross
section.

The aifferential cross section defdr for & and K*°(892) in reactions (1) and (2)
at 230 GeV/e i shown in Fig. 5 together with data at lower energies. Within errors
i1t is independent of the can. encrgy of the collision. for ¢ in the measured s-range
and for A *0(892) above r > 0.2. For the latter we observe an increase betwrrn 70
and 250 GeV/c in the central region |z < 0.2,

"« shape of the ¢ and the A'"°(R02) dz/dr spectrum is remarkably -iwmilar over
the  ure r-range. except for the highest r-values where the ¢ cross section falls
fastez. This is wore clearly seen in Fig. 6, where the ratio of ¢ to A" differential
ctoss sections at 32, 70 and 250 GeV/c i< displaved. The high statistics data at 32
oV show a sianificant drop of the of A°? ratio for r > 0.9. We attribute this
alleet 1o difiractively produced systems decaying into A"%(92) but not into o.

[he peavions discnssion leads us 1o conclude that the of K'? catic for z > 0.2
provides oy exeellent and direct measure of the strangeness suppression. This ratio
trgiven o Jabde Lo K4 p oollisions at 32070 and 230 GeVje incident momentnm.




Cowmpatabic data exist for X ~p intera. tions at 10 and 16, 32 and 110 GeV /c, where
the ratio o/ K2 is found to be 0.12 = 0.02{33], 0.18 £ 0.03/34.35) and 0.20 £ 0.04]36).
respectively.

To obtain a proper estimate of A, account has to be takes of the “son-prompt”
component of the K0 croes sections due to K3*2(1430) decays and diffractive
production. The K3°(1430) cross section at 250 GeV fc amouats to {1.04 + 0.27)
mb for = > 0.2{12]. Assuming equal K3*(1430) aad K;°(1430) cross sections, as
obscrved at lower energies[1.29.4], and taking iato aceount braaching fractioas 1o
K *Ci5972), yields a cross section for K32*(1430) — K0(892) + X of (035 * 9.09)
wb. Diffractive K*%(892) aad ¢ production was measured to be (232 £ 15)ub|37]
and (171:5) ub{3]. respectively at 32 GeV/c. We assume these to be energy indepen-
dent between 32 and 250 GeV/c. After removal of the K;*°(1430) and diffractive
contributions, we estimate A. the ratio of “prompt™ ¢ 1o “prompt”™ K*°(892). 1o
be equal to 0.17 £ 0.02(stat)}+0.01({syst). The corresponding A-values at 32 and 70
GeV/c ate given in Table 1. Within errors. no energy dependence of the strangenes:
suppression is observed in the c.m. energy range 7.8 < /5 < 21.7 GeV.

A detailed comparison of the A-values determined in this and in the 1wo lowe: en-
crgy &' p experiments with other recent measurements will be prese:.:od elsewhere(12,.
A compilation of A-measurements is shown in Fig. 7. 1t is seen that the recent vp.
Tp and pup measurements give a valne in agreement with our result. Measurements
from e*e™ annihilation tend to favons a somewbat larger value.

Many estimats: in particular thoss extracted from measured k' /z-ratios. are
based on model comparisons. Adopting similar tecuniques to describe oor K<°
and ¢ data, we find A = 0.16 £ 0.02 from the Statistical Quark Model{38] and
A = 0.18 1 0.03, using either the Dual Pas on Model{39.40] or the Lund Fritiof
model[11]. The latier two model< describe the data at 32. 70 and 250 GeV /c with
the same A-value. All model-!.. sed values are seen to be in good agreement with
the model-independent estimate presented above.

In summary, in the kinematical region z > 0.2. K7(892) and ¢ mes~:: are
predominantly produced off the strasge valence'quark of the beam by creation of
a (dd)-. respectively (43)-pair from the vacuum. This allows us to estimate the
strange quark supprescion facter, an impotzant parameier in present hadronization
phenomenclogy. We obtain A = 6.1710.02 1 0.01 at 250 GeV'/c. in good agrement
with results at 32 and 78 GeV Jc. indicating that the crergy dependence of A. if ans.
is very weak in the energy range considercd
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Experimental Results on QCD from e*e” Annihilation
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Abstract
A review is given on QCD results from studying c7¢™ annihilation with the PEP
and PETRA storage rings with special emphasis on jet physics and the determination
of the st ong couvpling constant a,.

1 Introduction

This paper reviews the progress on the theory of hadronic interactions during
the eight years of PEP and PETRA physics. This is an appropriate time, since
a new generation of e*e~ storage rings is underway (SLC and LEP) or ready -
(TRISTAN), which will exterid the maximium centre of mass energies reached
sofar to the Z° mass and beyond, thus opening 2 whole new fieid of physics. I will
restrict myself to results from hadronic events from e*e~ annihilation and neglect
QCD results from two photon physics. The emphasis will be on newer results
about the determination of the strong coupling constant, since other topics, like
searches for new phenomena, jet properties, heavy quark fragmentation, and gluon
fragmentation have been discussed in detail elsewhere {1].

In order to appreciate how much progress was made, let us review what was
known some 10 years ago{2] :

¢ In 1972 Quantum Chromodynamics (QCD) -was proposed by Fritzsch anc
Gell-Mann|3] as a gauge invariant field theory of the strong interactions: the
gauge bosons are 8 coloured gluons, which are responsible for the sirong
forces between the quarks very much Iike the exchange of photons yields the
electromagnetic force between charged particles.

“Work supported in part by the Depzrtment of Energy contract DE-ACO03-76SF00515

Mailiag address: SLAC (Bin 61), P.O. Box 4349, Stanford, 7 A 94305, USA
‘Bituet address: user WDB at node SLACVM
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e QCD was given au enormaous boost by the discovery of asymptotic freedom
by Gross and Wilczek{4] and Politzer|5], the subsequent. observation of scale
invariance which offers a justification for the highly successful quark par-
ton model (QPM), and the observation of logarithmic deviations from this
invariance as predicted by QCD.

e The discovery of the J/¥ in 1974 at SLAC[6] and Brookhaven(7] and the
proof that it corresponded to a bound state of ¢Z quarks completed the quark
picture and left little doubt to the idea that the mathematical objects orig-
inally proposed by Gell-Mann(8] and Zweig{9] to classify the hadrons were
real, existing quarks.

¢ The charmed quark fitted beautifully into the SU{2) ® U(1) unified theory of
the electroweak interactions, proposed by Glashow, Salam and Weinberg|10]
and proven to be renormalizible by *t Hooft{11], since in this model the matter
fields are arranged in left-handed doublets and right-handed singlets, so there
was an ’empty’ slot in the doublet structure of this so-called Standard Medel
for the charmed quark. Actually from the absence of stangeness changing
neutral currents Glashow, Hiopoulos and Maiani (GIM) had predicted the
existence of the charmed quark{12].

After 1974 a new heavy leptor. /called r) with its own neutrino was discovered
by Perl and collaborators at SLAC![14] and a new quark (called bottom) was
discovered by Lederman’s group at Fermilab|13]. Given the succes of the
Standard Model, one was in the same situation of having an ’empty’ slot for
a new quark (called top) in a thirth generation of quarks and leptons. So by
the time of proposal writing for the PETRA experiments the quark picture
was well established and the detectors were all optimized to do 'top’ physics.

However, what was going to be one of the major discoveries at PE"'RA, namely
the discovery of the gluon, was not even considered in the proposal: as a physics
topic. The main reason is that jet physics at that time was not very advanced,
for the simple reason that the jet energies were too small to see jets on an event
by evert basis, so the idea that one might observe gluons as jets was not obvious,
although it was proposed by several theorists(15]. The main evidence for jets
in eve” annihilation at that time came from the ‘ARK-T Collaboration|16],
who observed a deviation of the sphericity of hadrc .- »vents from phase space.
Furthermore, the beams at SPEAR turned out to L.e pelarized, which yielded an
azimuthal variation of the sphericity axis, as expected for spin 1/2 quarks.
The outline of this paper is as follows:

¢ After summarizing the predictions of the Standard Model we discuss the main
featurcs of jet physics. We will be short, since this topic has been reviewed
many timea.

o We then proceed to the discussion of the more ambitious task of the de-
termination of the strong coupling constant a,. Note that within QCD the
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coupling between all quarks and gluons is supposed to be the same, so there
is only one coupling constant to be determined.

s We conclude with a summary.
2 Standard Model Predictions

Even at present energies the effects of Z? exchange are noticeable, so one has
to take the complete Standard Model of SU(3)c ® SU(2); ® U(1) into account.
This model has 4 fundamental parameters (aside from masses and mixing angles) :
three coupling constants for SU(3), SU(2) and U(1), respectively, and the vacuum
expectation value of the Higgs doublet. If the model contains Higgs representations
other than doublets, the theory has an additional parameter, usually parametrized
by the p-parameter. To make comparisons with experiments easier, one should use
parameters closcly related to physical processes. Two of the parameters can be
chosen as follows: the fine structure constant a@ = 1/137.036 as obtained from the
Josephson effect, and the Fermi coupling constant Gr = 1.16637 10~-%GeV -2, as
derived from the muon lifetime after 2pplying the appropriate radiative corrections.
As a third parameter one can take cither mass of the neutral gauge boson Mz or
the electroweak mixing angle 8y defined by cos &y = My /Mz, whee Mw is the
mass of the charged gauge bosons. In both cases My is predicted in case p =1,
else one has to use cosfy = My /(pMz). Mz and 8y are related via a and G
by:

Gr(l1 - Ar)M} 1 (1

8v2ra " 16sin? by cos? Oy }

Here Ar = 0.07{17] are one-loop radiative corrections, which have not been ab-

sorbed in Gp. They depend on the unknown top- and Higgs mass. E.g. they vary

from %7 % to 6 % (3%, 0%) for top masses varying from 45 GeV to 90 (180, 240)

GeV and for a Higgs maess equal to the Z%mass. The fact that these corrections

are 8o large comes mainly from the fact that a has been renormalized at low energy
and its value increases by about 7% if it is calculated at the W-mass.

Of course, one could use different choices of parameters, e.g. My, but experi-
mentally the previous choices can be better determined. The fourth parameter is
cither the value of the running strong coupling constant a, at a given epergy or
the QCD scale parameter A, which determines the running of a, and can be used
to calculate a, for a given energy.

2.1 Lowest order predictions

From the Feynman diagram for the production of quarks, as shown in Fig. 1a,
one obtains the lowest order differential cross-section for the production of a pair
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of quarks with charge e,:
—(¢+¢ - q7) = N.cfcfrﬂ(l +coe? @ + (1~ §*) sin? §) 2)

where # is the scattering angle between the e* and the quark, and g = /1 — 4m2/s
is the quark velocity. N,=3 is the colour factor. Evidence for the colour of quarks
comes from(2}:

e The f1- has spin 3/2 and is built up from three identical strange quarks.
However, the Pauli principle does not allow spin 1/2 particles to be in the
same state. To get the total wave functicn antisymmetric, one has to assume
that each quark inside the 1~ has an additional internal quantum number,
called colour (red, green and blue quarks).

The hadronic cross section of Eq. 2 would be a factor 3 too low compared
with data, if the factor N, was not introduced.

o The z° decays electromagnetically into two photons via a quark loop. Clearly
the decay rate depends on the number of quarks in the loop and the experi-
mentally observed decay rate requires N =3.

At higher encrgies the effect of the Z%exchange has to be included. In this case
Eq. 2 becomes (if we use 8 = 1): .

dcul(¢+¢- —~ @)= N.—’-';T’[C;(l + cos?(8)) + C; cos(8)] (3)
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vith Cr = eled +2c,e0,9,8(x) + (v} + &})(v] + a])Ix[* (1)
Cr = de,cq0,0,R(x) + 8vea,vea,lx*
Vo = IF+I) —depin’ty )
o = Al -5)
and oGr oM} 1-Ar @

X = 3/3ra s — M} +iMsT's 1- AF

Here I¥ and IZ are the 3th components of the weak isospin (see Table 1). In Eq.
6 the 1 — Ar' term represents the loop corrections to the Z° propagator. Since
Ar' 25 Ar we can neglect both corrections in the fits to the hadronic cross section.
Note that R-values are not corrected for 1 — Ar', although asymmetry values are
sometimes corrected for this factor in an indirect way'. In this case one has to
apply only the correction factor 1 — Ar[18]. Then Eq. 6 becomes equal to its
sin? Oy parametrization (using Eq. 1):

_ Gp(l —_ AT) GM} ” 1 F (7)

T T 8y2xe 8~ ME+iMzTy  16sin® OwcosOw s — M3 + iM3Ty
A summary of these radiative corrections can be found in Ref.[19}.

The terms proportional to R(x) represent the interference between 2° and 4
exchange and the terms proporticnal to |x|? the direct Z° exchange. The ratio of
the total cross section contributions from 2° and 4 exchange ((Cy — e})/e}) is
shown in Table 1 for the various matter fields together with the coupling constants,

fermion| IF|If| e v e 9{,3— A
reutrino| 1/2] 0] 1 1 0 co| 012
p,7lepton | ~1/2} 0)—1|—1+4sin* 8y = -008| -1 | 1.2%|—0.15
u,c,t quarks| 1/2| 0| 1| +1- Jsin*0w =0.39 [+2/3| 1.8%|-0.23
d,s,b quarks | —=1/2] 0| —1|—1+ &sin’fw = —0.69] —1/3]11.0% | —0.41
Table 1: Summary of couplings and asymmetry for Mz=92 GeV and sin? fy =0.23
at /s=44GeV
From Eq. 3 the total cross section is found to be N,Ci4xa/3s and the
forward-backward asymmetry in the differential cross section equals:

Jo 72%5dcos(0) — 2, 7%,dcos(f) _ 3Cy
Tt g r = o (8)
b sezgdeos(d) + 12, ;%5dcos(f)  8C
For leptonic final states the vector coupling v is small and only the interference
term needs to be taken into account at PETRA energies. In this case the asym-
metry in Eq. 8 depends only on the axial vector couplings. However, for quarks
the vector couplings are large and the direct Z%exchange term {x |x|3) is larger
than the interference term at the highest PETRA energies.

!The loop corroctions xnd the initial state radiative lons for the Z%-exchange have am oppo-

site sign and are similar in magnitude at PETRA gies, 30 if one neglects them both, the remainiag
coatribution Js negligibla[18] and one cax forget about the 1 — Ar’ correction.

A=
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Pig. 2: a) Feynman diagrams for the production of 3-jet events In ¢t¢~ annihila-
tion; b) second order QCD cosrections.

2.2 First order QCD predictions

In first order the quark production is modified by gluon radiation as shown by the
diagrams of Fig. 2. The properties of the gluon are the following:

e the mass is 0.

o the spin parity J* =0-.

o gluons are colour octet states. There exist 2N, - 1 = § differert gluons. At
the gluon-quark vertex the colour of & quark is changed, e.g. & rell-bitis glaon
9rs transformns a red quark into a blus one. (see Fig. 34).

¢ The gluon-quark coupling ls independent of the colour and guark flavour, so
it is the same for all quarks and gluons.

e In contrast to photons, which are electromagnetically neutral, gluons carry
a colour charge. As a result, the gluons interact with themselves, which lead
to the presence of three and four gluon vertices in the theory (see Fig. 3b).

The differential cross section for gluon emission is given by[15]:

do(egy) _ @ t+2] o, (v I M
o(q@)dznidz;  2x T(1-z)(1-21) P (m+ Yis¥n +ra) @

with 1, 2, 3 cyclic permutations. The Casimir operator Cp = {(N? —1)/2N, = 4/3
for 3 colours and z; = E;/Ejem are the fractional parton energies with x; + z3 +
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Pig. 3: a) Quark-gluon interaction: a red quark is transformed into a blue quark
by emitting a red-blue gluon. The coupling ctrength=4a,/8.
b) Three - and four gluon vertices.

7y = 2 and §;; = (pi + p;)?/s are the scaled invariant masses; the subscripts 1 and
2 refer to the quarks and 3 to the giuon. This formuls neglects quark masses, in
which case y;; = (p;+p;)?/s = 2pip; /8 = 1—z; with i, j, and k cyclic permutations.

The coupling constant a, between quarks and gluons determines the rate of
gluon emission, which follows a typical bremsstrahlung spectrum: it diverges for
soft gluons {z; and z; ~ 1, so double pole) and collinear gluons {z; or zy = 1).
The sum of the 2- and 3-jet cross sections is finite, since if the first order vir-
tual corrections to the 2-jet cross section are taken into account (see Fig. 1b)
the divergencies in the 3-jet cross section are canceled. This corresponds to the
Kinoshita-Lee-Nauenberg theorem in QED[20], which guarantees that if one sums -
over all collinear and soft photons, the total cross section will be finite. Further-
more, the cross section stays finite for massless particies (no mass singularities).

Eq. 9 gives the croes section for bare partons. In order to calculate an ob-
servable cross section one has to take into account the finite jet resolution, which
implies that one observes only jets ‘dressed’ by the accompanying soft gluons. The
situation is similar to QED: the observed cross section o{zte~ —u*u~) contains
also that part from the radiative croes section o(e*e™ -—+utu~1v) for which the
photon is either too soft or too collinear to be detected. Correspondingly, the
observable 2-jet cross section contains that part of the 3-jet cross section for which
the gluon jet is irresolvable from the quark jets (dressed jets).

Two criteria have been used to define the jet resolvability:

o ¢,6 cuts. In this case two parions are considered to be irresolvable if either

one or both partons are too soft, i.e. have a parton energy less than ¢ !,E or
the partons are collinear, i.e. the angle between the partons is less than 6.

o y-cuts. In this case 2 partons are considered to be irresolvable if their scaled
invariant mass is below a certain minimum: (p; + §;)?/8 < Yuua- It should
be noted that y cuts are Lorentz invariant, while the ¢, cuts are not, so the
€,é cuts refer to the centre of mass system. :



$10

Pig. 4: Leading order Feyoman dlagrams for the production of é-jet events in
ete~ annihilation.

3.3 Second order QCD predictions

In second order QCD one has to take into account the production of 4-jets, as
shown by the graphs in Fig. 4 and the virtual corrections to the 3-jet cross section
as shown in Fig. 2b. Again, the observable jet cross sections have to include the
contributions from higher order graphs with irresolvable partons, so achematically
one gets in second order QCD:

“;'—’id = o5 % + 0175 [O(a)] + o3, [O(Go’)] + Og—saft + Otsost (10)

o = Ol + 03 [0(e?)] + Foes -
O = O (13)

In these equations 0s_,.y¢ and 0¢_,ep¢ are the 3- and 4 jet cross sections with
irresolvable partons, which have to be integrated over the corresponding region of
phase space and then added to the 2- or 3-jet cross section. These definitions are
exemplified in Fig. § for the 3-jet case: 035,04 is the 3-jet cross section integrated
over the shaded area with g;; < Ymin, While 07"%,, is the cross section integrated
over the remaining part of phase space. As can be seen from Eqe. 10 to 12 the 2-jet
cross section is the most elaborate one to calculate, but in actual Monte Carlos the
2-jet cross section is defined as the difference between the total cross section and
the dressed 3- and 4-jet cross sections, which all have been calculated. Also the
2-jet cross scction was calculated recently, which aliows a check of the consistency
of the calculations|21)].

The 4-jet croes sections in second order has only contributions at the tree
level(see Eq. 12), which have been calculated by various groups and all agree[22).

[P
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PFig. 5: qGg phase space. The shaded area with y;; < ymin is counted as part of the
2-jet eross section .

However, the 3-jet cross sections in second order requires virtual corrections (see
Eq. 11 and Fig. 2b), which were calculated by several groups (denoted by the
first letters of the zuthor names): GKS|23], ERT[24], and VGO|25]. Originally
the conclusions were rather different: The last 2 groups claimed the second order
virtual corrections to be large, while the first group claimed these corrections to be
small. It is now underatood that these different conclusions came from the different
jet-resolution criteria{26]: The first group included jet resolution (*dressed jets’), -
while the other groups calculated the cross section for bare partons. In the latter
case the 4-jet cross section dominates and the 3-jet cross section becomes negative.
An example of these cross sections as function of the jet resolution is shown in Fig.
6{27]. As can be seen, for small y-cuts (i.e. 1/y large} large cancelations occur
corresponding to large second order corrections.

Insisting on a positive 3-jet croes section requires the y-cut to be above = 0.01
(depending on a,). On the other hand one should not take too large y-cuts, since
in this case most of the 3-jet events are recombined to 2 jets. Reasonable cuts are
in the range 0.01 to 0.05, although some experimental distributions prefer values
closer to 0.01.

The GKS matrix element has been implemented in the LUND Monte Carlo and
the ERT matrix element has been made suitable for Monte Carlo generators by
Zhu|28] from the MARK-J Collaboration by complementing it with a jet dressing
scheme along the lines of Ali[29] and Kunzst[30]. It was implemented in the LUND
Monte Carlo by Csikor{31]. ‘

For the actual Monte Carlo implementations the GKS matrix element gives a
lower 3-jet cross section than the ERT matrix element as shown in Fig. 7: at
y=0.02(0.04) ERT gives a factor 2.5 (1.5) larger second order contribution, which
corresponds to a 12(7) % increase in the total 3-jet rate for a,=0.15. Possible.
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Fig. 7: The 3-jet cross sections as function of the y-cut for the ERT- and GKS
matrix elements . :
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Pig. 8: Integrated thrust (s) and integral of the AEEC (b) for the 2 different
matrix elements ERT(solid dots) and GKS(histogram). Both distribu-
tions are plotted at the parton level for /=44 GeV, A;==400 MeV and
Ymin=0.02.

causes for the differences are the approximations made in the GKS calculations
and the ambiguity concerning the treatment of soft gluons in 4-jet events:

¢ In the ERT implementation the irresolvable partons are recombined with the
nearest parton either by sur taing the 3-momenta or 4-momenta (momentum
and energy schemes, respectively). The nearest parton is the one which
yields the smallest invariant mass. The difference between the energy- and
momentum scheme is small [28].

¢ In the GKS implementation with y-cuts the recombination scheme is similar
to the previous one. However, if ¢,6 cuts are used, the partons failing the
cuts are recombined, but the partons failing the ¢ cuts are discarded and the
energy of the remaining partons is rescaled, so here the encrgy of the solt
partons is distributed over all partons, while in the previous scheme it was
added to the nearest parton.

The difference between the various recombination schemes has been studicd in
detail(28,32]. Unfortunately, no clear-cut theoretical argurnent can be given for
cither of the dressing schemes, but the differences concern mainly soft gluons. So
if one studies gluons only in the perturbative regime, the dificrences beiween the
matrix elements are small, especially if one uses y-cuts {implying similar dressing
schemes). This is demonstrated in Fig. 8 for the integrated parton thrust for
dressed 3-jet events and the asymmetry in energy weighted angular correlations
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(AEEC, see Sect. 5.3). Low thrust valuss and large angles correspond to regions
where the hard gluons dominate. For thrust values integrated up to 0.9 the dif-
ference is negligiblc. For larger values ERT is ~25% higher. For the AEEC the
difference depends on the angular range considered: for cosy > —0.7 the GKS
prediction is somewhat above ERT while for the small angle region ERT is higher.
A fit of the QCD calculation in the range cosy > —0.7 yields less than 30 MeV
difference in the QCD scale parameter between the two matrix clements.

TASSO [33] studied the differences between the matrix elements using ¢, § cuts
(implying different dressing schemes). They find from the AEEC a difference
in a, of ~ 15% even after correciing for some of the missing diagrams in the
implementation of the GKS matrix element.

MARK-11i34! studied th- difference between GKS and a nevw matrix element
Uy Gottschalk and Shatz. which is also based on analytic formulae/26]. tut it does
nol use the approximations made by GKS. They find a 10% lower value of a, with
this new matrix element, if they fit the AEEC for cos y > —0.88.

So it is important in the comparison of results to keep in mind which matrix
element was used and which variable was fitted in what range.

2.4 Definition 1_)! ghe mnniﬂg_gt_agpling_g_gpgiqu

The coupling constant is not constant, but varies with Q? both in QED and in
QCD. However, in QED the coupling constant increases as function of Q?, while
~in QCD the coupling constant decreases. A simple picture for this behaviour is
the following:
¢ In QED the coupling constant decreases with increasing energy, since the
photons which make up the electric field around an electric charge can be
transformed into e*e~ pairs. These ete™ pairs are oriented in the elec-
tric ficld (= polarized) and provide an effective shielding of the ’bare’ electric
charge. If the clectric charge is probed at higher energies (or shorter dis-
tances), one penctraies the shielding from the vacuum polarization deeper
and observes more of the bare charge, or equisalently one observes a larger
coupling constant.

In QCD the situation is more complicated: the colour charge is surrounded by
a cloud of gluons and virtual ¢§ pairs, but since the gluons themselves carry
a colour charge, one has two contributions: a shielding of the bare charge by
the ¢§ pairs and an increase of the colour charge by the gluon cloud. The
net effect of the vacuum polarization is an increase of the total colour charge,
provided not too many ¢§ pairs contribute (number of generations < 16, see
hereafter). If one probes this charge at smaller distances, one penetrates
part of the antishielding’, thus observing a smaller colour charge at higher
encrgies. So it is the fact that gluons carry colour themselves which make
the coupling decrease at small distances (or high energies).

The effect of the virtual pairs surrounding an electric charge or colour charge can
be calculated from the diagrams in Fig. 9. These diagrams are divergent for
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Fig. 9: The lowest order vacuum polarization diagrams leading to a renormalized
electric - (a) and colour charge (b).

large @*. A theory is renormalizable if one can absorb all divergencies in the
bare coupling constants. The first step in such calculations is the regularization
of the divergencies, which is usuvally done with the dimensional regularization
scheme of *t Hooft and Veltman(35]. In n = 4 — 2¢ dimensions the bare coupling
constant has the dimension of a mass. In order to make it dimensionless, one
introduces an arbitrary parameter u with the dimension of a mass and defines
the coupling as g{u?) = u‘¢ and a, = g*/4x = a,(u?) The diagram in Fig. 9a
contributes a term & ﬁg‘gllng; to the cross section, if Q2 >> p?. In QED it is
customary to choose for u the electron mass m,. In this case one can absorb the
divergent vacuum polarization in an effective coupling constant by modifying the
fine structure constant a = €2/4x as follows:

Q") = a1 + %lnz—j) ' (13)

If one sums more loops, this yields terms (s‘lt)"(ln?‘-;)"‘ and retaining only the
leading logarithrus {i.e. n=m}, the addition of these terms yields:

o
o(@*) = ﬁ—_—;%;@ (14)
iﬂz" =1 -1_ s (15)

Of course, the total Q? dependence is obtained by summing over all possible
fermion loops in the photon propagator.
The diagrams of Fig. 9b yield similarly:

al@”) = o) |1 - 2D (11 - 20) o % 1)
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Note that a, decreases with i mcreasmg Q*if 11— 3’—"1 > 0 or Ny < 16, thus leading
to asymptotic freedom at high energy. This is in contrast to the @? dependence of
a(Q?) in Eq. 13, which increases with increasing Q*. Since @, becomes infinite at
small Q?, one cannot take this scale as a reference scale, as was done in the case
of QED.

A physical quantity should not depend on the spurious parameter u, at least
if one calculates it to all orders. If one calculates only up to a finite order, one
can minimize the higher order terms by a suitable choice of u. In lowest order p
is arbitrary, but in higher orders the loop calculations contain terms lng-; and to
keep these terms small, it is best to choose g2 to be of the same order as Q?, where
Q@? is the relevant physical scale of the process.

The higher order corrections are usually calculated with the renormalization
group technique, which yields for the z dependence of a, :

822 = foa? + Bra® + frast + . (7)
I
The first two terms in this perturbative expansion are renormalization-scheme
independent and given by:
e -2

[ I_IQN]

(18)

B=- (19)

Higher order terms depend on the renormalxzatlon prescription. In the MS scheme
2 has been calculated [36]):

_ 1 5033N, ‘. 325N}
Br= =g [2857 - (20)
Eq. 17 can be integrated as follows (retaining only the first two tern s):
® d a(m) d
L= o tersmy (2

[ aumo) @2 {fo + Pra,)
Here po is a reference mass scale. Instead of introducing two separate lower bounds
in the integrals in Eq. 21, one usually combines them by choosing for g5 the QCD
scale A, which fulfills the boundary condition a,(s = A) = co. Following the
discussion after Eq. 16, we choose again u® = Q2. In this case the solution of Eq.

21 is: L ﬁo @
—_ 1,, __"___
w@ 2w (@)
The last term in this equation can be a.pproxlmated by In(l/a,) =~ ln(ln%), if
@?* >> A%, One can then write a functional form for a,:

1 ﬁo Q /3

&znu + (22)



517

which is approximated in the Particle Data Book {37] as:

— Q2
a:(Qz) = 127 2 - o3 lgN! ln(ln I:Z] (24)
(33 - 2N})In Sz (33 -2N7 Infr |

The approximations in Eqs. 23 and 24 both introduce an error of = 15% in A for
a given a,, but they are of opposite sign and largely cancel cach other, so we unll
use Eg. 2§ hereafter.

In the MS scheme Ny is the number of flavours with mass m, < i (not 2m, <
;). If u becomes larger than m, at a certain energy, one has to increase V.
With the previous definition of a,, this would give a discontinuity in a,, since
a, depends explicitly on Ny. Such a discontinuity is unphysical, since only the
running of the coupling constant can change if more quarks contribute to the
vacuum polarization, not its value. This can be remedied in the previous forinula
cither by the use of a diffcrent A for each number of flavours (as is usually done)
or one has to incorporate explicitly a counter term in the definition of a,. E.g. if
As is defined for 5 flavours, then for m, < @ < m; Eq. 24 becomes|38]:

2 m} m?
e T g - & (in3 + Bm(n7h) -
* (33 - 2Np)in%; ng

Alternatively, one can neglect the last term in the brackets and use for m, < Q <
my a different A, defined by|[38):
A 2 i‘i 2 T‘%‘J"&
1 mi my ’
— | In— 26
w=la] 5] (#0)

This ratio varies from 1.57 to 1.47(1.41) for As varying from 100 to 200{300) MeV.

In summary one can absorb the divergent vacuurmn polarization diagrams in
the coupling constant, which then becomes dependent on Q?. Instcad of quoting
a coupling constant at a given Q?, one can use the scale parameter A, which
is independent of @? and can be defined by the boundary condition requiring
o, {4 = A} = oo.

2.5 Ijlle_“ total hadronic cross section

The normalized total cross section for multihadron production from e*e~ annihi-
fation is defined as the ratio R

alete” — v,2° — hadrons)

O'IC"'C" —_- 7 — ”1"4‘] (27)

R=

where the numerator is the hadron production cross section corrected for QED
radiative corrections. The denominator is just a.calculated quantity equal to the
pointlike QED cross section: 4xa?/3s. :

- - e o ~———
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At the highest PETRA energies Z° exchange and, to a lesser extent, the interfer-
ence between the photon and Z° exchange becomes important. The prediction of
the Standard Model can be written as:

R= Ro[l+°“(’) +C (5%’—))2] (28)

with (see Eq. 3)
Ro =3 [ele} + 2ecequevgR(x) + (v} + a?) (v} + o) Ix] (29)
q
Here we have neglected quark mass effects. At the lowest PETRA energies (14
GeV) the effect of m, is 1%, which has been taken into account in the fits described

hercafter{39). The constant C; depends on the renormalization scheme chosen to
minimize the higher order corrections. In the A S scheme it is given by[40}:

C; = 1.986 — 0.115N; (30)

provided the scale p of a, is taken to be /s. If another renormalization point is
chosen, e.g. 4 = £ ./3, one obtains a different R, a,, and C’;[41,42,43,44]:

R = R+ 0(a,’) (31)
o =a,+ %a,’dﬂ + O(a,®) (32}
Cl=Cp+ ‘—?,f—’dy (33)

Eq. 33 is just by definition and Eq. 32 follows from Eq. 17. If one neglects terms
of O(a,®) one obtains by simply equating R' = R:

an ﬂ'ﬂo _
e + il 0 (34)
or
Cz Cg - ﬂ'ﬂolﬂl (35)
and \ s
R=Ry [ ———a‘(’ I o] ("_'(: ’)) ] (36)

This last expression differs from Eq. 28 only by the constant C; and the renormal-
ization point, so one sces that changing the renormalization point is equivalent to
changing renormalization schemes (implying different coefficients C;).

- Ry
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Fig. 10: The dependence of the QCD scale A on the renormalization point u (nor-
malized to /5 = 34GcV) given a QCD contribution to R of 0.047. The
curve was obtained by choosing z, then calculating the value of a, for a
given R from Eqs. 35 and $6, and then determining A from Eq. 22.

2.6 Choice of renormalization _scheme

Physical quantities do not depend on the renormalization scheme (RS) or renormal-
ization point (s in Sect. 2.3), if they are calculated to all orders in perturbation
theory. However, if one calculates only up to order n, thus neglecting terms of
Ofn + 1), then different RS’s can also differ by terms of O(n + 1). Stevensen|42]
proposed to choose for each process a renormalization point such that the observ-
able shows minimal sensitivity to the RS, i.e. IR/3(RS)=0 or aR/dlInu=0.

This ’principle of minimal sensitivity’ (PMS) can be easily applied to the mea-
surement of R and we will then compare it to other renormalization schemes. For
a given value of R ane can study the dependence on u with Eqs. 35 and 36 and one
can determine the resulting vasiation of o, as function of z = /,/3 or more easily
A as function of z, since A is independent of x. Fig. 10 shows this dependence.
The PMS value of z is obtained by requiring

R _8R da, 4R C,

Bing ~ Beydlny T BCLAlnu @7

The partial derivatives are easily calculated from Egs. 17, 35 and 36 and inserting
them into Eq. 37 yields:

2
(-} + z%c;) ot (B + Bre) — 2 = 0 (38)
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or for C} = C¥* corresponding to the PMS criterion
o= - L) P~ _.’ﬁ 39
! 26 Il + 5':“'] 250 (39)

This corresponds to an optimum scale 4 given by z°7* = u*/,/s (from Eq. 35):

141 B,
opt o, 221 PL
In 2" sy 5 132 7 (40)

The value of z°7¢ = 0.59 corresponds to the minimum of the curve in Fig. 10,
since for this iine R is constant, so Eq. 37 is automatically satisfied if 9A/du=0{43].
The difference in Az {defined for z = 1) and A at z* is less than 5% for the
example shown in Fig. 10.

Other renormalization schemes absorb diflerent factors in the coupling con-
stant, yielding different values of A; they are related to each other by a one-loop
calculation as was first pointed out by Celmaster and Gonsalves{45].

However, the ratio £ is similar in each RS[42]%, so instead of varying A one
can study the RS dependence by studying the u dependence as mentioned also
in the previous section. From Fig. 10 one sees that A varies less than 15% for
0.5 < z < 1.5, so the uncertainty from the renormalization scheme dependence is
of this order of magnitude.

It is interesting to note that C} = 0 for z = 0.69, 3o if one chooses as scale
0.69/3, the second order corrections become zero.

Note also that one cannot choose z below ~0.20, since in that case the second
order contribution becomes so large and negative that no positive solution for the
QCD contribution to R ¢an be found.

2.7 How to compare the Standard Model with data?

Not well determined in the SM are:
» the Higgs sector
e the strong coupling constant
e the weak properties of heavy quarks
In ete” a.m_lihilation one gets ahandle on the last two points, since

¢ The strong coupling constant can be either determined from the increase
in the total hadronic cross section due to gluon bremsstrahlung or from the
determination of the number of 3-jet events. The first one has the advantage,
that it is theoretically very clean, but the effect is not large, (= 5 % increase in
R at 34 GeV), so the experimental errors dominate. In the case of the multijet
analysis uncertainties from uncalculable fragmentation effects dominate the
error.

The optimum value of s/A ls an RS Invariant.
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¢ Above threshold one can study both heavy and light quarks in contrast to
e.g. decep inclastic lepton nucleon scattering, where only the electroweak
propertics of light quarks can be studied.

Several strategics can be followed in the analysis:

¢ Dctermine the vector and axial vector coupling constants of the individual
quarks scparately. The axial coupling constants can be determined from the
asymmetry, which contains the product a.a, (sce Eq. 8). The asymmetry
can be determined for a specific quark flavour by a suitable flavour tagging
technique (high p; leptons or heavy meson identification) or averaged over all
quarks. All asymmetry measurements sofar have been found to be in agree-
ment with the Standard Model, although the errors are largel46}. Therofore
we will accept in the following the basic assumption that all matter ficids
belong to weak isospin doublets, which then fixes uniquely the axial vector
couplings of all leptons and quarks, since it is given by the position in the

doublet (a = If ~ IF).
]

¢ With the axial vector couplings of quarks and leptons fixed. one can proceed
to determine the vector couplings from the total hadronic cross section. These
depend on the single parameter sin® fw , once the weak isospin structure has
been fixed (see Eq. 5). The consistency of the vector couplings with the
Standard Model can be checked by comparing the fitted sin® f  value with
the world average.

The Higgs bosons are difficult to search for, since the mass is unknown and the
production cross seclions are small. The p parameter can deviate from 1 in case
of a more complicated Higgs sector. From an analysis of data on neutral current
interactions p is constrained to 0.9982-0.009{47]. Therefore we wili assume the
standard Higgs structure with p = 1 in what follows.

3 Jet Physics

Since free quarks have not been observed, QCD has to be complemented by the
hypothesis that physical states are colour singlets, so il energetic quarks are pro-
duced, they are converted into hadrons by the strong forces. This hadronization
can be described by simple phenomenological models, in which tie hadrons are
created with limited transverse momenta. This avtomatically lcads to jet pro-
duction at high cnergies: since the multiplicity is only rising slowly with cnergy |
(1en o ins) the jets becorne mare and more collimated. The cone angle of the jet
will decrcase roughly as:

NP2 <SP o:L’I—S (41)

<pp> 8/ <nyu> $

Therefore only at high cnergies will one be able to rosolve the jets in multijet
events. When PETRA started operating around 30 GeV, 2-jet events were very
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Fig. 11: Example of a 2- , 8- , and
4-jet event. The first two
are shown in the projection
perpendicular to the beam
axis, while the last one is
a 'LEGO’ plot of azimuthal
versus polar angle.

obvious just by visually scanning the events, s0 one did not need statistical meth-
ods. Furthermore, a sizeable fraction of events showed a clean 3-jet structure and
sometimes 4-jets were observed. Fig. 11 shows some examples.

Several methods have been used to classify multijet events, e.g. cluster al-
gorithms yielding directly the number of jets, the sphericity, aplanarity, thrust,
oblateness, spherocity, triplicity and others. Most of them have been incorporated
as utility routines in the LUND Monte Carlo, so the interesied reader can consult
the descriptions there{48]. Detailed studies showed that:

e From the angular distribution of two jet events it is clear that the original
partons have spin 1/2, as shown in Fig. 12 by the characteristic 1 4+ acos? 9
distribution of the sphericity axis: the best fit yields a = 1.01 + 0.1, which
is close to the expected value of a = 1 for spin 1/2 quarks and far from the
value of @ = —1 for spin 0 quarks.

¢ The 3-jet events are planar and originated from a bremsstrahlung spectrum.
Two typical plots are shown in Figs. 13 and 14.  The first one shows
that the broadening of the transverse momentum in a jet takes place mainly
in the event plane, while < pf* > hardly changes as function of energy,
thus excluding the possibility that the p; broadening is caused by an energy
dependent fragmentation effect. The second plot shows that the oblateness
is only well deseribed by the Mante Carlo if gluon radiation is included.

The angular distributions of the jets relative to each other in 3-jet events
depend on the spin of the gluon. A simple distribution was proposed by Ellis
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Rig. 13: The transverse momenta in a
jet as function of centre of
mass epergy. The data at
lower energies (top) can be de-
scribed by gi-production while
the events at high energles de-
velop a planar event structure,
as expected for 5gg production.
Note that the transverse mo-
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dicular to the event plane,
shown on the Jeft-hand side, is
found to be similar for both en-
ergica.
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Fig. 14: The oblateness compared with a Monte Carlo simulation with and without

gluon radiation.

and Karliner[49}: ia the rest frame of the hardest jet the angle between the
remaining jets is given by:
T3 ~ Ty _ ainby — sinfy

cosf = P it (42)

The relation between the angles and fractional energies is given by energy
momentur conservation for massless partons:

— a no.'
T sinby + sindy + sindy

(43)

Here 8; is the angle betwezn the 2 jets opposite to jet i. The scalar theory
does not fit the data as shown by TASSO[50] (see Fig. 15).

Another simple way to test the gluon spin is the determination of the energy
of the most energetic cluster in 3-jet events, which is simply z; for three
partons. For a vector gluon z, is determined by the diflerential distributions
given in Eq. 9. For a scalar gluon it is[27}:

d*a
c{?dz,dz,

Here &, is the coupling constant for the scalar theory. This distribution
has been checked by many experiments [51] and they all find much better
agreement for a spin-1 gluon as shown in Fig. 186.

~ 2
- a T .
(ete™ -+ qgg) = E;r.-CF (l—_—zl—)—zT-_-_—;)--%-l,ZJ cyclic perm. (44)

L AR
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Fig. 15: The observed distribution of the Eillis-Karliner variable for ¢vents in the
3-jet region defined by z; < 0.9. The full curve shows the prediction to
O(e,) for vector gluons, the daghed curves the prediciions for scalar ginone
at the parton and hadron level. These almost coincide, thus showing that
fragmentation effects are not important for the shape of these curves.

4 Ilow tc compare Jets with Partons 7

Cace ot ihe besic difficulties with testing QCD quantitatively is the fact that QCD
<eeds viith calculations at the parton level, while experirments observe hadrons.
Thne trans:tion from partons to hadrons cannot be calculated at present, since
this belongs to the ’non-perturbative’ region of QCD. Therefore one has to use
phenomenological models to describe the transition fromn partons to hadrons. This
transition is usally called hadronization or fragmentation.

4.1 Fragmentation models
Scveral fragmentation models are on the market:

¢ Independent fragmentation models. In this case the origine! description of
Field-Feynman|52] for single quarks is extended to ezch paricn individually.
The gluon is either trezted as a quark (Hoyer b 2Li53i) or split into two
quarks according to the Altarelli-Parisi splitting functions (Al ot al. 34}
Due to the enforcement of energy-momentum conservation after the frag-
mentation of each parton, correlations between the outgcing juis are un-
posed, which depend on the rather arbitrary choice of the energy-momentum
conservation mechanism, as will be discussed below..

e String fragmentation. In this case the hadrons are formed along a string
stretched between the outgoing partons. The string tension represents the
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Fig. 16: The distribution of the fractional momentum of the highest cnergy jet in
3-jet eveuts compared with various models. A vector gluon describes the
data, while a scalar gluon does not. Also the sceond order QCD ealculation
fits better than the first order one (JADE) and the constituent interchange
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strength of the colour field {growing linearly with distance) and as soon as the
tension becotnes large enough, the energy is converted into mass by the for-
mation of g¢ pairs at the breakpoints of the string. Such a model introduces
explicitly correlations between the outgoing partons, which are experimen-
tzlly testable, as will be discussed later. The string fragmentation has been
implemented in a widely used program written by T. Sjostrand|{48|.

Parton shower gencration. In this case leading log calculations are used to
generate events with many partons in the initial state in contrast to the
previousiv mentioned Monte Cirlos, which generate states with at most 4
partons ((){a,?)}. Because of the Jeading log approximation, the nard gluon
production does not correspond to the exact QCD first or second order matrix
¢'erment. Therefore one has to do a joining of the exact matrix element and the
leading log approximation, but one has to be careful to avoid double counting.
This joining of the first order QCD and leading log matrix elements has teen
implemented in the new Monte Carlo of the LUND group;48{. Furthermore,
this version JETSETH.Z has the possibility to switch on and off inter{crerce
effects between the initial partoas, which were among the differences of eariicr
versions of shower Monte Carlos by Goutsciialki53] and Webber 36,.

4.2  Can one distinguish between the models?

The main diffcrence between independent fragmentation (IF) and string fragmen-
tation (SF) is in the different treatment of the gluon. So 2 difference can only
be observed in 3-jet and 4-jet events. The paramcters used for the description of
2-)ct events are the sume: a fragmentation function to describe the longitudinal
moinentum specira of the hadrons, the variance of the gaussian usid 1o gener-
ate limited tranzverse momenta, the ratio of vector to pseudoscalar mesons, the
amount of s- and c-quarks generated during fragmentation, amount of diquarks
(viclding baryons), and others.

In the SF model the giuon is part of a string stretehed between the quarks. If
the gluon is soflt, the main effect will be to give some transverse momesntun to the
string, but the event remains 2-jet like. If the gluon is hard and at a large angle,
it will give a2 large p, to the siring and generate a 3-jet-like event. liowever, sinze
the gluon is connected via a string to beth quarks # will drag both s!ring picres
in the direction of the gluon, thus depleting the particle density on the other side.
(see Fig. 17).

This string effect was first observed by JADE and later confirmed by several
other experiments{57). It is shown in Fig. 18: After selecting the hardest jet in
3-jet events, the particle density with respect to this direction (6" in Fig. 1} is
cleariy higher in the region between the most energetic and least cnergetic jet as
comparcd to the particle density in the region between the two most energetic
jets. The least energetic jet has the highest probability to be the gluon jet. It is
comparcd with severa] models: clearly the string fragmentation mode! describes
the data, while the independent fragmentation model docs not. However, some
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Fig. 17: Schematic picture of independent fragmneuntaiion(a) string fragmenta-
tivn(b) and shower custade Monte: Carlo models(c).

; crton shower models do repreduce the data too. Two effects centribiute ne e

B

e at the parton tevel a depletion of the ¢g reglon does occur if inferfe cnce
effects of multiple soft gluon cmission are taken into account. This was rirst
calculated by Azimov et ali58i and proposed as an explanation why che
fragmentation models based on the classic:! string i ture describe the data

e After gonerating partons, they are combined into clusters which then frag-
ment irto hadrons  If this is done via the string fragmentation model, it is
hard to :

tiga-n how much of the cokerence ffewt is due to the interfer-
epce arid how mach 1 dne to the <tring fragmentation, sinse both introduce =
e final state particles’3%!. However, if ore has no inter-
‘erence and ro st fraginentatioa, se ro coherence effects au all, the modei
cannot describe the data as shown by the curve from the Gottschalk Monte
Carle in Fig. 18b. Also in th» Webber model the ’string’ effect disappears,
if the clusters are allowed to deczy isotropically{60].

¢

coherence Loty

To 1081 coherence effects in a mode! independent way, a nice experiment was
propn od by Azimow et al.{58]. They consider the radiation from a g pair, which
can cither ro-iiate photons or gluor:. In case of 2 gluon interference effects occur,
while *hey are ebsent in case of 2 photon. So the coherence effects can te studied
v compeninig ¢y events with ¢gy events. This was first done by the TPC and
MARK-IT and recently by JADE6IL  Fig. 19 shows the ratio of the particle
cdensity in tue ¢F region for gfg and ¢y events, where the g§ region in the ggg
evontx s defined as the regicn between the 2 mnost energetic jets. This ratio should
be 1 if no coherence effects would be present, since the gluon and photon energies
wore chosen such that the kinematical configurations of both event types were
sirntlar. .

Ore can argue that the IF fragmentation models can be discarded, since they
do not describe the siring effect. However, this aflects only a small number of
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Fig. 19: The ratio of particle densities in g77 and ¢7v events as function
of the normaslized angle z = ¢/¢'=ﬁ. The horizontal line at r=1
is the prediction if no interference cffects oceur in ¢jg events.

preferentially Jow momentum tracks in the 3-jet sample, so the effect is small.
Disagreements at this level are also present in the LUND Monte Carlo up to O{e,?),
e.g. in the 4-jet fraction of events{62] or the gluon fragmentation function(63].

Fig. 20a shows the fraction of multijet events as function of the jet resolution
parameter from JADE data(62i. One sees that especially the 4-jet fraction is
poorly described by the second order Monte Carlo. The shower Monte Carlos do
a betier job, but the leading log models shown do not reproduce the 3-jet cross
scction well for small invariant masses. ‘{'his is remedied in the new LUND shower
Monte Carlo. which incorporated the exact QCD matrix element for the radiation
of the first gluon. In this cuse all the jet fractions are well described as shown by
the preliminary TASSO data in Fig. 20b{64].

It was recently pointed out by Kramer and Lampe[44] that if one uses the PMS
eriverion {see Sect. 2.6 to find the optimum zczle for the different multijet cross
sections, the 4-jet rate comes out appreciably larger in the second order QCD
sabruiations,

MARK-11 631 studied in a very nice way the propertics of gluon jets by selecting
symmetric 3-jot events PMERCEDES’ events) and determined the jet energics
rcan the angles oetween the jets (sce Bq. 43). Then they compare the momentum
diztribution of charged particles in these 3-jet events at 29 GeV with 2-jet events
ar 19 GeV. The average jet energics at 19 GeV are the same as the jet energies
=P the 2 guarks and gluon at 29 GeV. By taking the ratio of these distributions
syotematic effects largely cancel and one can compere a sample of 3-jet events, of
v-hich one ts a gluon, with a sample of quark jets at the same averaged jet encryy.
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Fip. 20: The fraction of multijet events as function of the jet resolution (invariant
jel 1288 ym,n) compared with various models. Omnly the LUND shower
mods] using the Leading Loz Approximation for the shower cascade com-
bined with the exact first order QCD matrix elecment for the first gluon
can describe ail jet muitiplicitics at the same timr as shown by the curve
O(a,} + LLA through the preliminary TASSO data|64].

As can be seen from Fig. 21, this ratio is larger than one for small values of the
scaled particie momentum z; = P;/Eju, thus proving a softer distribution in the
gluot enriched sample. A softer gluon fragmentation is expected in a non-abelian
model, where the gluon carries colour. From the model predictions in Fig. 21 one
secs that at high gluon momentum the spectrum of the LUND second order Monte
Cazrlo is too hard; the shower models do reproduce the data better. JADE studied
the iransverse momentum of jets in 2- and 3-jet events and concluded that the
transverse momentum is larger for gluon jets tha:n for quark jets, indicating also a
softer gluon fragmentation {65}, Reccnt summaries about the properties of gluon
jets were giver. by Dorfan, Saxon and Sugano|l.

A recent cc:nparison of “he various Monte Ci !9 mndels with data at 29 GeV
has been made Ly MARE-ITCOL. They find that 1ie LUND shower model using the
corsect Ofa, ) matrix elom- it for the first gluon and tl.e leading log anproxim. *ion
for the seft giu~ns provid - iie most reescenalle dezeription of the data’y® -2 2
per point for 450 points), while the Webber she.-or Monte Cario can be in.pr wved
considerably if the phase space fragmentation of {2 clusters is replaced by string
fragmentation. The Caltech-Il Monte Carlo gives a considerably worse overali
description of the data.
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Fig. 21: The ratio of the inclusive charged particle distribution for three-fold sym-
metric S-jet events at /z = 29 GeV and 2-jet events at /s = 19.3 GeV
together with various model predictions.

5 Determmatxon of o,

Several methods have been used to determine the strong coupling corstant a,.
Among them are:

e Event shape studies,

¢ Energy dependence of various quantities.
o Energy weighted angular correlations.

» Fits to the total hadronic cross section.

Here follows a summary of these results.

5.1 Shape varlables

A study of variables which are sensitive to the event shapes or ’jettiness’ can be
uscd to determine the fraction of events with a hard gluon. Among the variables
used are jet masses, sphericity, thrust, oblatciess, and others or one uses cluster
algoritlims. which directly determiue the number of 3-jet events. The problem with
these variables is, that they are not only sensitive to a,, but also to other 'knobs’
in the Monte Carlo program, e g. the transverse and longitudinal momentum
specira, the fraction of vector mesons etc. Therefore we will not consider these
quantities further here.

e e -



5.2 Encrgy dependence

One can try to study the influence of fragmentation effects on a, by determin-
ing the cnergy dependence of various quantities, since fragmentation eflects will
decrease with encrgy. whiie gluon radiation effects become more prominent as the
energy increases. Such a study was first done by PLUTO[GG}. However, the energy
dependence is model dependent. Therefore it was suggested by Field[67] to use
only the sign of the fragmentation effect and choose quantities for which the frag-
mentation is assumed to contribute either positively or negatively in the following
way:
F = R |a,{1 + Ca,}] + F2(fragmentation) {45)
Here Fi is the known QCD prediction for the variable F, while F; represents the
unknown fragmentation coniribution. If one neglects F;, one obtains an upper
limit for @, , if }2 > 0 and a lower limit if F; < 0. Fig. 22a shows the a, values
from JADE[G8] cbtained from a fit of Eq. 45 to several variables and neglecting
F;. The variables studied are:

» The scaled average jet mass of the jet with the largest jet mass (M2/E2 ).
The heavy jet mass is proportional to @, at the parton level and the coel-
ficients have been calculated by Clavelli{69). It can be seen that the fitted
value of a, [rom the jetmass decreases with energy as expected from the
fact thati fragmentation effects decrease with energy. Since all Monte Carlo
models predict F, < 0, this variable can be used to obtain an upper limit
(solid line). Since the energy dependence is not known, JADE did not make
a fit to all points, but toke the best point ( 44 GeV), which gives a 95% C.L.
upper limit on Ays of 400 MeV.

The thrust variable, plotted as 1 - T, shows a similar behaviour, but gives
less tight Jimits.

The asymmetry of the energy weighted angular correlations (AEEC, see next
Sect.), integrated between 45° and 90° is also shown in Fig. 22a. It shows
little energy dependence.

For most models the AEEC has F; < 0, so it can be used to get a lower limit
as shown by the A = 25 MeV curve in Fig. 22a. However, the sign of F; is not
uniquely predicted: e.g. the Hoyer model gives F> > 0 for the integration range of
45° Lo 90°, so this model would give a somewhat lower A . However, the cffect is
small and if the integration range is enlarged, the sign of F; becomes also negative
for the Hoyer model. This is the reason why CELLO{70! used an integration range
of between 30° and 90°. They fit the energy dependence of the scaied average
heavy jet mass and the AEEC and find Azrz to be bound between 55 and 450
MeV at the 95 % C.L. The results are shown in Fig. 22b. The A limits given for
both experiments cotrespond approximately to

0.10 < &,(1158 GeV?) < 0.16
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Fig. 22: Limits on a, as function of centre of mass energy computed from various
obeervables. Since the fragmentation term has been neglected, one gets
lower limits from observables with a negative fragmentation contribution
(AEEC) and upper limits from observables with a positive fragmentation
contribution (AM? and 1-T). The error bars for the JADE data correspond
to 20, so the solid lines drawn through the endpoints of the crror bars of
the 'hest’ point (the point at 44 GeV in this case) represent the 95% C.L.
limit. The solid lines through the CELLO data represent the best it of
Eq. 45 with F; = 0. From the fitted v-lucl of o, the indicated 95% C.L.
limits on A were determined.
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5.3 Angular correlations

The ereravwelshied apeatar correlations {fEWAC) were calculated first by Basham
et alW1 ans orin higher order by other greups {720 The way it is used by
experimentali-ts, is simply produciag a histogram of the angle x,; between any pair
of particles ur ciergy deposits in the detector with each entry weighted with the
procuct of the two normalized energies of the pair. An exampis of the narmalized
FAWAL ix showinin Fig, 2%a. The two peaks near 0° and 180° show thn predominant
it ctaracter of the events: the peak near 0° corresponds to the smell anales
Lot the meeny particles within ajet, while the peak near 182° carrespanids to

HTTIPSS S o
aetmihuhon

e anedes beiveen particles beles ring to opposite jets. The FWAC
shows an asymmetsy around 90° as shown e.g for y - 457 by the dashed lines

d for 2-jet cver its

in Fig. 22a. Such an asyrmmetry is nat exnecs
cutometically yield such an asymm- ey, sines s+ o7 event Qs
angle and two targe angles, so one geis more entrics at the o
at the zmall angle side. For g4 evenis the asyimerry is pegivnde T the dnpae
angle region outside the cone of ar average jet. The determination of o, {rom the
asvminctry has several advantages:

ey el
o siall

¢ One can sum over all events, so no special jet axis determination or cluster
algorithm has to be applied beforehand

¢ The AEEC has been calculated in O{a,?){72] and the second order corrections
were found to be small at the parton level (O(10%])).

e The energy weighting makes it an infrared stable quantity imnplying it to be
insensitive to the specific cut-off parameters used to separate the 2-,3-, and
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4-jet events.
¢ The contribution from ¢g fragrnentation largely cancels in the asymmetry,

T pite of this impressive list of nice properties, the resulting o, values founs! by
thé various groups siill have a wide rarge of 1 12 10 0.7G, 25 shown ia Fiy 24;73].

ated ax ‘ragracutation rvoddls ‘negiccted’ come froin a fit of
a4 with By i nts given in the vicus section,
and C;S az ter s caermy depende Eq. 45. The indication AL+ 1RT
correspods to the AN A nee Tadls witt e ELT matrix eleraent, while Al +GKS
correepeads to the indepead. oo feagmentation oniion in the Lund Monte Carlo.

For the LUND Monte Car. s e ¢, viiuas runge from 0.14 to 0.19, if summed
over the matrix elements. Sine~ the R reateix «lonent gives a larner 3-jet cross
seotien tean the CRS one (sea g, 7in Secr. 2.3), this spread is usually attributed
o the GHerent raatrix elements. However. this conclusion is premature, since the
AEFC s ~ery similar for both juetrix elernents, at least if y-cuts are used, as shown
acfore s Fig 80 From this Sgure it is clear that the ERT matrix element :ctnaily
2ive. a somaewhat higher vaiue of a, , if one resiricts the fits to the large ang'c
riuge [cosy > —0.7), since in this range ERT pives a lower parton asymmetry
than GKS 3. '

The differences are unlikely to ociginate from problems with the data, since in
thir case the vaines indicated a- neglect’ in Fig. 24 would show a similar spread.
Pousible differences come fror.: the different tuning and/or different versions of the
Monte Carlos or the different range of x used in the fit.

TAn a-tua! Al 1o the CELLO dita with both matrix elzments in this runge yielded indeed a lar, ¢
«a valre f o ERT, but the diffcrence ia iess than 0.002{74].

The <o, vaiue. indi

! cair: ponds to th
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The influence of various fragmentation models on the AEEC has been sum-
marized in Fig. 25 as function of a, for /s = 44 GeV. The curves labeled Al
and Hoyer were generated with the options for independent fragmentation in the
LLUND program, so they all use the same GKS matrix element. It can be seen
that the Hoyer model increases the asymmetry of the hadrons as compared to the
parton asymmetry (line labeled partons), while the other models (Ali and LUND)
decrease the asymmetry compared with the value at the parton level. Conse-
quently, the obscrved asymmetry requires for the Hoyer model a lower value of
a, than for the Ali and LUND models. As can be seen from Fig. 25 from the
averaged data at 44 GeV from CELLO{74], JADE[68] and TASSO|75] one finds:

Lund

a, o
;'—H"‘VT ~ 1.4 {4}
while the ratio
a,tund
oyl 1.1 (47)

is appreciably smaller.

The large difference between the two independent fragmentation models Ali
and Hoyer comces mainly from the different mechanism of energy momentum con-
servation (EMC), as was first discovered by CELLO(76] and later studied in more
detail by Sidstrand{77l. In IF models the partons fragment independently, so en-
ergy and momentuin cannot be conserved simulianeously, because one generates
a massive jet from a massless parton. One then has to apply an EMC mechanism
to the ensemble of the jets after fragmentation. The difference between Ali and
Hoyer can be qualitatively explained as follows: The fragmentation of each par-
ton is stopped below a certain energy, say 1 GeV. Then overal energy momentum
conservation can be imposed in several ways:

« In Hoyer it is done by rescaling the jet energy of cach jet separately in such a
way that the jet directions are not changed, so the hadrons follow the original
parton directions.

¢ In Ali it is done by performing first 2 boost in the direction of the missing
moinentum and then rescaling the energies.

For 2-jet  cnts the effects are not important, since on the average the missing
momemtuln in opposite jels compensates. However, in case of 3-jct events, the
missing momenturna in the 2 oppesite jets still compensates on the average, so
the missing mementum tends to point in the dircction of the third jet (nsuaily the
gluon jet}. In the Hoyer case ticre energy is then given to “he giuon to compensate
the missing momentam, thus increasing the 3-jettiness. i1 the Ali case a boost is
performed in the direction of the missing momentuta, which is preferentially the
gluon. This Las a similar effect as the boost of the sirings in the LUND program,
namely it decreases the average angie between the quark and giuon jet. Since the
bremsstrahlung spectrum of the gluon is a steep function of this angle, one sheuld
not be surprised to find @, to be sensitive to such effects in fragmentation modcls.
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Fig. 25: Fragmentation model dependence of the integral of the AEEC as function
of «,. The curve labeled partons corresponds to the QCD prediction at the
parton level. The other curves show the deviation after fragmentation for
different modela. The horizontal band indicates the averaged data from
CELLO, JADE and TASSO at 44 GeV.
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5.4 Conclusion on the asymmetry in angular correlations

What should be the conclusion of all this? Different collaborations give different
answers, MARK-J1|78| and PLUTO|79] maintain that one can determine a, well
from the AEEC. However, they estimate the systematic uncertainty from fragmen-
tation models by cleverly picking the models which give very similar results: Ali
and Lund, thus ignoring the Hoyer model.

JADE(80], MAC|81} and MARK-II{34] find a large difference in the a, val-
ues between SF and IF models, tut they find that TF models deseribe the data
badly. However, this must be partly due to a poor tuning, since CELLO|{76} and
TASSOI(33} find that their IF models describe the data reasonably well, at least in
the angular range of interest 4.

The comparison of data with the Hoyer model is shown in Fig. 26 for CELLO
and JADE data. JADE’s tuning of the IF mode! disagrees everywhere, while
the CELLO tuning of IF describes the data as well as SF in the angular range
of interest (30° to 150°). The angles near 180° are not well described by the IF
model, since Ymin = 0.03 was used in that case, while for SF y..i»=0.015 was used.
The SF model would not describe the ’inside jet’ region either with yn,.,=0.03[80].

However, it is difficult to use such a small ymin for the IF model, since in that
rase most events would have a soft gluon of a few GeV and IF models are not
designed to fragment partons of a few GeV. The SF model has the nice property
to absorb such soft gluons in the string, so their only effect is to generate some
transverse momentum.

Note that even a small yp, of 0.015 eliminates already most angles below 20°
at the parton level, so one should not be surprised to find disagreements in the
‘inside jet’ region at the hadron level. It is somehow fortuitous, that one can find
a Ymin for the SF model such that the 'hole’ at the parton level is filled by the
hadrons moved into this range by the string effect.

In conclusion, since all models can be tuned to describe the bulk of the data (the
2-jet and hard 3-jet events) reasonably well, there seems to be no convincing ar-
guments to eliminate some models in the estimate on the systematic uncertainties
of a,. Therefore, the uncertainty in «, from fragmentation models is appreciably
larger than the uncertainties from the different matrix elements and the different
parton dressing schemes (see Sect. 2.3). Especially, the two most widely used
matrix elements (ERT and GKS) give the same results for the AEEC in the large
angle region, if y-cuts are used.

Considering the HOYER model and LUND model to be extremes, one finds
from Fig. 25 for the a, determinations at /s = 44 GeV:

0.11 < a, (1936 GeV?) < 0.16

*One obvious difference between the tuning used by the different experiments is that JADE, MAC and
MARK-11 all use » very small ynin cut Of 0.015, while CELLO and TASSO use larger values. A Yuin Of
0.015 implies that most events have a gluon of a few GeV and fragmenting such low encrgy jets requires
a delicate tuning. Furthermore, the last 2 experiments use the Petersen fragmentztion function for heavy
quarks, while the others use the LUND fragmentation functiow for heavy and light quarks, thus having
less degrees of freedom. .
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Fig. 26: Energy-energy correlation for different tunings of the Hoyer independent
fragmentation mode] ccmpared with JADE - (a) and CELLO data (b).
The JADE figure at /=34 GeV is from Ref.[80]. The main parameters of
the lloyer tuning describing the CELLO data at \/s=44 GeV are: A;7=50
MeV; 1,4in2:0.03; a=2.6 and b=1 in the Lund fragmentation function for
light quarks, ¢ = 0.08 and 0.015 in the Petersen fragmentation function
for ¢ and b quarks; the transverse momentuin in 8 quark(gluon) jet is
generated by a gaussian with a variance of ¢ =400(600) MeV.
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5.5 Triple energy correlations
Instead of angular correlations between 2 particles, Csikor et al.[82] proposed to
use planar triple encrgy correlations (PTEC).

Obvious advantages are: a} One selects only planar particle combinations, thus
one is able to suppress the contribution from multijet events. b) The acceptance
corrections to the PTEC are less sensitive to the precise Monte Carlo tuning {$3].

The PTEC was first studied by MARK-J{84] and recently also by CELLO|74;.
The resuits have been summarized in Table 2. The a, values are very similar
to the ones from the AEEC; both matrix elements ERT and GKS give the same
results (at least if y-cuts are used) and the fragmentation model dependence is as
large as shown in Fig. 25 for the AEEC.

[ Exgariment AModel V8(GeV') a, !
IMARK -~ J | Lund + ERT 35 0.147 £ 0.005
[84] Ali + ERT 35 0.112 + 0.695
CELLO Lund + GKS 35 0.151 % 0.003 £ 0.006
{74} Lund+GKS 44 0.145 + 0.004 + 0.006
Lund + ERT 44 0.143 = 0.004 + 0.006
Hoyer + GKS 35 0.103  0.002 £ 0.006
Hoyer + GKS 44 0.100 % 0.004 & 0.005

Table 2: Summary of a, values from planar triple energy correlations.

5.6 a, from the total hadronic cross section

The fragmentation dependence of a, as discussed above, does not occur in the .
a, determination from R, since one needs Monte Carlos enly to determine the
acceptance of the deteclor (including radiative corrections), but not to determine
the event shape. For 47 detectors the acceptance is not sirongly dependent on the
Monte Carlo model used. Furthermore, this determination of a, is not plagucd
by theoretical uncertainties, "higher twist’ effects, large sccond order corrections,
or a strong renormalization scheme dependence, which are among the caveats in
other determinations of a,[41].

The disadvantage is that the QCD contribution to R is only 5 %, o one has to
combine several experiments to get a good determination of R. In this case one has
to study the systematic errors in detail. This was recent!y done by CELTLO[ZO ,
who combined data from all experiments for /s between 14 and 48 GeV and to0k,
the full error correlation matrix into account. More details about the method can
be found in Refl.[85]. Fig. 27 shows an update of this analysis zlter including new
data from TRISTAN at 50 and 52 GeV{26] and data below /s < 10 GeV{87]. The
result of the fit is:

(1156 GeV?) = 0.141 + 0.021 and sin® fw = 0.240 * 0.019

or
g 350
Aggg = 245128Mev.
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Fig. 27: R-valucs as function of centre of mass energy. The error bars include both
systematie and statistical errors, whick were obtained by combining the
data in small intervals and fitting the averaged value, thus taking into
account the correlations. The solid line is the result of the best fit with
sin® fy =0.23.
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This value of sin® i is in good agreement with the world average of 0.23 |85]. We
used as additional input only Gy and a, so this value of sin? fy-  is determined only
by the vector couplings of the quarks and has no large loop corrections, because
of the Ar cancelations in Eq. 6. Since the quark couplings are apparently in
agreement with the Standard Model expectations, we can keep sin? Oy fixed at
the world average of 0.23. Refitting yiclds:

2,(1156 GeV?) = 0.145 + 0.019

or
Aggs = 2907 10MeV.
The value of a, including the data around and below the T-region is somewhat
lower than the result from the fit restricted to the energy above 10 GeV{39].
However, since the difference is within one standard deviation and both fits give
an cxcellent x? of about 0.7 per degree of freedom, there seems to be no reason to
cxclude part of the data.
Scveral points are worth mentioning:

o The result of the global fit describes well the single experiments. For exampie
a fit of the normalization factor of each experiment was always compatibic
with the quoted normalization error.

o No correlations between diflerent experiments were assumed, but the effect
of an hypothetical common correlation error was estimated by introducing
a correlated normalization error of 1% for all experiments in the full error
correlation matrix. The effect on the fitted parameters was found to be small.

Within one experiment , the measurements at different c.m. energies are
certainly correlated. However , how much of the systematic error has to be
considered common normalization error and how much point-to-point sys-
tematic error is not defined precisely. Therefore, the amount of splitting
between normalization and point-to-point error was varied by :: 50%. The
resulting change in the parameters is small as can be seen from the different
error contours in Fig. 28.

Note that these error contours correspond to y2,. +1 . The extremes of the
error contours, projected onto each axis correspond to +10, i.e. 6% C.L. for
cach of the parameters { not to be confused with the C.L. inside the contour,
which is 39% [46].)
o The value of o, from R is in agrecment with recent a, values from deep
inelastic scattering [88] and quarkonium decays|89] {sce Table 3) and from
limits on a, presented in the previous section.
The numerical value of a, depends on the renormalization scheme. To give

an experimenta} value of the QCD contribution independent of the renormal-
ization scheme, it was fitted by a linear expression

R=Rew(a+b(E —~ 34GcV)).
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Here fepw 1o rescats the electroweak contribution te . For sin? fip ==0.22

this yiclds @ = 1.060 £ 0.011 and b = (--0.55 £ 0.62) 073GV "l The
term & pives a direct measurement of the running of the strong coupling
constant. This result imptics an $0% probability for a, 1o run with a negative
siope, and the absolute value is compatible with the one expected from QCD
{b=-1.310"3 GeV}) for @, = 0.15 . Recently JADE concluded from the
stndy of the energy dependence of the reiative 3-jel rates are in excelleat
anrcensenl with a running coupling constant and that an energy independent
coupling is unlikely;90,, Also the values in Table 3 are consistent with a
runtning coupling constant.

The scale for @, was choser to be @ = /5. Changing sedes is covivaion
to chansing renormaiization schemes and uncertziniics irom this contribniie
enly to O{a,?}, so these are expected to be negligible. The effrct of diiferint
scales can be studied by choosing as seale @ = z/s and using the medified
formula for R (see Egs. 35 and 36}. For z between 0.5 ond 1.5 tie fitied
valuc of @, was found to vary = = 3% {as expected from Fig. 10}, so this is
smell compared with the total systematic error of 15%, whick i5 dominated
by the systematic unceriainties.

Note that the quoted A value is the one for 5 flavours, cven although one
includes alvo data below bh threshold. This s consistent with the XIS pre-
scription. that ¥y should be changed 2 Q = m, and not at @ = 2m, [38.
Neverthe ' -5, if one chooses a different scale, say /5/2, one comes in the
region where Ny = 4. If one fits A one has to use in this rez'on the more
corplicated formula for ¢, {see ¥q. 25), which takes into account that the
value of a, does not change if one passes a new thitesheld, but only the
running becomes slower, if Ny increases {it becomes = 0 for Y,:-16}. Since
the running of a, docs not change stroagly by going fram N, = 5 to Ny =2 §
in the small energy range belcw 10 GeV, this is a negligible effect as was
checked from actual fits,

The experimental data has no! been corrected for more than one proton
radiated in the initial state, since these caleulaiicns have become available
only recently [91]. Previously the eflcct was estimated to be at the & level
and a reduction of all R-values by 1% would reduce &, by 1573{39!. However,
a preliminary estimate with the exact calculations indicates that the offcc:
is appreciably smaller since the radiaiive correctic important -,
high encrgics, so it Jowors sin® 6y somewhat, but ks . a,. Mare
definite statetnents require a Monte Carlo simuiatinn, becz:se the nivher
order corrections depend on the maximum allowed plinten cnergy.




W
o
[4)]

Process QN @, B575(GeV)
H(T—a05) fgg) L +0.! +0.!
F(T=74] 189) A4 0.180*5% 01827955

deep inel. uC|88]|{ 10| 4 |0.160 = 0.003 £ 0.01 { 0.230 £ 0.020 + 0.060

| R(e*e”) 34 5 0.141 = 0.021 0.24553%
L .

Table 3: Comparison of a few recent a, valucs in different processes at differ-
eut values of Q2 (Q in GeV). The Ayt value from R was calculated
for & Havours. The other Ay values were calculated for ¥, = 4,
which can be compared with the value for five 8avours by multiply-
ing thexn by ~0.T (see Eq. 26). Note that all A values are based on
Eq. 24 and not on Eq. 23, which would give an ~15% lower value.
A compilation of older or more debatable a, determinations can be
found in Refs.{41,88,89] and Sect. § of this repor:.

6 Conclusion
Comparing our present knowledge about QCD with what was known some 10

years ago, it is fair to say that we learned a lot from PEP and PETRA physics,
namely:

o At high energies partons become observable as jets on an event by event

basis, thus starting the era of studying parton dynamics instead of particle
dynamiecs.

e First evidence for giuons came from the observation of clear 3-jet events.
This unexpected discovery of the ’heart’ of QCD is of equal importance as
the discovery of the carriers of the weak force, namely the W and Z bosons.

¢ From angular distributions quarks were found to be spin 1/2 particles and
gluons to be spin I particles, as expected for matterfields and gauge bosons
in the Standard Model.

e From the total hadronic cross section one observes:

~ Quarks come in 3 colours and their electric charges agree with the stan-
dard fractional charge assignments.

- A clecar contribution from the direct Z%exchange is observed at the high-
est energies (40 < /s < 52 GeV).

— A fit to the hadron cross section data above /3=8 GeV yields:

@, (1156 GeV?3) = 0.141 + 0.021 and sin? fyw = 0.240 + 0.019
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~ The scale (or renormalization scheme) dependence of the as determi-
nation from R was studied in detail and found to be small. Also the
sensitivity to the number of flavours used in the formula for a, was
found to be small, as long as care was taken that only the running of
=, could change for a different number of flavours, not is value (see Egs.
25 and 26).

— The couplings of quarks to the Z° are in agreement with the Standard
Mode] expectations, as is apparent from the above value of sin®fw |,
which is completely determined by the vector couplings of the quarks to
the Z° with the parametrization of the cross section in terms of Gp (see
Eq. 6).

The fact that QCD is able to provide a consistent picture for so many unre-
lated topics - asymptotic freedom, deep inelastic lepton-nucleus scattering, mul-
tijet structure in e*e” and pp scattering - has promoted it from the candidate’
theory to the only acceptable theory of strong interactions.
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ULTRA_RELATIVISTIC HEAVY ION COLLISIONS
W. Heck and H. Strdbele

University of Frankfurt; GS1, Darmstadt and CERN, Ceneva
NA35 Collaboration

I this-eentribution the first experimental results from the CERN heavy lon
program are presented. A short introduction into the field of high energy
heavy ion collisions is given, whieh-should be considered as an experimentalist’s
spproach ta simplify an othecrwise complex and far reaching subliect. A mere
profoasionatl introduction into the field cam be found n referencesfli.-rﬁt
thé end of the—intreduction we outline briefly the “istory of the CERH,heavy
ion program. The second part of this contribut’ :. 1s devoted to the
experimental results. During the oral pres acion the authors showed data

from various experiments. However, we (...:ed to reproduce here only KA3S

data, since we believe that the use ¢ ' -eliminary data from other groups
should remain at their discretion. I(era we rather give the available
references. !

1. INTRODUCTION

Astrophysics and Cosmology deal with, among other subjects, several
phenomena which are closely connected to the notion of compressed nuclear
matter. Looking as far in time as the beginning of the Universe with the big
bang, or in space as far as to the "dark” spots in the galaxies, which might
be black holes or neutron stars, leads to the assumption that nuclear matter
can be compressed to many times its normal density. Accepting this one has te¢
ask for the laws governing the corresponding dynamical processes. It is
unlikely that Nuclear Physics provides all the means to find these laws,
because at high density the nucleon-nucleon distance in nuclear matter may
becoms much smsller than the nucleonlc size implying that the constituents
must play an important r8le. Thus the study of compressed nuclear matter
leads to an extension of nuclear physics in direction to particle physics.

On the other hand, in particle physics, one of the unsolved problems is the
long range forces between the constituents of hadrons. It !s conceivable



that nuclear medium effects will help to understand better this part of the
underlying Quantum-Chromo-Dynamics. This becomes even more obvious if one
considers the aspect of the long range problem which addresses the question of
the physical versus perturbative vacuum. It has been mentioned already a long
time ago that the vacuum is not uniquely defined and that its features may
depend on its surrounding[zl. The question of how to explain the

confinement of quarks and gluons in the hadrons is the continuation of a

problem formulated more than ten years ago.

Apart from indirect evidence from cosmological studies nuclear compression
can be looked at only in collisions between energetic nuclei. This had been
done so far either only in rare cosmic ray events with its limited statistical
significance or at relatively low beam energies (2-4 AGeV) which leads to a
compression of only ~ 2 times normal density. With the advent of 200 AGeV
oxygen and sulphur beams from the CERN SPS much higher nuclear densities are

expected.

However, before one can address the related fundament:] questions the
experimenters have to cope with the special features of heavy ion interactions

at high energies. These are:

- in each reaction many particles are involved. wWhereas it is impossibie
to separately detect and identify each particle (which is a severe
limitation) their large number is an advantage in so far as the

fluctuations due to unseen or unidentified particles are reduced.

- enormous amounts of energy are in principle available in the collision.
Fixed target 200 AGeV ~°S - "7S interactions have s nominal 640 GeV c.m.

energy. This energy is distributed over large volumes in configuration space.

Once the experiments can handle the large multiplicities and catch a significant
amount of the liberated energy, the following specific questions may be asked:

25 interactions differsnt from an appropriate convolution of

- Are s 4+
(d + d) (we know already that M + Fe # ¥ + d). If indeed s difference is
found the density dependence of the strong interaction can be studied by varying

projectile mass and/or energy.
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-~ To what degree is thermal and chemical equilibrium reached in the
reactlion zone?
- 1s the confinement of the nucleon's constituents locally modified or even

suspended? This would result in a bot plasma of quarks and gluons.

The Quark-Gluon Plasma or Quark Matter is a fictitious or expected,
(depending on your point of view!) new state of mattrr with the following

features (an experimentalists simplified point of view).

In an extended (reaction) volume, which is larc2 compared to the size of a
nucieon, quarks and gluons

. are in (near) equilibrium,

- wove freely, i.e. unaffected by the physical vacuum,

- and contribuie individually to the available degrees of freedom.

3 . . . N
Lattice QCD[ ) predicts a transition temperature, at which the hadrons

3
"melt” into partons, of 200-257 MeV at energy densities of ~ 3.5 GeV/fm .

on the basis of these predictions simple quark counting gives an estimate
of the required beam energy to produce the Q.G. Plasma: in the initial state 3
quarks per nucleon are present at normal nuclear density. In order to triple
the density in the final state 6 more quarks per nucleon have to be created
each with a temperature of 250 MeV or better an average energy of 750 MeV;
thus around 7 GeV per nucleon incident energy would suffice if its conversion
into thermal energy and quark production is perfect. At 200 AGeV the c.m.
energy per nucleons is 10 GeV.

Even if one is now ready to believe that the Q.G. Plasma can be produced it
still remaius open how it will manifest itself and what are its signals.
Without going into the details we just mention in table I the most popular
predictions together with the corresponding references. To conclude this
section we have to point out at least some of the principal problems connected
with the detection of Quark Matter:

- the deconfined fraction of the reaction volume will vary event by event

~ the transition from the plasma to the hadron state will alter most

observables in the final state by an unknown amount.
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- It is a priori unknown whether the experimental resulls are representing
more normal hadronic or unusual plasma behaviour. or, turning the
argument around, there is no clear prediction of how the results should

look in case there is no plasma formed.

Before turning to the experimental results we give 3. outline of the

history of the heavy ion program at CERN.

ta]

The first detected signal was a study of Haseroth in 1977/78 'on light

ions in the PS. This triggered a proposal from R. Stock and others for

] Pyt
1(’O experiments at the Ps in 1980[ 1. The feasability »f such a program

was confirmed in January 1983[6]and the original proposal approved in
September of this same year. After some delay other groups joined tne heavy
ion program and, triggered by technical reasons, the SPS was taken into
consideration which lead to a SPS programme with oxygen at 60 and 200 AGeV.
The ion source, prouvided by GSI and LBL, was installed in January 1986.

Two momiths later a 12 AMeV beam emerged from LINAC I. In the two following
months the Booster (280 AMeV) and the PS (10 AGeV) had their turn until
finally the 9th September 1986 the SPS accelerated an oxygen beam to the
envisaged energy of 200 AGeV. The physics run then took place in Wovember

1986, with a 323 team for physics being scheduled for September 1987.

2. EAPERIMENTAL RESULTS

Instead of describing the experimental setup of the various collaborations
with our own words we inciude here as reference the corresponding descriptions

7
from the official CERMN List of Experiments[ ], in the appendix.

Figure 1 shows an artist's view of NA35's experimental setup. The major
conponents are the Streamei' Chamber in the 1.5 Tesla Vertex Magnet, the
rrid-rapidity calorimeters consisting of electromagnetic and hadronic parts,

and the Vete calorimeter covering laboratory angles between 0° and C.3°.
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High multiplicity events show larpe measuring losses also in the forward cone
corresponding to rapidities betweew 4 and 6. With these restrictions the
Strearcr Chamber “wtector is well suited to yield information about transverse
momentum spectra and rapidity distributions, for negative particles, the
rapiditly being calculated assuming the pion mass thus neglecting admixtures of
kaons and antiprotons. Electrons from v° decay into 2y's and subsequent
conversion in the targel ace corrected for. A first result on proton spectra
js obtaincd by sublracting from the distributions of positively charged
purticles (P, K+.w+) the sppropriate distribution of negatively charged
particles (K‘. ) neglecting possible differences between the r+

and « yields.

2. Results

Figure 2 shows the distribution llpt dHldpt for central collisions of
*®0 + Au at 200 AGeV. The solid line represents the corresponding results
from p + p collisions at 40 GeV in the interval 0 < Py < 1 GeV/4., Above 300
MeY, Lhe agreement is surprisingly good. The deviation from the straight line
(note the log-scale!) for momenta above 1 GeV/c is also similar to the
findings in pp collisionslal. Below 300 MeV,the 1‘0 + Au data exhibit a
significant enhancement, which is also seen in p + Au collisions (fig. 3).
We can conclude from both figures, that there is no difference in the spectral
shape of negative, i.e. produced, particles between p + Au and u0 + Au
collisions at 200 AGeV beam momentum. Above 300 MeV/c the transverse momentum

spectra reproduce the finding of a previous pp experiment,

It is interesting to see how our results fit into the systematics of
different projectiles and energies. Instead of comparing spectral shapes we
look at the mean transverse momentum of pions as function of beam momentum
(figure 4). The solid line is an eyeball fit to results from low energy AA
collisions and a-a, a-p data from the ISngl. The two crosses are our
findings at 60 AGeV and 200 AGeV., No drastic deviation from the common
behaviour is observed. At 200 AGeV 1‘0 + Au interactions pcoduce very few
nucleon pairg, thercfore the transverse momenta of protons are well suited to
study the dynamics of the interaction or, mors spoélflcnlly. the process of
transforming the initially longitudinal momentum of the nucleons in the
projectile and target nuclei into transverse momentum., Fipgure 5 shows the

by J
proton transverse momentum spectrum of 0 + Au collision at 60 AGeV.



The corresponding mean transverse momentum is 630 MeV/c¢ which, in a thermal

picture, corresponds to about the same temperatur~ as found for the pions.

Figs. 6a,b show the rapidity distributions of pions in central 0 + Au
interactions at 200 and 60 AGeV. The gqualitative finding is that the mean of
the distributions is shifted to values lower than the position of the mean in
pp collisions. Simple kinematical considerations correlate the mean rapidity
(or the velocity of the centre-of-mass system) to the number of participating
target nucleons (assuming that all nucleons of the projectile participate
which is a reasonable assumption in central collisions). From the positions
of the means of the distributions in figures 6a (<y> = 2.4) and b (<y> = 2.0)
we infer that at 200 AGeV 55 nucleons and at 60 AGeV 40 nucleons from the
target participate in the interaction. From this we conclude that the
slowing-down of the interacting fireball at 200 AGeV is at least as effective
a5 at 60 AGeV. The width of the rapidity distribution provides another piece
ol information atout the nuclear stopping power. In pp collisions pions
exhibit a rather pronounced plateau in the rapidity distribution which is not
reproduced in 150 + Au interactions. Comparing the full-width-half-maximum
values at 200 AGeV (60 AGeV) for A + A and pp yields 3.2 and 3.5.(2.4 and
2.8). Thus '"0 + Au interactions yield significantly smaller widths than
pp interactions if the rapidity distributions of pions are considered.
Wwnether this difference is of a dynamical nature or originates from an

appropriate convolution of pp interaction remains to be seen.

Th

[0}

_NA Calocrimeters

Results Erom calorimetry of the NA3S experiment at the CERN SPS for 0 4+ 4
at 200 and 60 AGeV on transverse energy spectra for different targets and a
compacison of p + Au with x¢° + Pb will be given after a description of
the relevant detector parts, Fig. 8 shows the experimental setupllo].
Targets of Al, Cu, Ag, Au, and Pb (1% interaction length thickness) were

mounted in front of the streamer chamber.

A set of electromagnetic and hadronic calorimeters measured the reaction

products. The angular domain @ < 0.3° (nuclear projectile fragmentation) is

covered by a A-gegment "Veto” calorimeter. The subsequent interval, 0.3° - 2.2°,

is seen by a continuous single-cell EM + hadronic calorimeter. The larger

angle domain is covered by a Photon Position Detector (PPD) consisting of




alternating layers of lead and planes of proportional tubes read out by 3072
ADC channels, backed up by a Ring Calorimeter divided into 240 cells (24 in
azimuth and 10 in radius with ring sizes chosen to cover equal units of
pseudorapidity). This set of calorimeters is movable: at 200 AGeV it covered
approximately a 2.3* - 12.5* angular range corresponding to 2.2 < n < 3.8,

and at 60 AGeV it covered a 4.3* - 20.5° range corresponding to 1.7 < n < 3.3.
Two principal trigger modes were employed. Both worked reasonably well with
and without the field of the vertex magnet. From the Veto Calorimeter various
levels of projectile energy degradation could be selected, ranging from
“minimum bias™ to "central collision™, the later requiring E < 0.1

Eboam' The other trigger was obtained from the transverse e:zsgy of the
produced v°s, recorded as photons in the PPD. At incident energies of 60
and 200 AGeV, a total of about 2,500,000 calorimeter events were recorded.
In addition, data were taken for 200 GeV incident protons and 1*.

11
First results have been ;ublished( ].

Figure 9 shows the differential transverse energy (ET) distribution for
%0 + Pb at 200 +.cY, as summed from the PPD and Ring calorimeters. with
the magnetic field offllll. The value of ET is calculated for each event
as the appropriately weighted sum of the enecrgpies found in individual PPD and
Ring Calorimeter channels. The data points with ET < 50 GeV were obtained
with additional streamer chamber information. Systematic uncertainties in the
ET scale and normalization are estimated to be about 10%. The range of
pseudorapidities included in the data is approximately 2.2 ¢ n < 3.8. The
HIJET Prediction is also shown in figure 9 for comparison. This distribution
is much narrower. The peak near 50 GeV arises in this model from impact
parameters b < Afm. The dats exhibit the same "central collision™ peak.

. 12,13,14
A variety of models has been used to describe the ncasuced BT spectra( 1341 l.

4
nuﬂx._gns.e.oi_zr _on_.Ap cojectile

In order to understand the tr spectra further, the same measurement was
made for p + Au, using s tapgged 200 GeV proton beam. To eliminate surface



interactions the value of EVeto was required so be less than 150 GeV,
corresponding to a p-Au cross section of 1.3 harns, or impact parameter b < 6fm.
2.36

The result is cescribed by an analytic fit d c/dET = 0.173.1-:T

exp(-0.727.ET) barn/GeV. A 16-fold convolution of this analytic function is
shown in figure 9, where it provides a fit to the “"central collision” peak,
both as regards position and shape at high ET' The difference between Au
and Pb for the purpose of this convolution is not expected to be significant.

Dependence of E_ on Beam Energy

Figure 10, shows the BT spectra measured for %0 + Au at 60 AGev
(2.9 < n< 3.5) and at 200 AGeV (2.2 < n < 3.8). The energy calibration
is revised upwards from that of figure 2., but is still preliminary. The mean
ET for central collisions is approximately 45 and 90 CeV at 60 and 200 AGeV
respectively. To have a scale for these values, we consider the total c.m.
energy available (vs) in the 16 + 50 system consisting of the projectile
nucleus and the tube of participant nucleons in the target nucleus for a
central collisions. This is 318 and 582 GeV respectively. An upper limit for
Er might be the value for an isotropic emission of that energies, i.e.,
1/4 * Ecm : 250 and 457 GeV respectively. Since the experimental

acceptance is about one half, these values would be reduced to 125 and 229
GeV. The average ET for central collisions is therefore, at both energies,
about 4C% of the value for an isotropiec fireball. It is also interesting to

note that the observed ET is approximately proportional to vs.

From the ET measurement we can make an estimate of the energy density in

the interaction volume, using the formula of Bjorkenllﬁl:

c ~ ABT/An/ (r rzt)
where A!T is the transverse energy observed in the pseudocapidity interval
An, r© is the radius of the *0 nucleus and : is th~ time that has
elapced sinca the beginning of the collision. For t = lfm/c, and the
r " 90 GeV in 2.2 < n < 3.8 st 200 AGeV, we find sn energy

density of 2.0 Gev/fm’.

observed AE



It should be remarked, however, that the expression used for the énergy

density is very schematic, and at present has only qualitative utility.

Dependence of E_ on Atarget

Figure 11 shows the ET spectrum measured in the PPD (which is sensitive
primarily to the electromagnetic component) for varlous targets at 200 AGeV.
In the Au spectrum the "central collision peak™ is not so evident as in the

complete ET measurement. For lighter targets this effect is compounded by

the fact that central collisions form a smaller fraction of the total than for
Au. Because of these effects detalled calculations will be needed to explain
these spectra. Figure 12 shows that the electromagnetic !T that is produced

in central collisions is proportionsl to A*.

Freeze-out dengity

The possibility to do pion interferometcy (HBT), see figure 13, with the
shundant informati®n on pairs from the anslysis of strsamer chamber pictures,
will lesd to an estimate of the energy density st the instant of "pion
freeze-out” when combined with dl’/dn information from the calorimeters.

Copclusions

.

Pirst results from the 0 run st the CERN SPS in 1986 have been
presented. Most of thea are preliminary, but some jualitstive conclusions can
be drawn:

~ & superposition of 16 p-nucleus centrsl collisions describes the "central
collision” pesk in the T, spectrua for '*0 + Au at 200 AGev.

- Por the target nucleli Al, Cu, Ag, and Au the value of 'T' where for
central collisions the diffsrentisl cross section hss dropped to 10% of

. %
the plstesu vslue of ‘.0 + Au, is proportional to A, (as sesn in
the electomagnstic part of the transverse energy)
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- For central 0 + Au collisions ET roughly doubles between 60 and
200 AGeV as does the available energy, i.e., we find similar stopping for

both energies.

-~ With the Bjorken formula one finds that energy densities for average

central collisions in "o + Au at 200 AGeV are of the order of 2 GeVIfl,.

-~ Plon interferometry (HBT) can be used to study the size of the
"freeze-out” volume.

- We look forward to the upcoming run in September/October 1987 when a
*?S beam will be used.
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1 Artist’'s view of the NA3S experimental setup.

2 Transverse momentum spectrum 1/pt dn/dpt of « for 1.0 + Au
events at 200 AGeV. The dats wers obtained with a hard veto trigger,
i.e. they represent central collisions. The solid line is the result

from pp interactions at 240 GeV/c.
1 Same as fig. 2 but for p + Au events.

A Compilation of mean transverse momentum of v's as function of beam

momentum.

5 Difference of the transverss momentus spectrum of positive minus
negstive particles representing soms approximation of the proton
spectrua,

The dats come from ‘.0 + Au interaction st intermediate impact
parsmsters at 60 ACeV.
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Rapidity distribution of «~ for central ‘0 + Au collisions.
Same as Fig. 6, but for p + Au.
The NA3S experimental setup.

!T distribution for "0 + Pb at 200 AGeV in the acceptance
2.2 < n < 3.8. The full line is a 16-fold convolution of the ET
distribution for inelastic p + Au collisions at 200 GeV, measured with
the same apparatus. The dashed curve gives the HIJET predictlon.
A gamms function has been fitted to the p + Au datas, the analytic

52.8 - 0.727 l,
16~fold convolution gives daldlr « !T .

for the central collision peak for %0 + Pb.

Transverse energy distributions for %6 + Au at 60 AGeV (2.0 < n < 3 5)
and st 200 AGeV (2.2 < n < 3.8). The energy calibration (still
preliminary) is different from Fig. 9.

Transverse energy found in the PPD for ‘.0 ~-Al, Cu, Ag, Au, at
200 AGeV. The horizontal 1line indicates 10% of the platesu value for
**0 + Au (see Pig. 12).

PPD ET at 10% of the ;.0 + Au cross section plateasu versus
A ig. .

target (see Fig. 11)
Two-pion correlstion function with Gaussian fit projected onto the

Q‘L - axis for 200 AGeV "o + Au, central events.
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TABLE !

SIGHALS FOx THE 0. G. FLASIMA

TEST

INFORMATION

state of the pnimordial envirasment at
Tc

strange particle production

“chemical” potential of the chromoplasma

(Pt - spectra

transition temperature

feson- baryon- mormentum distributions
and fiuctustions

hydrodynamic ezpanior

interferornetry

“fire ball” size

gresononce fade out
i

chiral symmetry restauration

J/ § suppression

Debey radius in the Flasma

A polarization

E production
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PHENOMENOLOGY BASED ON SUPERSTRING INSPIRED E, GROUP

N.G. Deshpande
Institute of Theoretical Science
Eugene, OR 97403
USA

ABSTRACT
We present mass limits and properties of extra gauge bosons that might occur at

low energy in superstring inspired Eg models. Both rank 5 and rank 6 cases are

considered. We then present the properties of the quark singlets that also occur in these

models.



L_Introduction

Recent work on superstring theories has led to the interesting possibility that the Eg
x E; heterotic superstring theory in 10 dimensions yields, after compactification, a four-
dimensional E4 gauge group coupled toN = | supergravity.!¥ Furthermore, the breaking
at large scales is done by expectation values of order parameters which are in the adjoint
representation. The low-energy gaunge group that emerges must be larger than the standard
SU(3) x SU(2) x U(1), and should contain at least one extra U(1) gauge factor. If the
low-energy model contains only one additional U(1), (the rank 5 case) the couplings of the
extra Z boson to quarks and leptons are uniquely determined?, in the absence of Z, 2
mixing. The phenomenological implications of this extra Z boson are first considered and
we discuss limits on its mass that emerge from a fit to low-energy neutral-current data and
the measured W, Z masses. We also give constraints on the mass of extra Z from non-
observation of high-mass e*e” pairs in pp collider experiments. We shall generalize this to
rank 6 subgroup in a later section.
It_Limits on Extra Z of Rank S Subgroup

We can write the neutral current part of the Lagrangian as:
= o, . pf ‘ u 2
Lnc cAHJem ) gZZpJ;1 : gZuJZ, R (2.1)

where J:“ and J’; (E J‘; - wau) are the usual electromagnetic and Z boson currents and
J : =T ¥ éfl_. The fermion fields belong to a 27 representation of Eg, and their
decomposition into SO(10), SU(S), and SU(3) mu'ti~lets as well as the fermion quantum
numbers Q {charge), 14, (weak isospin), and 6 (exira U(1) charge) are given in Table 1.

The coupling constant g’ with our normalization of (3 charges takes the value

g = 12.2)

V1 - xy
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Tzble 1. Decomposition of 27 and fermion quantium pumbers.
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and g, is given as usual by

c

gy = m—————, (2.3)

z Vaw VT =2y
where xy, = sin? Oy. The assumption in (2) is that the evolution of the two U(1) factors
from the grand unification scale to My, is the same up to normalization constants. This
assumes that the masses of all fermions in the 27 (and their superpartners) are low (in the
TeV range). The fields z, and Z are in general not mass cigenstates. In superstring
n

theories the Higgs that is responsible for breaking of the low-energy group are also in the
27 representation, which has only SU(2); doublets and singlet fields. If v;, v, are the
vacuum expectation values of the two doublets required in supersymmetric theories and 3

that of the singlet, the mass matrix is

[~ 4 vzl - vzz 7
1 X
Vi )
M2 = M2 (2.4)
M 4v2|-vzz 16v2|+v22+2512
NE x
i v 6 (vf + vzz) v 9(vf + vg) J
where M%sMal(l—xw). The low-cnergy theory® then is described by the effective
Lagrangian (of the same form as in Refs. 7,8)
‘a )
NC f 2 2
Loy - ﬁ[(i’l lz) + (Pz Jz+ ‘"z’) ] @3)

where p;,1 are dependent on the mass matrix and the coupling constants. For our case,

using Egs. (2.2 - 2.4),



n, 1 l.62)

s (v:: -4 v:,)
e (2.65)

n 3(!.'; ‘ V:?)

p§+1 l()v.‘;+vzz¢2512
- ~ (2.6c)
le 9(v; + v%‘,)

Determinazion of Xy, p- and 1 from cxperiment then yields limits on M, and M
which are the eigenvalues of the mass matrix. The low-energy parameiers in neutnno-
quark and ncutring-¢lectron scattering and the parameters involved .n slomic panty
violation and asymmectry in elcctron-deuteron scatiering for our Lagrangian are isted in
Tablc 2, where we use the same notation as Kim et al..? Fore*e™ — u*u” we use the
cexact form for the cross section with Z-resonance contributions and the Z - Z’ mixing angic
given by 1an 28 = - 2pn) I(l +p-p, "1)

We fit simultancously all the low-cnergy data to determine xy,, p, and n. We

wmpose the restriction ";' < ‘-:% <;‘coming from Eq. (2.6b). There are 53 data points vsed

in the analysis. Data from the following categories are taken from Ref. 7: vN (18 data
points), ve (7 data poiani. and A p (11 data points). We have also included low-energy
data from atomic parity violation (1 data point from Ref. 10) and e*e¢™ — p*p~ (12 data
points from the compilation of Ref. 11). The measured W mass gives a constraint on xy
through the radiatively corrected ' refation My, = 38.65 GeV / 4Jxy,. The mcasured Z mass
gives a constraint on the lowest mass eigenstale, le. The Z-mass cigenstatcs are related

1o the Lagrangian parameters by
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Table 2. Parameters of effactive Lagrangian.

asl+p~-fom, B=pmn-in’

TE1+si+imn, SEmpn+int

2=(-lzwlari{s
& =(-}zla- 18
d=(t+lzgla+}s
h=(znla+ls

o =(~}+2zg)a- 18
ga=-ja+i8

CP =(~L+{zy)a
Cf=(-izwla-1is
Cr=(~{+2zp)r-}4

Ct=(4-22)a+ 18
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The tolowirg W, Z mass data valaes" e used 11 the it

My BR1432GeV. My = 93.023.4GeV (UAI collzboration):

M,, = 81.2%1.7GeV, MZ, = 925+ 20GeV (L A2 coliaboratoni.
The analysis gives the following best fit values (x*D.OF. = 3150
. 02320007 a9t

xw = 0222400 pp= 00875 M= 02673%.

where in average rediative correction to the low-energy xy, of -0.013 isinciaded. Thr one

and two standard deviation limits on Mz’z are

ML.. > LI3M; = 105GeV (10)

z.9

]

> 1.02My = 95 GeV  (20).

The mixing angle between Z and 27 is 6 = - 0.02 £ 0.06 radians.

The fact thate*e™ pairs from the Z, have not yet been detected at ihe CERN pp
collider also puts a limit on the Z, mass. An extra Z with stunde-d-made! coupiings is
excluded! below 200 GeV. The application of this consiraint depends both on the 7217,

production and branching fraction ratios. Adjusting for the different couplings of the Z 10
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the u and d quarks, the Z, 7 Z; cross-section ratio in pp collisions at Vs =630 GeV is
approximately

92
z 0.28 exp [- 0.033 (M, - Ml)]. (2.10)

The partial widths for Z, — ff decays are
- N
r(z; = ff) = [xw M3/ M} (1412 GeV) cr(l - 4m?/ szz
- g2 (1 + 2mbs Mlz) + g2 (1 -am?%/ M’i)} (2.11)
{

where ¢ = | for leptons and ¢ = 3.12 for quarks; the gy and g, couplings can be deduced
irom the J;, =T¢ (gv ~BAY ) f and Table 1. The major difference from the
corresponding expression for the Z, partial width (aside from different gy, g, ) is the
factor xy, M/ M. Typical partial widths are given in Table 3, for the case in which
decays 1o the exotic fermions are (are not) phase-space-suppressed (i.e. mg < 30 GeV);
Jpersymmetric particles are assumed to be heavy. Results for W partial widths are also
given in the table.

The ratio of the e*e™ branching fractions is
B(Z,— ¢*e") /B (Z, > e*e”) = 0.45(1.3) (2.12)

for no (compiete) phase-space suppression of Z; and Z, decays into three generations of

exotic fermions.

Figure 1 shows the Z, — e*e” production rate relative to Z; — e*e~ for the above

two extreme cases. Also shown in the CERN limit!3 which requires at 90% C.L.
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Table 3. Partial widths for Z, W decays to exotic fermions, assuming no phase-
space suppression; note that the Z3 partial widths scale with My/M;.
Total widths assume my¢ == 40 GeV and three generations of exotics with

no (complete) phase-space suppression.

rzl (MI/MZ)I‘Z: Tw
Channel (GeV) (GeV) Channel (GeV}
hh 0.02 0.23 ppE- 024
E-E* 0.11 0.07 NgE~ 024
velp 0.18 0.004
NgNg 0.18 0.07
NN 0 0.11
ni 0 0.11
Total 4.22 2.27 4.16

width  (2.75)  (0.50) (2.71)
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M, > 107 GeV (143 GeV) (2.13)

for unsuppresazd (completaly suppressed) decays to exotic fermions.

B a2 JReeb A Sunaeann
ety sl eftect of @n extra i catiai gauge boson in Fy. consider the
breidor w415 Eg - SO(10) x U(1), = SU(S) x U(l), x U(l),. I there 1s one light
cxtra Z boson it will be a lnear combination of the two extra U(1Y<: Q(a) = Q‘F cos @ ¢
Qx sin .. The Z boson associated with this generator wili be called Z(w). I E, is broken
lo a rank 6 group the mixing angle o is unconstrained. However, if Eg is broken to 2 rank
5 group, o is uniquely determined and has the value « - 1an~! (V3/3) (we call this special
case the 7). In cddition to the cases @ =0 (Z‘u'" anda=m/2 (Z‘L) there is the special value
a = tan~! (- V573) (Zy) corresponding to an extra SU(2) group at eiectroweak encrgies.

In an Eg theory, vach generation of fermions belongs to a 27 representation. The
decomposition of the 27 into $O(10) and SU({3) mukiplets and the extra U(1) charge ((3)
are givei in Table 4 note that (~2 depends on the mixing angle &. In addition to the usual
fermions SI), (d_), e* and v, there is a charge —3'- quark isosinglet h, charged leptons E= and
neutral feptons v, Ng, N, and n.

The neurral current Lagrangian for the E¢ models with one extra Z at low energies is
Lnc=¢A,] c‘:n + 872, 1; + g Z(a)y, ] zl:a) where Jc‘rln and J‘zl (E J "; - Xy Q”)arc the

’

usual electromagnetic and Z boson currenis and ]zl:a} =-2'-Zf THa- 75 6 f. Note that the

couplings of a left-handed charge conjugate state give right-handed couplings of opposite
sign. The coupling constants are g’ = g, VXy =€ /+1 - Xy, Where xy = sin” By In
general, Z and Z(or) may mix, but fits to low-energy neutral-current data for the rank 5
value of & (1an a = V3/5) show that this mixing is very small.® Hence we shalt ignore Z -
Z(o) mixing in our analysis.

The partial width for the decay of Z{a} into a fermion-antifermion pair in the limit

mg << My, is I‘(Z(a) - fT) = Oon My [6 (1~ iw)]" (gi + g%)c,, where g
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Table ¢, Decompooition of 27 and fermion quantum numbers. The § charges q; are given
as an amplitude times a factor which varics with a over the range —1 to +1.

so(10)  SU(5) Left - handed ‘ o
16 10 e, d,u,ut a1 =1/3{ v5[Beosa+ \/3/_88ina)
5* &, e v a3 = 2/3 (\/.5—/§§cosa - Ji?/'aésma)
1 N¢ a3 = v10/3 (1/4cos a + v15/4sin )
10 5 ke, E-,vg a=2/3 (-ﬁﬁcca a++/3/8sin a)
5 h,E=,N§, as = 2/3 (~v/5[8cos a ~ /3Bsina)

1 1 n as = V10/3cos a
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and gy are the left- and right-hended couplings which can be read off from Table 4, and ¢¢

-1
is 1 for leptons and 3 for quarks. We take the fine structure constant to be at . (My) =
128.5. If ng generations of exotic fermions contribute fully (i.e., with no phase space

suppression) in Z{e) decays then the total width is

PZ(@)) = O Mz [2 (1- xw)]-l

[10a~}+5a§+nc (5-10a2,-5a22)/3]. 3.1
/

If ng; = 3 the widih is independent of the mixing o T'(Z(@)) = 0.025 My, Figure 2a
shows the Z{(a) width versus cos a when the Z(0) decays to all exotic fermions are
inaccessible. Figures 2b and 2d show Z{&) branching ratios versus cos o in the two
extreme ¢ases ng = 0 and ng = 3. The e*e™ branching fraction varies from 3.3% to 6.7%
(0.7% 10 3.0%) for n = 0 (3). Exotic fermion branching fractions for ng = 3 are given in
Fig. 2c.

The differential cross section for the reaction gg ~» WU~ {or e¥e™) in a model with

two Z bosons in the limit of negligible fermion masses can be written

do%/dcos 8" = 1 (J.e:l"n/(Zm"!)’I [Sq(l +cos20%) Aq 2 cos 6*] 3.2

where 8% is the angle of the outgoing {4~ with respect to the quark q in the qq center of

mass, m is the Jepton-pair mass and

2 2
SphAq= Y, (8/¢) (8 €)' m*
T

2 2 2 =1 -1 ~
[(m —Mj) (mz-Mj)+Mj M, T; rk]oj_ok (3)

T2(ay/ Mz(a)

[

Pranching Fraction (°4)
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where .. M, 1 are the gauge boson coupling strengths, masses and widths, respectively
and the Breit-Wigner denominators are Dj : (mz - M‘j }2 + M:T l’f For the photon (.k =
0). gy - €. My = I’y = 0 and the photon couplings to a fermion f arc gE = gg N =Q
The hadroric cross scction for A + B -» u*u~ X is easily found by folding Eq. (3.2) with
the quark distribution functions. In our calculations we use the structure functions of Ref.
16, cxcept where noted otherwise, and sum over u, d and s quark contributions. We also
include an m2 dependent K factor as discussed in Ref. 17.

To study the helicity structure of the Z(o) couplings, as exhibited by the

coclficients Sq ana Ag in Eq. (3.2) one may look at the forward-backward asymmetry as a

function of y

dof 7 dy - do® 7 dy
doF rdy + doB/ dy

AVB (y)

3 [ox 002 - 5 00?] Yol @? -2 @?] G5

4 [ER (M)Z + 8L (u‘):] Zq [gk (q)z + 8 (q)Z] G:l

(G4

Forward (backward) is defined in the z(ox) rest frame as o* <721£;\9* > 7—;— )and G:‘](y, me,

Vs )= fqm (x,) fE!B (xp) E fE’A (x,) fq/B (xg), where fq/A (x,) is the distribution of q in
hadron A. Exact double zerocs in AP® occur when ay = + a, (cos & = v3/%, £ 1) because
for those o values gp ()%~ g, ()2 = gg (d)? - g (@)% — 0 and the u quark, which
always has an axial vector coupling 10 Z{1), does not contribute to the numerator in Eq.
{4). AFB(y)is even (0dd) iny for pp (pp) machiaes. For pp reactions, an AFB integrated

over y can be obtained from Eg. (3.4). For pp reactions the appropriate quantity is
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3.5

\/;m 0
fdy - \f[dy (doF r dy - daB 1 dy)
AFB Y -Vs/m

s/m aQ
de+ \(_[dy (doF 1 dy + doB / dy)
~ym

pp.colliders. We calculate the production cross section of Z(ex) at Vs = 630 GeV for the
CERN pp collider using the structure functions of Ref. 18. Figure 3a shows the lower
limit on My, versus cos a deduced from the combined UA1-UA2 upper limit!% of 6B < 3
pb on an extra Z boson in its e*e” decay channel, for the cases ng = 3. Also shown is the
lower bound on Mg, deduced from fits :0 neutral-current data. All limits are at the 90%

confidence level.

The pp total cross section and lepton pair signal are shown in Fig. 3b versus Mz
at Vs = 2 TeV. The shaded bands correspond to variations with the mixing angle o This
dependence on & is shown in Fig. 3c for specific values of the Z(o) mass. In Fig. 4a the
integrated forward-backward asymmetry computed using Eq. (3.4) is shown. With an
annual luminosity I L= lpb“ one expects from 1 to 20 events in each dilepton channel
for Mz,,y = 300 GeV.
ppcolliders,

A high juminosity pp collider will be an excellent source for producing the Z{ax)
boson. We calculate do /dm for pp — Z(ax) X, Z(ar) — p*u~ at Vs = 40 TeV as a function
of dilepton mass m; the results are shown in Fig. 4a for Mz =035 and 1 TeV. The Z{xx)
peaks are sh(’)wn for the two extreme cases ng = 0 and ng = 3. The total Z(c) production
cross scctions and cross section times leptonic branching ratio as a function of Z(ot) mass

are given in Fig. 5b; the o dependence is shown in Fig. Sc for My, = 0.5 and 1 TeV.

The forward-backward asymmetry defined in Eq. (3.4) is shown in Fig. 4b versus y for
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vanous values of cos @ for M, = 1 TeVett tegrated avs minietry of Eq. (3.5) 15 given
i Fig. 4a as a funcnion of cos a.

For muasees tolow 4 TeV the “iug Sosan of L theanes should be casily detetable
through its Jepienie decay s wo pp maciine dat (s - 20 TeV withaniegrated lumincaaty
[ 1.~ 10 pb'!. aTespective of the mixing ang « o or the exotic fermion masses. 10 the
exotic fermion decay channcis of the Zix) are kinemaucally inaccessible then even higher
Z.{ur) masses may be probed. The 7o) mass and production cross section will provide
some inforation on ¢t For no phase space st.opression of exotic fermions in Z(a)
decays, accurate measurements of forward-backward asymmetries in pp — Z(a) X, Z(a)
—-» u~u” and Z(a) branching ratios wil) further constrain & for Z(a) masses below about 1
Te Ve if the exotic fermion decays are kinematically suppressed, a good determination of
m2y be possible if My, < 1.5 TeV.
1 _Properties of Quark Singlet from E20

We restnet oursclves to the Eg model inspired by superstring theory with no
intermediate mass scale. All the 27 superfields should then be light (< TeV) and we may
eapect to find them at present or future colliders.2! We assuine that the low energy group
Borenk 5, SUE) % SURY x U(1)y > U(l),'. However, the extra gauge boson is not
cspwcially relevant to our discussion here. The fermions belong to the 27 representation of

Eg The 27 of Eg can be decomposed according to SO(10) {SU(5)} and has the left-hand

fermion content

~ lc « {v,D N¢
7 *_16{10[(u.d) u°']w3 + 3 [dc e l[ ]516}

C [4
+10{5 [(E‘Vﬁ)l . st [VeD }+l[“] . @
N % he e 16
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Here the upper entries are color singlcts and the lower ones color miplets. The subscripts
outside the square brackets are the Z charges of the extra U(l). We focus our attention on
the new weak SU(2) singlet charge -% particles h and their supersymmem. ~armers EL
and ER.

The most genceral low encrgy superpotential involving his 2
ik e S ik Toe N
W= A hi(v' )( ) h‘“x -N,c
ik~ f~ = d
ijk {1 ik ¢~ ik = e~
VA d)(_ak) ARECTE . AR
N

-rn

where the superscript labels i,jk = 1,2,3 on the couplings refer 1o generations and the
twiddles denote the scalar superpartners of the corresponding {ermions. The couplings 2,
are arbitrary parameters. There are three possible choices of b quantum numbers and
couplings that insure baryon stability at low energies23

A) leptoquarkh: B(h) = 1/3, L(h) = 1 A, =45=10
B) diquark kS B(h) = - 272, L(h) = 0 A, =A =2 =0
C) quark h: B(h) = 173, L(h) = 0 Ay=Ay=Ag=hs=0.

"

Case C is ruled out in the rank 5 mode! by the predicted decay of K* into x° 2nd a pseudo-
Goldstone boson. The assignment A) or B) may be realized with a discrete symmetry of
the compactified 6-dimensional :pacazz‘z‘ Here we shall assume that such symmetry
indeed exists in nature and examine the conseguences of scenarios A) and B). In these two
cases we can assign even R-parity for u.d.v,.e,N (S(10) 16 states) and odd for h, E.vp.n,
(SO{(10) 10 and 1 states) with the opposite assignments for their supersymmetric scalar
pastners. In particular, fermions h; are R-odd whereas scalars b, are R-even.
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The h; and b; acquire masses from the vacuum expectation values <n, >. With three

families there are three Dirac mass eigenstates ; and six scalar mass eigenstates &;; the

lanter are mixtures of the ﬂi and Ef For example with one gcneration only the scalar mass

eigenstates are related to the Hi by

i h
(W] - (coF g sin § ), 43)
9y ~-sin & cos § by
We redefine the couplings A, (i = 1.2,...,5) in thz mass eigenstate basis and concentrate on

the lightest mass cigenstates in each sector, ¢, and ;5 hencefore we ofien denote ¢, by Tll

== production;
The electroweak gauge interaction for hy and El production has the form

L = —eey (A% - tan 0, zu)(\}l 1,9 + i¢;5u¢l) (4.4)

~ 1~ . R~
Vit ViL+gVi ¥ * (— %—cos2 E + %sm2 5)(& 9, au¢,)

where e, = —-;-. The Z’ coupling to ¢; depends on the h;, i} mixing because h; and I have
different U1}, quantum numbers. Frr the present we shall neglect Z, Z' mixing effects,
which are constrained to be small. Then the e*c~ production cross sections at Vs << My
are

do

+a~ - 1 .
. dcos 9(‘= e = hy hl) = "niﬁ(2-ﬂz sin2 0) X,

(4.5a)
do

dcos O

(e"e"—)l; ;)=o -LB3sin20£
1M mi6 :



w
[t
-3

]
where o, - @rat/3s),p=11-4m?/s)2 and

bs? - 2as (s - Mzz)

—% (4.5b)
s-Mz)’ + MZT

=1+

witha = (j-— "w) /(1 -xy)b= (%- lixw + xvz,)/ (- xw)z, and xy = sin? By,.
We note that there is no forward-backward asymmetry. On the Z-resonance the total cross

sections (in terms of k = (2.6 G\-,V/I‘z)2 with xg, = 0.23) are
b = 1 2,2 3 laz
ole*e" = Z o h hy =§cm(sz.I‘z)B(2- 35 )
- ©052a0) kB (3- 58?) @6

c(c*c' S Z-oh, ﬁ,) = -l]-icp‘(b M3 / r’z)ﬂ3 = (0.13 nb) kB3

to be compared with ¢ (c*c‘ = Z-5 u*u') =(1.86 nb) k.
Decays of a Z’ resonance produced in e*¢™, pp or pp collisions could bz a copious

source of k; and El. The partial widths are

aMz B(27+4182)

‘r(z' SADE o 733
..\ aM g
I‘(Z’ - b, hJ = -1—_-)‘—?'; .‘1_ (-%cos? & + Lsin?8) (4.72)

giving in the limits § — 1, & — 0 the branching fractions

B(z - §,) - 053¢
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(4.7b)

The factor f = (Mg. / M) / T, / GeV) is estimated?0 to be of order 0.3 to 1.7 with the exact

value dependent on the exotic and supersymmetry particle decay channels that are

accessible.

2P, pp and ep production;

In hadron collisions hh and hih pairs are strongly produced via gluon-gluon and
quark-antiquark fusion. The hh cross sections are the same as for heavy quark production
and the fih cross sections are the same as for squark pair produciton. The h may also be
singly produced with significant rates23 in ep collisions (scenario A) or in pp, pp collisions

(scenario B) via their Yukawa couplings, provided that these couplings are not too small.
Scalar h decays:
The lighter of E, and h, can only decay via Yukawa couplings. In four-component

Dirac notation, the Lagrangian for the decay couplings is
L= x,[i; (? d,_-—F_uL) « B (Vd-tu)+v, EL—IL'EL]
o ()] 55 ) 54
" z,'[ﬁL (ﬁd{)]+ A ts'(ﬁ, d,) + Ny &g (48)
+ 2.4[51_(;? d,_-;ul_) + ;E(u.LdL - dl uL) +up EL—dL EL]

+ dg[ (845)#F (G df v o a_;)]+ he.



with 1,j.k generation indicies (in the order of the three fields in each entry? suppressed but
understood: here uf_ = (u), etc. In absence of any data. the h couplings are arbitrary,
although a weak bound can be placcdz(’ on some of them from precision measurements,
since they affect B-decays, & — ev. K = mv¥, p — ¢ 7. KO - K 0 and B? - BY mixings,
cic. We shall assume that al) the Yukawa coupling A are small, consistent with such

bounds.

First we consider the decays of the scalar h 1 Neglecting the masses of the final

state fermions, the partial widths are of ihe generic form

r(ﬂ, -1 f;): [rJ k@M, 7 cr6m), 4.9

where M is the hy mass. The 7\3 and K values for the various modes are

Py g 1jk .
I‘(h1 Svdy )= l‘(h1 -0y uu_) A} sin? £
r(hl = e ukR) A cos?e
(4.10)
I‘(hl - Ny kﬂ) l;’k cos? &

I‘(hl - “TjR d_m) = I‘(l-l, - E).R ‘_‘m) (2)8jk) ?\.}ik 2cos2
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. . 1jk .
f‘(hl—-)ujl_du_) }‘5] 25in2E

where Sjk is the Kronecker delta. Since in general the couplings AUK will be generation
dependent. one expects violations of flavor university, including violations of e, jL
universality.

In scenario A) the leptoquark l~11 decay signatures are spectacular: either a hard
lepton or large missing pr accompanied by a jet. The decay distributions from single
production will have a Jacobian peak shape. In scenario B) the two-jet signatures of the
decays would be much more difficult to experimentally idem.ify.because of QCD

backgrounds.

The decays hy — ff* of a fermion h; have partial widths of the generic form

r(h, -1 fk)=

where M is the mass of the supersymmetric particle in the final state. The values of A, and

1
w3

2RE)M, (1 -ﬁz/Mf)’/(szn), (4.1

K are similur 10 those in Eq. (4.10). Hure we have assumed that M; > 1\7[; otherwise the
supersymmetric particle is virtual and the: hy decay is three-body. In either case the

Yukawa couplings jead us to expect flavor non-universality in the decay products.

h.or h decays via neutralinos:

The beavier of h; and E, may decay into the light one plus a neutralino ;(O

h—bﬂl }:0 or E! ~h iO



via zouge couplings, if ¢ nemaucally atlowed. Since has an isosingict. there are no decays

into cFarginios. In the current basis the neutrziino couplings are

L= =~ 2egy (\Tr, -tan By \|72) (cos £, - sin i\um)o; +he. (412)

The Z' ¢« «ribution should also be taken into account if io has a significant z component.

Two-body decays of the top quark;

f ﬁ, is highter than the top quark, then the two boedy deca)" modes t — ﬁ. Tj ort—
t:, 8! may dominate over the usual three-body modes t — bl v and t — bqQq’ so long as

Gpm /& =0.5x 107 (my / 40 GeV)2. (A less likely possibility is 1 — h; 7~ or t — i,

Cud IV

F
1} decays since these are likely to be phase space suppressed.) The i-decay partial widths

have the generic form

r(z - By T ork EJ) - ,?.a,zl((ﬁ)ml(l -M2 Mff/(szx), @.13)

with the A, and K values
F(t - h, TP) lllﬂ sin?
l"(t - l;l TL) klzﬁ cos> &

(@434

r(x - h, a,) MY O 2 cos?8
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l'(t - h, ELVJ MY 2sin2E

The E, or ;1 would further decay with the rates in Eqs. (9) and (10).

In scenario A) the top decay signatures are

t-—)l}'hl—-)[..*lj'ukor[i*vﬂk. .

The decays into two different leptons and a jet would be spectacular. Note that due to

flavor non-universality there is no assurance that the signal for one particular type of lepton

would be strong. The t — 7 v d decays would bear some resemblence tot — 7 v b, but
iave different kinematic distributions due to the two body intermediate step. The other

decay possibilities in scenario A) are
t—)[;'hl--)([i+ xo)([j' up x® or vidy xo).

but these modes are less likely from phase space considerations.
In scenario B) the t-decay chains wculd be

t—)i,&k-—) (uldj)ak

or

t—ohd, (u,- 4, io) (ak io) .
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The first decays above would be essentially impossible to search for at a hadron collider but

the second may be detected through the missing transverse momentum.

Ghuno dew o vs:
If the masses should satisfy the inequality

mh}+m;ll<m-g-<ma

then the two body decays

E—)El hy or Elhi

via the strong interaction should be dominant and swamp all conventional gluino signals.
This would totally alter sirategies for 2luino detection at hadron colliders.

In summary we have pointed out severai surprising effects which arise form the
exotic quark singlet of Eg, suc™ as flavor non-universality and two body decays of the top
guark. Most new particles expected in straight-forward extensions of the standard model
{such as fourth generation quarks and Jeptons, superparmers of ordinary miiter and gougy
bosons) decay via gauge interactions that preserve e. I, T universality. Even heavy Hizgs
particles would decay predominantly into heavy fermions or weak bosons and then e, u
universality still holds for the final decay products. Consequently the observation of e, i
universality violation would indicate the existence of totally new interactions, such as those

obtained in supersiring theory from the compactification of hidden dimensions.
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PRECISION MEASUREMENTS OF
STANDARD ELECTROWEAK MODEL PARAMETERS IN LEP

Alain BLONDEL
CERN, Geneva, Switzerland

ABSTRACT

A combined knowledge of the Z mass, the W mass, and the
fermion couplings to the Z will be obtained in the Large Electron-
Positron storage ring (LEP) with unprecedented accuracy, providing
information about physics beyond our energy scale. The question of
the feasibility in LEP of longitudinally polarized beams, which are
essential for accurate measurements of the couplings at the 2, 1s
briefly considered.
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1. EXPECTED PERFORMANCE OF THE LEP MACHINE

Details of the Largé Electron-Positron storage ring can be
found in the LEP design report [l1]. The operation of LEP should
negin 1in 1989, at centre-of-mass enetrg.es =round 100 GeV, with
conventional radio frequency (RF) power. Higne: energies, up tc the
nominal 1limit of 110 GeV per beam, can oniy bu obtained with the
adjunction of superconducting RF cavities. which should gradually
reach the WW pair creation threshold abou* 4-* vears after start-up
[23.

The design peak 1luminosity is snown in Fig. 1 and gives the
rates represented in Fig. 2. One can see that high-statistics
measurements should mostly come from the running at the Z peak,
where one can contemplate the prospect of event samples of 107 z
decays. The higher energy region will offer a unique explorstory
power, and allow the study of the WW pair-production mechanism and
W-mass measurement, with more iimited statistics however.

2. DEFINITION OF PARAMETERS
In Born approximation, the Standard Electroweak Model (SEM) is

fully described by a, Gu' ané one more parameter, which can Le
chosen as sin‘ ew' o or m,; the measurement of any of these is
-.fficient to predict the other two, as well as the couplings of
the various particles. This works wvery well within the present
experimental accuracy [3].

Small deviations from this simple picture can occur if the SEM
1s only a low-energy approximation of a broader theory, as is now
commonly suspected: more certainly, small deviations are expected
when radiative correcticas are taken into account.

Radiative corrections can be separated into three classes (4].

i) Photonic corrections: these correspond to addina a real or
virtual photon to any charged leg of the interaction diagram.
Thesé are substantial; they can be very large indeed in the
LEP regime (Fig. 2), and must certainly be taken into account.
They carry, however, no real physics content.

ii) Vertex corrections and tox diagrams: these are generally small
and we will omit them from the reasoning here even though they
must certainly be taken into account in carrying out experi-
ments.

iil) Loop corrections to the photon, W and 2 prc;.gators (see

Fig. 3).
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Fig. 1 Expected peak 1uﬁiinosity in LEP as a function of centre-of-
mass energy (from Ref. [2]).
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Fig. 3 Loop correction to the y, W, and I propagators.

These loop corrections induce large shifts in the W and Z
masses compared to the lowest order prediction using sin® ew. These
have been discussed extensively in Ref. [5]. They turn out to be
sensitive to the fermion masses, in particular the top mass, and to
the mass of the Higgs. The great interest of loop corrections lies
in the fact that, other than in QED, particles heavier than the W
and Z do not decouple and their effect can be felt.

The effects of heavy ‘particles in 'loop physics' have been
classified by Lyhn and Kenn?dy [6]. In order to do this, they
introduced the following definition of sin’ ew: -

2 2 2
sin” o = ei/gi (mz) E 8% .

where e, (m;) and g, (m;) are the effective electromagnetic and
weak running coupling constants, taken at the Z mass scale. The
real W and Z umasses are given by:

,
e} 1

2
v 55 42 G,
2 o 1
b S w *
8, Cp 472 GH* Culgy?

In the . following we will ignore the small and calculable

differences in effective variables evaluated at mH and m The

values of e* (m ) and s, (-z) are straightforwardly rolatod to a

and s. (0), by the renormalization group egquations, in a way which

is independent of honvy particles; the effect of heavy particles is

felt in G ux and ¢,. We thus have three unknown variables:

- s* is completely arbitrary, but predicted, for instanca, in Grand
Unification Models.

- Q@4 is only different from 1 if week isospin SU(2) is wviolated:
this occurs in the (g) doublet, or more generally for any new
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family of fermions with iarge isotopic splitting. This can also
occur for certain configurations of Higgs trxiplets: ¢, {is only
weakly and indirectly dependent on the Higgs mass because of the
W~Z igotopic splitting; the contribution tc g, from new particles
which respect weak isospin (unsplit doublets) vanishes.

- G“, receives conttibutions that are commcn to the W and Z masses,
such as the effect of the Higgs mass, and contributions from un-
split doublets of fermions or further Higgs particles.

The values of ¢, and G“' are shown as functions of m, and m,

in Fig. 4.

We will describe in the following paragraphs how LEP should be
able to measure the W mags, the Z mass, and sin? Ow with unprece-

dented precision.

3. MEASUREMENT OF THE Z MASS
The statistical and systematic errors on a measurement of the
2 mass from the Z reaonance line shape (Fig. 5) have been wstimated

o(mbl 1

Fig. 5 The Z 1line shape:
dotted 1line Born approxi-
mation; dashed-line leading-
logarithmic approximation;
full line next-to-lsading
logurighmic upgroxilltion.
m, = 92 GeV, sin” ¢ _ = 0.23,
9 92 9 r2 e .=  2.628 Gfv (from
7s iGeV) rERY [16)).

b 43
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Table 1
Errors on the I mass measurement

sm,
(MeV)
Statistics: 1 .
13 points from 82 to 106 Gev, 2 pb = per point,
e'e - p'¢” (y) channel only +10

Systematics on luminosity:
variation with s of the luminosity monitor
calibration by 0.2%/GeV +10

Uncertainty in QED radiative correction:
Displacement by ~ 100 MeV (+10%) of the peak
due to initial-state radiation *10

Uncertainty in centre-of-mass energy:
Knowledge of the field integral in LEP
to + 3 x 107 +30

Improvement with depolarizing resonance
method if transverse polarization is
available / +10

Total - 435 +20

in

Ref. [7], and are summarized in Table 1, which calls for the

following comments:

i)

ii)

iii)

The authors of Ref.‘ [7] have restricted themselves to the
channel e'e -~ p'y”, which is only 3% of all 2z decays. One
could probably convince oneself that all Z decays can be used,
under the argument that the main theoretical wuncertainty,
initial-state radiation, is independent of the final state. In
this case the 2Z-mass measurement would be limited by
systemati~s after only 1 pb'l of data, one day at nominal
luminogity!

Initial-state radiation is extremely important and requires
theoretical calculation up to O(az) and exponentiation of soft
photons [83.

The possibility of reducing the uncertainty on the centre-of-
mass energy by the depolarizing resonance technigue [23] is an
advantage of LEP compared to the Stanford Linear Collider
(SLC), and strongly srgues in favour of an early polarization
programme at LEP.

The 2z mass should be measurable to +20 MeV in LEP, very soon

after start-up.
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4. MEASUREMENT OF THE W MASS
Pair production of real W's offers the only substantial source

of W's in the LEF energy range. The measurement of the W mass can
be obtained from two different methods: i) from the threshold
behaviour of e'e” — W' W (Fig. 6), end ii) from the analysis of
events at the cross-section maximum. An analysis of statistical
and systematic errors was done in Ref. (9] and is summarized in
Table 2.

The W pair evants can be dividec =xperimentally into three
classes:

1) Cless 0; both H'é decay leptonically:

e e - LV, vt 4 y's.(9% of the events);

e a)
\rww.. woe Wooe | w*
v Z
/ W e” W e W
o
) - - T ;l-‘_—-_ 1 - 1 T T b)
15+ .
et --W'W
10+ .
. 1
o
a
= .
5k i
"Ye=Ze
‘e~ Z
0 s " L =" 'A:ﬂﬂx
75 80 & 85 90 95 100
E, (GeV)

Fig. 6 a) W pair produétioh lowest brdor disgrams,
b) W and Z pair production cross-sections (from Ref. [91).
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Table 2
Projected uncertainties in the measurement of m
(for my = 82 GeV)

- Amw

(MeV)

Method I: Measurement of W pair threshold

Statistics (f¢dt = 500 pb ') + 90
Systematics:
Background + 60
Luminosity and detection efficiency (+5% absolute) 120
Total f16C

Method 1I: Event reconstruction at
maximum cross-section

Statistics (f£dt = 500 pb™’ at Js = 190 Gev) + 60

Systematics:
shift due to initial-state radiatfion (= 3GO0 MeV) + 30
Detactor hadronic energy calibration (+2%) + 70
(Calibration on é'e” = y Z events)

Total +100

ii) Class 1; one W decays leptonically:

e'e = &v + (Qg + g's) + y's (42% of the events);
111} Class 2; both W's decay hadronically:

e'e ~ (q3 + g's) + (q3 *+ g's) + y's (49% of the events).
The presence of frequent radiative emission of photons and gluons
makes 1life somewhat difficult, especially when trying to
reconstruct W's by, say. jet-Jet masses., Fifty per cent of the
class 2 events have more than four jets. This does not affect the
detection procedure for identifying an e'e” - W W event, ané thus
the total cross-section measurement needed for the threshold
measurement. .

The mass measurement from the analysis of e'e¢ = W'W events
at cross-section maximum requires a correct assignment of the

particles to each W; for this reason class 1 events -- whi-zh
ideally appear as a high-energy (20 to 60 GeV) 1lepton, a missing
neutrino, and jets -- are the most useful. When reconstructing the

W mass in these events one can apply kinematical constraints unigue
to an e'e collider: the beam energy is known, and the energy of
each W is equal to it.
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An exposure of 500 pb'l would yield 7500 W pairs at cross-
section maximum, and about 1600 useful class 1 events for mass
determination. The 1low cross-section (15 pb at cross-section
maximum) will make the W mass measurement at LEP II a very time-
consuming enterprise. It will, however, be somewhat cleaner than
what can be done, for instance, in pﬁ experiments, which are (con-
servatively) expected to yield am, = +350 Mev [10Q].

Altogether at LEP II, which is expected to be in operation
around 1995, the W mass should be measured, one way or another,
with a precision of AmH ~ +100 Mev, after a substantial amount of
running.

It would not be fair to leave this section on W pairs without
mentioning that total cross-section measurements at the highest
enérgies and the study of angular ﬁistribution should also provide
important tests of the SEM, as studied in Refs. [11, 12].

S,  MEASUREMENTS OF sin’ e AT THE Z POLE -
Impressive statistics will be available at the 2Z pole. The
total cross-section is ~ 30 nb and this results in the rates given

in Table 3 for a 100 pb'1 exposure, assuming my > 45, m, = 92,
sin® 8, = 0.23, a /m = 0.033, and including QED radiative correc-
tions.

This will permit very precise measurements to be performed in
the fields of strong interactions and fragmentation, heavy flavour
decays, and neutral-current couplings. Only the later will be

considered here.

Table 3
Event rates at the Z peak

Decay modes ?g:gig%:g gzgiion 'Eventzx:g:uigo pe E

(%) (nb) i

!

{ vv (3 families) 6.7
Pee, wu™, or v'e 3.4 1.25 125 000 5
| ud or cé 11.9 437 500 5
i dd, ss or bb 15.3 562 500 |
i Visible 79.9 29.4 2.94 x 10° ‘
]
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The fermion couplings are related to si in the folliowing way:

ag = 2L,¢ .

2

Ve = 8p - 40g Sy
where ”,f is the third component of weak isospin for fermion f and
Qf is its charge. A frequently encountered quantity is

2 2
Ap = 2vp ag/(ve + ap)

which is related to the parity viclation in the 2Z-f coupling.
Numerical values of ag, vf and AT are given in Table 4.

Table 4
Standard Model coupling constants
{Numerical values for sin® ew = 0.23)

ap = 21f
Ve % ag - 4Qf sin? L
R v 4 - 2afvf a&f
£ £ £ 2 2 2
Ve + af 2 sin ew
v +1 +1 1 o]
e -1 -0.08 +0.16 -7.9
u +1 +0.39 +0.67 -3.5
a -1 ~-0.69 +0.94 -0.6

Measurable guantities at the Z pole are:
1) the partisl width of Z - £%f

2

e
. s * 2 2
reg = ¢ B o [‘f * Vf]

8y Ca

I
with z

C = 1 for leptons

%
C = 3(1 + =t eee) for quarks :
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11) the forward-backward asymmetry with unpolarized beams,

where Sp and oy represent the cross-sections for the emitted
fermion in the forward and backward hemispheres, with respect
to the incident electron.

iii) If the polarization of the outgoing fermion can be measured,
its average ‘value is

<Pf) = ’tf .

iv) If 1longitudinal beam polarization is available, the angular
distribution in e'e -~ £f is given by [13]

do(e” e ~£f)

a cos @ = 05[(1+?Aé)(1+cosz 8) + 2 cos 0(T+t, )Ac] % (1-P°P") ,

where oi is the totml cross-section for this channel at the top of
the resonance, P’ and P° are the longitudinal polarizations of the
e’ and e respectively (P is positive when the spin is parallel to
the particle velocity), and ¥ 1is the polarization of the e'e”
system, i.e. § = (P° - P )/(1 - PP ).

By taking data with opposite beam helicities and measuring the
corresponding cross-sections ¢ and o  and oFi and °Bi' cne can
measure the longitudinal polarization asymmetry (or left-right
asymmetry) [14]

. -

g =4 (2)
o +o
and the pplarized forward;backward asymmetry [15]

apo1,Ef 1 foF ~ %) - (op - op)

3
I R 3t (3)

The precision obtainable {n measurements without polarized
bsams has been studied in Refs. {7, 16~18] and summarized in Table
S. The measurement of the psrtial and total widths also permits
interesting tests of universality and neutrino counting.
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Table 5~
Errors on partial_ width and asymmetries obtainable from a scan

of the Z with 26 pb” E the widths) and a 100 pb exposure at
R, A , and Pt) compiled from Refs. (7, 16-18]

the 2 (for ruu/ree’
Quantity Error Equiv. error
2
in sin ew
L ee/ree = 1.8% 0.005
rtot rtot = 20 MeV 0.0025
a(r__/r
roJr — g _ee . ;.53 0.004
uu’ - ee r /r
Uy’ ee
1 0.008
Thadron/Tun * R AR/R = 1%
uy . . e _
AFB Statistics: sALs 0.3% !
Systematics: .
' = 20 MeV 0.2% \
Defection eff. 0.2% !
QED rad. corr. . 0.12%
Total 0.4% 0.002
<Pt> Statistics APt = 1.2%
in T - xv decay | Background 0.8%
Total 1.5% 0.0018 !
}

The measurement of thn -uon forward—backward asymmetry is, in
principle, very precise. Unfortunately,

Ao % #oty il% (1-4 85)°

has a reduced sensitivity to éi if si is close to 0.25. In addi-
tion, it is a very steeply varying function of [s across the z
resonance (Fig. 7). This results in a great sensitivity to initial-
state radiation effects and to the precise knowledge of the Z mass.

The polarization asymmetry is a 1linear function of sin’ 6,
*1 = 2 (1-4 ni) for leptons, but it is measurable in practice for t
decays only; the =most sensitive channel is the t - nv decay and
this reduces the statistics further. .

Messurements at ths Z without polarized beams provide a
precision of 2 -, « 0.0015. This does not quite match the precision



requared for sensitivity to, say, the Higgs mess: my = 1002 Gev
corresponds to Ssi = :::::::.

The imprcvement obtainable with longitudinally polarized beams
is clearly brought to light when comparing Egs. (1), (2), and (3}).
with A and Aggl, one measures directly Ae and Ay instead of
measuring their product. In addition, a major breakthrough comes
from the fact that ALR 1s the same for all final stai=s. All decay
modes can be used, providing impressive statistical power. There is
a simple heuristic argument for this: ALR is the asymmetry for
producing a Z from opposite beam helicities, and thus depends only
on the electron coupling, and not on the decay mode of the Z.
Consequently, ALR is also insensitive to final-state QCD and QED
corrections.

The final-state couplings, .at the same time, are nicely
isolated in Aggl, with increased sensitivity if the polarization 7
is greater than £, - 0.15. The measurement of £, being limited for
unpolarized beams by the knowledge of Ae itself (a si = 0.002 cor-
responds to a Ae/Ae = 10%), this 1limitation would disappear if

longitudinally polarized beams were used. Table 6 taken from

Table 6

Accuracy for the fermion vector coupling constants:
From present experimental information and the estimated
precision, which can be achieved with 10 events at
the SLC with and without polarization

Present Accuracy ’ No Polarization 10*2° P=45% 1052°
Fermions Reaction Avy Reaction Avg Reaction Ay
¢ vue = yye {1) 0.1 r-polarization 0.05 YA 0.005
e — ee (2) asymmetry.
u uN — uX (3) 0.3 v and #Ayp 0.08 Arp 0.02
NE iz~ e )]
r r-polarization (5} 2.8 v, and "App 0.05 TArgp 0.02
st PETRA mezn r-polarization
wdye ¢D (6) 0.04 | T(2° — g2)/T(2° —» ec)| 0.04 | F(20 = ¢5)/T(2® — ee) | 0.04
e N (7)
¢ Re: (8) ~ 3. v, and ‘Agp 0.2 ‘Arn 0.10
i st PETRA/PEP {20 — &) /[T{2Z° — ee)
» Ry (9) ~1, veand *Arp 0.1 ‘Ars 0.05
at PETRA/PEP ] rz0 = W20 = )
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ref. [19] shows the improvement brought by polarization to the
measurement of the fermion couplings.

An interesting feature of the polarization asymmetries is
their slow variation in energy; this has the consequence that both
A g and ABS!
to the precise kncwledge of the beam energy.

' On the other hand, A, ~ 8 (0.25-51) is a very sensitive

are quite insensitive to initial-state radiation and

measurement of si, and is thus gensitive to weak effects, as
shown in Fig. 7.

|
L mz292, my=60, my=100.
i

¢ exp. error

i

]
!
i

% m,~180 GeV
- § my—=1000 GeV

Fig. 7
Behaviour of various asymmetries
around the Z poie:

A;;: muon unpolarized forward-

backward asymmetry.
At;: left-right or polatizqfion
agymmetry,
Aggl'"": muon polarized forward
backward asymmetry.

Full line: only geometrical cuts
(8 » 20*).

Dashed line: effect of an acoli-
nearity cut of 2°.

Exrror bars: expected experimen-
tal accuracy.

Full arrow: effect of a heavy
top (m, = 180 GeV).

white ow: effect of a heavy
Higgs (lH = 1000 GeVv). i
Expogure of 10 pb” " (unpolari- -1GeV 0
zed) or 40 pb with S0% 1longi-

tudinal polarization. Jg-mz

+1GeV
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Having described the attractive features of polarization
measurements, I will now describe how one can hope to obtein

polarization in LEP.

6. POLARIZATION IN LEP
Polarization at LEP was not considered a priority until
recently. In view of its potential, a study was made [20, 21] and

the LEP Experiments Committée roecommended a design study to be
conducted by the Machine Division. An overview of how one can hope
to get longitudinally polarized beams in LEP will be outlined in
the following. The reader interested in more rigour and details is
referred to Ref. [22].

Transverse polarization builds up in an electron storage ring
by the Sokolov-Ternov effect: synchrotron-radiation emission has a
small spin-flip probability, with a large asymmetry in favour of
orienting the particles' magnetic moment along the magnetic field.
In a perfect machine a large asymptotic polarization (92.4%) builds
up slowly. The typical build-up time tp for the LEP machine is 5 h
at 46 GeV beam energy, but is strongly energy dependent [Fig. 8].
This is clearly unacceptable when compared with a 1luminosity
l1ifetime of ~ 3 h. This can be cured by introducing wiggler magnets
in the machine.

100

Tpet / (min}
/

1 1 ! P

L
S0 60 70 80 9 100
.- Eg /GeY

Fig. B ..Polarization build-up time in LEP with and without wigglers
(from Ref. [23)). :
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B- Bo B-
—————“"—'—-.@—-;‘_’:"— — '@'— - :':_—_—a®——-——q———-————

o o o -

B*~1T B ~04T
Fig. 9 Sketch of & wigglér magnet foreseen for LEP.

A sketch of a wiégler maénet is shown in Fig. 9. The field
integral is zero, but the polarizing power is proportional to
IB3 dl and is made different from zero by a large asymmetry between
the strong central field, which is positive, i.e. parallel to the
field in the Main Ring, and the weaker end field, which is

negative. wiggler magnets increase the synchrotron radiation
and thus decrease the damping time -- this is why they are
needed in the machine 1in any case -- as well as the polarization

time. They alsc reduce the asymptotic polarization level tc
P-’wigglars = P_(Bz - Bg)/(BE + BZ): the presently designed wig-
glers decrease the polarization to 75% of its value, but this
drawback could be avoided for polarization runs by constructing
dedicated wigglers with a larger asymmetry. What is unavoidable,
however, 1is the increase in beam energy spread caused by the
wigglers, which 1s suspected of worsening the depolarizing effects
considerably, and constitutes a major limitation in the reduction
of the polarization time. It 1Is currently believed that the
polarization time cannot be reduced to much less than 80 minutes at
the 2.

Depolarizing effects cast doubt on the feasibility of a
physics programme with polarized beams in an e’ e  storage ring. The
origin of +this difficulty lies in the combination of three
defavourable factors:

1) The extreme sensitivity of the polarization vector to trans-
verse magnetic fields: at 46 GeV the precession of the polari-
zation vector around a transverse field is ay ~ 104 times
larger than the rotation of the particle. ([a = (ge - 2),2 is
the anomalous magnetic moment of the electron.]

1i) The extremely long 'polarization damping time' is egual to the
polarization time of hours, meaning that the effect of
imperfections will be 'memorized' by the polarization vector
over typically 10® turns around the machine.

iii) Spin resonances, similar to Nuclear Magnetic Resonance, occur
each time the precession frequency (ay ber machine turn) is in
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phase with one of the basic motions of the particle: turn

around the machine (integer resonance), bet stron and

synchrotron oscillation (betatron and synchrotron resonances).

The precession effect being energy independent, the gpacing in

energy between spin resonances is constent, whereas the bean

energy spread is a rapidly increasing {.r.tion of energy. The
spacing between integer spin rescnances is 440 MeV, not
comfortably large compared to the beam energy spread of +490

MeV expected at LEP I.

Despite these difficulties, polarization has been observed in
every e e machine where it has been searched for. In SPEAR, in
particular, high luminosity and a high degree of polarization were
observed at the same time, leading to the observation {241 of th:
transverse polarization asymmetry of e'e’ - hadrons typical of th.e
production of spin 1/2 objects (quarks). In PETRA things turned out
to be more difficult, as expected at higher energies, but
procedures were developed to correct the orbit and optimize <the
polarization degree close to its theoretical asymptctic level. The
difficulties in LEP should be bigger, and work is geing on <to
simulate the spin motion in the machine accurately and to design
correction procedures allowing the cancellation of depolarizing
resonances. The outcome of these studies i1s as yet unknown.
Preliminary estimates [25] indicate that an asymptotic polarization
level between ©50% and 70% could be obtainable at well-chosen
energies.

Assuming that a stable polarization builds up in the machine.
it will be aligned on the magnetic field, i.e. it will be
transverse. In order to carry out experiments with non-zero
helicity, one has to foresee spin rotators (S.R., Fig. 10) which

— " P‘
; TP SR — -
i j

ARCS Staight section

interaction
region

Fig., 10 Top view of the spin motion in the arc and in the inter-
action region, with Spin Rotators (SR); the positron (B') and
electron ( ) polarization vectors are indicated.
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/B*dl =23 Tm

Fig. 11 Side view of the simplest 90° spin rotator at LEF energy
(S0 GeV;.

rotate the spin from vertical in the ares of the machine te
horizontal in the straight sections and back to vertical {S.R.").
Irn engineering spin rotators one turns to an advantage the fact
+that the polarization vector precesses -~ 104 times more than the
particle turns, as sketched 'in Fig. 11. This simple scheme does not
work since it would bring the beam off orbit, and one must use more
complicated arrangements of vertical and horizontal bends such as
in Fig. 12, taken from Ref. [26].

One difficulty in designing spin rotators is again the
depolarizing effacts: after going through the interaction region,
the spin must be brought back to vertical to a very good accuracy.
and this holds for any particle energy or betatron phase, or else
strong depolarization will occur. This results in complicated
‘spin-matching' conditions which must be fulfilled by the string of
spin rotator magnets in relation to the rest of the machine.

Another constraint for the design of the spin rotators is
given by the conflicting requirements of minimizing depolarization
{this reguires weak bends and thus large vertical excursions} and
finding space in the tunnel. Moreover, two of the experimental
straight sections are occupled by RF cavities, which are
incompatible with ‘spin rotators. The scolution to this probler i3
found in installing the rotators in the last section of the arcs,
which also has the advantage that the normal horizontal bends can
be used as part of the spin rotator system. The spin rotators are
designed for one precise energy, since the rotations of <the
particle spin and trajectory have a different energy dependence.
However, polarjization is needed for precision measurements in long
Iuns at discrete energies (Z peak, toponium peak, W pair
production, Z', etc.) and not specially for scans, and *“hic
delicate adjustment does not need to be done too often.
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1 2 3 4 S 6 1 y
D A DA Y

Separated -bend rotfator; vertical orbit

Separated-bend rototor, motion of spin vector

Fig. 12 Evolution of the oi‘bit and of the spin vector in a spin
' rotator proposed in Ref. [26].

Assuming that all this has been successful, one would have
both electrons and positrons polarized in <the interaction point
according to Fig. 10: p° and P have the same sign since they are
counted as positive if alignsd on the pa.rticlol' momentum, and
about equal. The I product:n:. cross-section

o= o“[l - PP & Ap(P - P7))



is both independent of ALR ana considerably reduced; it even
vanishes 4if P = P° = 1. In order to obtain non-zero helicity at
the interaction point it has been suggested [27] that some bunches
be depolarized selectively and not the others.

The principle of the depolarizer [28] is to continuously
excite an artificial spin resonance by applying a small (~ 1 G- m)
transverse field in phase with the spin precession period. Because
the field is émall, the device can be gated and gusrantees a
polarization level of < 10°® for any set of the eight bunches
circulating in the machine. Depolarization is indeed much easier
than polarization.

This facility can be used to obtain all combinations of
helicities [29]: by depolarizing the electron bunches 1 and 3 and
positron bunches 2 and 3, one obtains in turn in the experiment the
following four combinations:

Electron bunches 1 z 3 3
Positron bunches T 3 2
Cross-sections s, o, o, a,

o = °u(l ¥ ALR)
2 = Ol - P AL

[}
03- u

(= 0yl - PP+ AL(P - PT)]

P

~

This is a very favourable experimental situation:

i) The tor': *cross-sections are measured from data taken
simultaneously, in the same detector and with beams
circulating in the same machine: a nearly perfect cancellation
of detector efficiency, 1luminosity sgystematics, etc., is
expected; this 4is true up to possible small systematic
differences from one bunch to another, the exact effect and
monitoring of which is presently being scrutinized.

ii) The four equations above can be solved to extract Arpe 9 P’
and P° from the data themselves, avaiding the need to rely on
an independent externsl messurement of the polarization; this -
is in contrast with the situation in SLC [19] where positrons
cannot be polarized, end only o, and ¢, are measurable, and

’
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where it is necessary to measure the bear. polarization with an

absolute precision of aP/P = +1% 1f one wants to match the

statistical precision of 10° Z w=vents, this being quite a

challenge {30].

Even with the above four eguations at our disposal, one would
still need two polarimeters in LEP, one for e’ and one for e, for
the following reasons:

1)} the need to monitor the time evolution of the polarization,
ii) the need to measure the relative polarizations of different
bunches in the same beam.
The four cross-sections can then be used to derive the absolute
calibration constant of the polarimeters, with the caveat that it
is not affected by the small differences between bunches previously

mentioned.

If. all the conditions mentioned above can be fulfilled,

the detailed study . will determine, the

which

experimental precision

on App cen reacﬁ_hALR_:ma}Oqa_'[Table 7}, for a 40 pb’ ! exposure
fable 7
Requirement AALR

Statigtics (for ALR' <P> = 0.5) 10° Z events 0.0020
Statistics (for aP/P) 10* z events 0.0016
Relative luminosity: ¢<1x10? < 0.00i

Monitoring of relative differences

in beam divergence < 10 grad

in transverse position < 20 um
Residual pola:.zation of depolarized bunches <3x10° < 0.00:
Error in difference of bunch polarizations <5 x10°? < 0.001
Event selection, background, uncertainty

in c.m.s. energy, radiative corrections < 0.001
TOTAL EXPERIMENTAL ERROR 0.003
a, Gu‘ w, = ALR owing to error in m,: Bmz = 20 MeV 0.001

owing to error in ar: 0.003

TOTAL THEORETICAL ERROR 0.003




(10° z events), corresponding to & sin® 8, = +0.0004. This matches
the main theoretical error 8 sin’ 8, ° +0.0004 encountered when
predicting sin® L from W . This uncertainty arises when estimating
the electroweak radiative correction, ar, s(ar) = +0.0013 {31] and
is mostly due to light quark loops. The corresponding contributions
to ar can be related to the measurement of o(e'e’ - hadrons): the
error i1. dominated by the experimental error in this cross-section,
especially at low energies. A more precise measurement of this
guantity would improve our knowledge of ar by a factor of 2 [32]
and would certainly be welcome.

Many problems still ‘need to be studied in detail concerning
measurements with polarized beams, and most of all much work is
necessary to convince ourselves that stable operation of the
machine with polarized beams and decent luminosity is more than a
dream. The theoretical and experimental cleanliness of <the
polarization asymmetries and their sensitivity +to physics beyond
our energy scale make this work highly moptivating.

7. CONCLUSION

Precision measurements, albeit difficult, are appealing if
they produce fundamental results: the power of a combined
measurement By, Ty, and ALR’ with the above-mentioned precision, 1is
emphasized in Fig. 13. The order of magnitude of the Higgs mass and
the top quark mess, if it is not known then, would be severely
constrained. The existence of physics beyond the SEM, such as 2'
[{33]), charged Higgs [34], supersymmetric particles [35], and
compositeness, would be likely to be visible or, in any case,
severely consgtrained. The additional information gained from
measurements of the individual weak couplings could be used to
disentangle the 'various origins 1f a discrepancy were *o be
observed [36].

Altogether a very large improvement aver existing measurements
should be obtained from LEP data.
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input parameters
o, G,, m, = 92GeV ,

L i 1 |
80.5 81.0 815 82.0
my (GeV)
Fig. 13 Combined measurement of. m,, my and ALR constraining both m

and My
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Charm_Llfetime Measurements
from TASSO*

Geoftrey E. Forden
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at
Stony Brook

Recant measurements by TASSO of the lifetimes of charmed masons is reviewec.
The iiletime reponed lor the D meson utilizes the entire data sample collecled. The

lifeume of the neutral charmed meson, 00, is from a subsample of the total data sei
Special empnases is given to the experimental procedures used.

The TASSO detector has taken a total of 140 pb-' since the
instillation of a gas vertex chamberi in the summer of 1983 and
the shut down of the PETRA e+e- accelerator in late 1986. Curing
that time it was used, in conjunction with the largs cylindrical
drift chambeér, tc measure the lifetimes of several long lived
particles. inc:uding the tau lepton, the charmed mesons, D° and
the Dg (formerly the F+ ), and the average lifetimes of bottom
hadrons. Over the same period the standard of a "high precision”
vertex chamber has changed substantially, to the pcint were all
modern detectors being built for the next generation of
accelerators will use silicon "micro-vertex™ chambers. These new
chambers will have totally different characteristics and hence
wiil require new analysis methods then those used at either PETRA
or PEP. This report should therefore be viewed as something of a
summary of the state of the art, at least as far as TASSO s
concerned, at the end of an era. The measurements by TASSC of the
lifetimes of both the DO and the Dg mesons are reviewed with
emphases on the experimental procedures used. The theoreticai
implications, important as they are, are only briefly mentioned at
the end of the paper. '

! DM. Binnie er al., Nucl. Inst. Meth, A228 (1985), 220
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The samples of both the DO and Dg used for measuring their
lifetimes were isolated by making use of decay modes whose
widths are limited by the available phase space at some point in
their decay chains. The neutral D® was tagged by restricting the
search to only those charmed mesons resulting from the decay
chain D'+ — DO n+: DO — K-z+. The mass difference between the
D'+ and the DC is only 14545 MeV, just greater than the mass of
the transition pion, as shown in Figure 1. The D9 signal was
isolated by using the standard technique of looking for the mass
difference between the vector and the iso-scaier states. The low
Q2 of this decay produces a sharp mass difference plot, shown in
Figure 2, and minimizes the dependence on the mass resolutions of
either state. This is technique may be used even in cases where
neither state is ccmpletely completely reconstructed, such as in
the case of D'+ —» DO n+; DO —» K-x+ (n0), where the z© is
undetected. This is the so-calied satellite state. A third DO decay
crain was atso used, D'+ — DO x+; DO - K-n+r-x+. The mass
ditference technique was important 10 this decay since the width
of the resolved mass peak increases as the number of final state
particles increases. The Dg analysis used the decay chain
Dg+—ont: 0+ K¥K-. In this case it is the phi mass width that is
umrited by the available phase space, with M(¢)=1019.5 MeV as
compared 987 MeV, twice the kaon mass.

The TASSO D° lifetime analysis reviewed! here used a data
sampie of 47 pb-1 taken at an average center of mass energy of
42.2 GeV. The decays were reconstructed using tracks that had at
least live digitalizations { out of a possible eight ) in the vertex
cnamber as well as being reconstructed in three dimensions in the
central drift chamber. All charged tracks for the D¢ decay were
required to form a vertex.?2 Since the transition pion originated in
the hadronic decay of the excited charm state it was not included
in the vertex. A sophisticated kinematic fitter? was then used, on
the totally charged final state decay modes, to constrain the mass

i D. Swrom, "Proc. XXM Inter. Conf. High Energy Pbys.", vol. 1 (1986), 806
2 D. H. Saxon, Nucl. Inst. Meth._234 (1985),- 258
3 G. E. Forden. Nucl. Inst. Meth. A248 (1986), 439



to the D° value. These ( improved ) tracks were then combined
with another track to reconstruct the D" and the mass difference
was calculated. A clean sampie of D9's was isclated by requiring
that the mass difference was less than 150 MeV. This sample
consists of 11 decays DO to K'n+, and twe each of the other
decays. No particle identification was used in this analysis since
that wouid severely limit the detector acceptance and has not
proved necessary. The final requirement was that the
raconstructed DP have

This final cut helps eliminate charmed mesans that have cascaded
down from bottorn hadron decays.

The Dg selection preceded in a similar tashion. Oppositely
charged tracks, which had at least four digitalizations in the
vertex chamber and reconstructed in three dimension in the large
drift chamber, were paired together and constrained to come from
the same ( three dimensional ) vertex. Their mass was caiculated
(assuming the kaon mass for both ) using the vertex constrained
tracks. A third track. assumed to be a pion, was combined with
these two if the phi candidate was within £15 MeV of the accepted
phi mass. A three dimensional vertex constraint was then applied
to this triplet of tracks and the two kaons were constrained to the
phi mass. The lone pion's track parameters were also improved by
this fit since the kinematic fitter that was used acted on all the
track parame:.:: for the ventex. The Dg candidate was accepted
for the lifetime study if the resulting mass for the tripiet was
within 40 MeV of the accepted Dg mass of 1970 MeV. provided xpg
2 0.6. A total of 14 Dg candidates were found using this method of
selection for the final data sample from 140 pb'1. The resulting
mass plot is shown in Figure 3. One of the curves represents the
fitted plot with the expected D+ — ¢n+ peak while the other curve
has no such contribution. .

The decay points of both the DO and the Dg were determined as -

by-products of the selection process as well as was the momentum
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{ and hence the bnast ) of the charmed meson. The lifeti 1e
measurement aiso needs an estimats of the procuction point. The
method for determining the decay lenuths for these measurements
was based on determining the most probabie production paint
within the beam spot. The the bsam spot is the envelop in the
plane perpendicular to the beam axis containing both beams, which
is usually described by two Gaussians along the "X° and "Y" axes.
These Gaussians are determined for each “run”, the period between
fills of the accelerator, by finding the average center of collisions
between beam particies and gas in the beam tube and the widths of
these distributions. The most probable decay length is then given
by :

- xo”tx»«yo “ty-om(xlya«ytx)

2 2
G”tl-lo“ytxtym“ty

Here ojj is the sum of the reconstructed error matrix and the peam
spot envelop, tj is the ( three dimensional ) direction cosine of the
charmed mason's momentur along the jt direction and x and y are
the reconstructed vertex coordinates.

It has often been suggested that the other particles present in
the event can be used to reconstruct the production point on an
event-by-event bacis. In practise this has proved difficult to do.
The error of a reconstructed vertex, along the general direction of
flight of severai tracks, gces roughly as (sinQ)-1 where 0 is the
opening angle of the tracks. The jets that charmed mesons are
produced in are, in general, collimated in the direction of the
charmed meso: and hence produce the largest error precisely in the
direction where the best accuracy is needed. There have been some
lifetime measuremants mac.- that combine the beam spot and the
tragmentation parucies presant- but these methods produce their
best etfects when an mpact parameter method is used to
cdetermine the litatimes.  Full tilization of these fragmention

1See for example D. J. Mellor, "A Measuremem of the Bottom Hadron Lifetimes
i e* ¢° Annihilations”™, Ph.D. Thesis (Oxford), RAL-036
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particles will have to wait untii the next generation of vertex
chambers.

The decay times of the individual charmed mesons in the
samples, see Figurs 4 fir the Ds and Figure 5 for the DO, were
determined using the most probable decay length, as caiculated
above, but the average lifetimes of the samples had to use a
maximum likelihood approach. The likelihood function took into
account the background probability of an event being a rangom
combination of fragmenation paricles, a real charmed meson
resulting from a cascading B decay, and a real primary charm
meson but of the wrong type ( eg. D* instead of a Dg.) Thre reiative
probabilities of these backgrounds have 1o be determined from
Monte Carlo studies but in general can be normalized to the data
through side bands. The overall background fraction for the Og
meason is 30%, as datermined by the side bands. This inciudes, for
example, 7% of the Dg candidates which are misidentified D+'s. as
determined by Monte Carlo.

The Monte Cario contains assumptions about the production and
decay of charmed ( and bottomed ) mesons which have been tuned
as well as possibie.! This was done by comparing other
distributions of the data, such as mean charged multiplicity etc.,
with the Monte Carlo. Individual parameters .in the Monte Carlo
were varied by amounts corresponding to their uncertainty and the
effects on the caiculated litetime were added in quadrature to
determine the Monte Carlo's contribution to the systematic error of
the measurements. The complete absence of the Cabibbo
suppressed D* —¢x* peak, for instance, changes the Dy tlifetime by
0.2x10-13 sec. and this was inciuded in the reported systematic
srror.

The largest contribution to the systematic error of these
liletime measurements was the uncertainty about the effective
resolution of the drift chamber system and the track
finding/fitting routines in the environment of a hadronic event.
This problem is exasterbated at TASSO by the large amount of
material between the vertex and the central drift chambers,

! M. Althoff, TASSO Collaboration, Z. Phys. C22 (1984), 307
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necessitating a scattering angle in the middle of each track. The
scattering between the two dritt chambers has the effect of
increasing the momentum dependency of the resolution function. In
addition, the high probability of tracks crossing over each other in
the vertex chamber reduces the number of digitalizations available
to each track and hence degrading the resuiting resolution. The
appropriate resolution to use in track and vertex fitting was
determined by observing the control samples for the different

charmed mesons.
In the case of the D's meson, track pairs whose mass is in the

range: 1.05 GeV < m(K+K-) < 1.15 GeV were used to construct false
phi candidates and then combined with assumed pions to create
controi Dg combinations. The acceptable D4 mass range was
increased to achieve a higher statistics sample. The same lifetime
algorithm as that used for the Dg was repeatedly applied to this
contro} sample assuming a series of vertex chamber resolution
values between 100 and 150 microns. This range around the
nominal value of 120 microns represents the limits where the
assumed resolution increases the width of the control sample's
lifetime distribution significantly. The average litetime of this
{arge statistics control sampie was not effected by the assumed
vertex chamber resolution. The limited Dg sample was effected
when the same range of resolutions was used in the algorithm
producing a contribution to the systematic uncertainty of
+0.7x10-13 sec. The dependence of the lifetime on this assumed
resolution was not a smoothly varying function, as was the case
for the control sample. instead, there were sudden small jumps
corresponding to individual digitalizations being deleted from
tracks during the track and vertex fitting algorithms. It was
determined from Monte Carlo studies that these discontinuities
disappear for large enough samples. It is also true that for a
targer hadronic sample the range of possible effective resolutions
could have been reduced significantly.

in concluding the experimental discussion, the lifetimes of the
charmed mesons, as measured by TASSO are, for the DO:
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1 ,=4220+08x 10" sec
i -14

ang for the Dg:
= § +36 13
= 5.7*_?_ s 0.9 x 10 sec.

The systematic errors shown have had the contributions from
uncertainties in background combinations and detector resolutions
added in quadrature.

It is, by now, ciear that the lifetime of the DO is about haif
that of the D¥. The naive spectator modei, where the light vaience
quark does not participate in the decay of the charmed mesc:. is
clearly wrong. The theoretical point of view has changed
substantially since the summer of 1985 when the announcement of
the observation! of DO —» ¢KC was interpreted as strong evidence
for the spectator quark being annihilated by the exchange of a W
boson. Now this particular decay is interpreted in terms of a
rescattering? of the mesons resulting from the weak decay of the
charmed quark. The litetime difference between the charged and
neutral charmed mesons is credited_to a destructive interference
between color states. The lifetime of the Dg meson will be a
further tool in studying weak decays in this mass range.
Confidence in our understanding of charm decays is very important
when these ideas are applied to the bottom meson systems, where
there have been recent observations® of substantial mixing in the
Bg®- (Bg®)pbar system.

I H. Albrecht er al., Argus Collaboration, DESY 85-048 (1985)
2 ). F. Donoghue, Phys. Rev._D33 (1986), 1516
3 H. Albrecht et al., Argus Collaboration, DESY 87.-029
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