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1. INTRODU!

ASPECTS OF EXPERIMENTAL HIGH TRANSVERSE MOMENTUM PHYSICS

* -
W.M. Geiat( )

Institut fiir Hochenergiephysik der Universitit Heidelberg,Fod.Rep.Germany
. Re

_ ABSTRACT

New results from experiments looking for large transverse momentum
processes in hadron interactions are discussed. Multiparticle final states
associated with a single high Pr particle show clear jet structure. -
Properties of these jets and inclusive single particle spectra indicate
that, in addition to valence quarks, gluons contribute substantially to
high Pr phenomena. Evidence for multijet production is briefly
presented. Data from calorimeter experiments, which aim at -a detection of

' h
i § b
Ly r'"\

the total jet emergy, do not show jet structure. .,” - aeti
’. o
{ L

3

e

~

(*) Now ar CEER Geneva, Switzerland.
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1. INTRCDUCTION

The goal of experiments dealing with high transverse momentum
phenomena is to probe the parton structure of hadrons by measurements of
Y purely hadronic final states. The relevant underlying processes are

assumed to be factorizable into four steps:

(a) The two incoming hadrons h are beams of free partons g carrying
fractions x of thé hadron momenta. The structure function q(x)

describes the distribution in x.

(b)_ Two partons, one from each hadron, undergo point-like (i.e. small

impact parameter, hence large transverse momentum) scattering.

{c) The two partons emerging from the Eollision at large angles to the
beam and opposite in azimuth carry colour and therefore fragment into
jets of hadrons roughly preserving the parton direction. Acgording to

. the fragmentation function D:(z) a fraction z of the parton's

momentum is tranaferred to a single hadron T.

(d) Most of the constituents of the incoming hadrons do not participate in
the interaction (spectator partons). They hadronize into two jets of
particles approximately collinear with the direction of the initial

state hadrons. ) -

The diasgrim below shows a short~hand motation used here for these
- processes and the expected coplanar 4=jet event structure in the scattering
plane (transverse momentum (pr) - rapidity (y) plane).

-

. V. - . -
R - - U . e e e e e e ae o e
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A first order QCD prediction based upon these ideas for the Lorentz
invariant inclusive cross section for the production of particles T at high

transverse momentum reads as follows [1]:
E g‘-’-('r) v fqu(xy, Q?)ga(x,, Q)dx,dx, SZ-1 o* (z, Q?)
P i dti z qy

: = J(qy, 92, %%, Dz) .
The scale~breaking structure functions q{x, Q?)(Q* = Bp%, B = 1...4) as
well as the fragmertation functions Dz(z, Q*) are derived .from deep
inelastic lepton & attering experiments [2]; the differential cross sections
dc/dti for the v ious QCD subprocesses contain the strong coupling
constant us(Q‘) and t is the four-momentum transfer at the parton lavel. As
an example con ribvtions of various subprocesses to high Pp ** production
are shown in fig. 1 [3]. Agreement of theory and data is reasonably good
for pp 2 5 GeV/c. Note the gluon contributions for pr € 5 GeV/ec.
Experimentally one finds for the range of very large Pp: E g% " pi’,
whereas E gg ~ p}‘ for pyp = 3 GeV/c. There is no unique theoretical
solution of the prcblem at Pp 5 GeV/c as yet. The most important

: quarks, f¥¥): gluons).

subprocesses are sketched below (
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Other subprocesses are not considered here because of lacking

experimental evidence.

One realizes the unique situation that gluons appear in the Born terms
on equal footing with quarks; especially the triple gluon vertex is a
crucial ingredient of QCD as a non—abelian gauge theory.

The aim of high Py experiments can now be rephrased by ssying that
one tries to disentangle the QCD subprocesses and to eventually contribute
to a determination of gluon properties and to s proof for the gluon

self-coupling. .

In the following a search for jet structure with calorimeter
experiments is discussed (sect. 2). A presentation of new measurements of
inclusive spectra and particle ratios (sect. 3), of toward jets (sect. 4)
and away side jets (sect. 5) as well as of the forward/backward spectator
jets (sect. 6) will show evidence for the various subprocesses expected.
In the latter section also the question of parton transverse momenta is
briefly discussed. First indications for multijet (3 5) production are

cbllected in sect. 7.

The intention is to convey an intuitive understanding of high Pr
physics. The interpretations given are simplified and await confirmation
from more detailed experimental and theoretical analyses. More details on

many aspects are collected in several recent reviews [4].

CALORIMETER EXPERIMENTS

Measuring-the differential cross section J{q,, Qs %%, Dz) for single
particle production at high py means recording only that fraction of jet
events where the triggering particle T carries most of the quark-jet's
momentum (e.g. z * 0.6 [5}]). This cross section is expected to be small
compared to the cross section J(q;, qa, %%, $(1 - z)) for observing the
total jet (i.e. parton) momentum: :

"
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do
J{q:» G2, 7> 8(1 = 2))
) Q15 92> gy >>1 [6] .

Hass azs 55 n: ()

This is called "trigger bias".

Calorimeter experiments try to overcome this trigger bias by detecting
the total energy of hadrons emitted into a solid angle of typically 1 or 2
sterad. As will be seen later (sect. 4) most of the jet energy is only
contained well within the calorimeter, if the jet points toward its
centre. Because of this problem of jet containment the interpretation of
the first calorimeter experiments {7] is nof unambiguous. Here omly the
latest results of the BKLMN Collaboration [8] are presented. The
experiment was performed with ¥ and p'b;ans of 300 GeV/c hitting a
hydrogen target. The farget was surrounded by a streamer chamber to
measure charged multiplicities and to recomstruct tracks. The special
feature of the experiment was the use of a segmented combined hadron/photon

calorimeter covering the. full azimth (8¢ = 23) for Iyl £ 0.75.

The idea of extending the azimuthal coverage to 23 was to minimize
possible containment problems; since, however, the rapidity range covered
is small, only those jet events are recorded #n which both high Py jets
are produced at the same polar angle of » 90* (sect. 5). This is why
present experiments of this type detect ou1§ a small number of all jet

events produced (calorimeter bias).

Fig. 2 shows preliminary results for the nominvariant cross sections
integrated over y and 4¢ as functions of the transverse momentums Zpr
deposited in a “single calorimeter arm” (8¢ = 2/2), in a "double arm” {(two
trigger arms of 44 = 23, 180° apart 'in ¢) and in the full calorimeter
(8¢ = 23)). Thé data are not corrected as yet for acceptance and energy

resolution.

The single arm data are cu-pliible with earlier results from oiher
experiments [7]. For Ipy = 2 (6) GeV/c the single arm cross section is
about 10{(2000) times larger than the inclusive particle yield (o(single
particle) = 3o(s*) + 20(X* + k) + 26(p) + 20(), [9]). A ratio much
larger than one is usually explained by the trigger bias.

given
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The cross section obtained from the two arm data is ever larger at
given Ip,! This is expected from production of two high pp jets and,.uore
generally, from momentum conservation. If 17.(12;:.r = Z,) is the cross
section for producing a multiparticle system (or jet) with Zpp in one arm
and a fraction r of I, is compensated by a multiparticle system in the'
other arm, a cross section a;(ZPT = Xy + rZ;) = 0;(%;) for depositing
(1+ r)I, > I, in two arms wust be found. Finally the 2s trigger yields a
much larger cross section than the two arm trigger at given zpr. This is
equivalent to the experimental finding (not showm) that the two arms, when
used for triggering, do not contain a large fraction of the energy detected
in the full calorimeter. This is in contrast to what one expects naively
from production of two high Py jets. The interesting fact is mow that
the discrepancy between the data and the 4 jet QCD Monte-Carlo
predictions(*) increases with larger azimuthal coverage. On the other
hand the data can be explained to a large extent as fluctuations of normal
inelastic events. These events wvere simulated by a cluster model
incorporating energy-momentum conservation and KNO-scaling. A preliminary
analysis shows also that about 1/3 of the measured energy is due to z'

[10] like in normal inelastic interactions.

The CCDHW Collaboration tried to reproduce these results using the SFM
detector with its nearly 4% detection capability for charged tracks.
Events with at least one reconstructable track were recorded at
¥s = 63 GeV; this sample of events corresponds to » 95X of the inelastic
cross section. Vertex tracks with |yl < .75 were used to simulate the
three calorimeter triggers. The resulting cross sections are shown in
fig. 3 [11] exhibiting slightly stronger tramsverse momentum dependencies
than the calorimeter results. The solid.line is obtained when correcting
for charged particle losses and assuming that 1/3 of the energy emitted

into the solid angle covered is due to undetectable x°.

A prelimipnary pl;narity analysis of the energy deposited in the
calorimeter (not shown, [8]) gives no evidence for jet structure in

agreement with the cluster model.

(*) 1t should.-be pointed out that a good simulation of spectator jets is
not trivial. ’
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Finally the average charged event multiplicity as measured with the

streamer chamber for i-p interactions is displayed in figr 4 as function of

:PT for 2r trigger data. Again one finds that the data {reaching

g, 25 = 3<nc

h> for Zpi > 8 GeV/c at V& = 24 GeV) can be reproduced by

the cluster model. The QCD model of constituent scattering predicts much

_ smaller charged multiplicities independent of tpT above 2 GeV/c. This is

easily explained on the basis of 4-jet structure:

<?ch(/s, Ipy)> = <nch(/; - ZEjet» + <nch(2Ejet)> .

]

N , [\ J

2 spectator jets 2 high Pr jets

B

Inserting multiplicities measured in e'e” interactioms [12] and keeping in

‘mind. that 2E.
je

¢ = Ipp for real jet events detected in the calorimeter one

roughly verifies the QCD prediction of fig. 4.

Since the QCD predictiom is not borne out by the calorimeter data it
is worthwhile noting that in 2 single particle experiment such a trend is
indeed observed. Fig. 5 shows the preliminary, uncorrected charged event

multiplicities as function of the transverse momentum of a single particle

emitted at a pola angle & = 52° in pp collisions at ¥& = 63 GeV [11]. The

losses of about 4o charged particles per event were checked to be

independent of T The relatively small values of <nch> and its

independence

o2 Pr actually support the simple 4-jet picture of hard

scattering processes; here of course the trigger jet consists of about two

particles only, such that <nch(ZEjet)> = 1/2 <nch(ZEjet)> + 2 and

E... = spp(trigger), .6 < a < .9, [5].

jet

This section can be summsrized by stating that there is no evidence

that present éalorineter experiments, which trigger on'multiparticlé
:yctels,‘yiela a substantial number of events with genuine jet structure.
The data are dominated by normal inelastic events with rather high
multiplicities. However; "absence of evidence is not evidence for absence'
{13]. To demonstrate the truth of this saying, a typical 4-jet event as
reconstructed in the SFM by the CCDHW Collaboration is shown in fig. 6

together with a schematic top view of the wire planes.
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The eventual contribution of future calorimeter experiments to high
Py jet physics, 2venx at ISR or collider energies, depends on a delicate
balance of jet opening angle, solid angle of the calorimeter; production of
central particles uncorrelated with two high Py jets and the unknown
relative energy dependence of high Pp jet production and of topologicaL

cross sections (e.g. for g - 3<nch>)°

INCLUSIVE SPECTRA AND PARTICLE RATIOS

Measurements of inclusive high Pr r® gpectra at § = 90° performed at
the ISR [14} provided first evidence for hard scattering mechanisms. Since
then experimental efforts were mainly concentrated on spectra of particles
at 90°. New preliminary results for Cerenkov identified pion production at
6 = 50°-54° were obtained by the CCDHW Collaboration [11] with the SFM
(fig. 7). The cross sections vere measured over about 7 orders of
magnitude from Pp = 3 GeV/c up to = 11.5 GeV/c. For comparison a
*® spectrum from the CCOR Collaboration [15] is alsc given. All spectra
show a flattening toward larger transverse momenta.

Some of the reasons to perforn a high Pr experiment by triggering at

"forvard angles are:

(a) A measurement of the 6-dependence of particle production at high
‘transverse momentum puts constraints on models describing hard
subprocesaes: fig. 7 shows e.g. that the ratio o¢(pp + »°X,
© = 90°)/o(pp + tt, ¢ = 52°) gets larger with increasing Pt Such a

trend was already found earlier [16].

(b) High p; experiments try to probe the valence quark structure of the
colliding hadrons. The diagram below [17] shows the distribution in x
of partons contributing to the production of pions with fixed

transverse somenta:



A —— p, = 2 GeV/e 4 ———Pr=66evc
daN ~ aN
dx g=20° dx 9-90°

It is clear that at 8 = 90" only for p; 3 6 GeV/c mesons are due to
partons from the valence regior’i (x 2 «3). On the other hand at a trigger
angle of 20° mainly valence partons are involved in the hard process even
for Pp = 2 GeV/c. This indicates that probing the valence quark region
requires either very high transverse momenta at 8 = 90° (however,
do/dp,y (pl. = 6 GeV/e) = do/dpy (1:.r = 2 GeV/e) * 10°* at 6 = 90° and
¥s = 63 GeV) or smaller polar angles for the lower Ry Tange (here, do/dpy

(8 = 20°) = du/dpr(90°) * 0.5 at pp = 2 GeV/c and /s = 63 GeV!). Choosing
the latter configuration offers larger cross sections at lower transverse

momenta to study a given x range of constituents.

In fig. 8 preliminary results [11] show a rise with increasing
transverse momentum of the relative o and ¥ cross sections
("s* /5 -ratio"). The cross sections were measured at slightly different
polar angles, therefore these data need some further small vpward
corrections. Since sinjle parcicle triggers carry most of the original
(valence). parton momentum {2z 3 -6_) and e.g. D:‘(z) >> D;Iz) fo.r z> .6

[1], a naive prediction for the i ratio is

F=== do
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Py = 6 GeVv/c
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using D:+(z) = D;-(z). This ratio is also expected to rise with Prs

since u(x)/d(x) ~ (1 - x)-? [18] rises with x and since Pr and <x> are
closely related {diagram p.17). The experimental ratio is, however, smaller
than 2 for Py <8 GeV/c not in ag;eemght with the simple ansatz. A way out
is to assume a substantial contributjon of gluons (see glso fig. 1) to pien

production at lower Py:

+ .,
£ 3glx), q(x), & =, n >+ 3(u(x), qlx), %2 >, o9
=

) + J(d(x) q{x)

¥
’

do
J(g(x), q(x) » 300 P4

1 dt!

Now the ratio turns out to be much smaller than 2 at intermediate Pr due
ses (* -

to the additional gluon terms )- It increases at larger values of the

transverse momentum due to the dominance of the u- and d-quark terms, i.e.

it approaches the values predicted by the previous relation.

Fig. 9 shows the fraction of ' among negative secondaries as function
of Pp+ Since p~production is negligible in this kinematic range (197 and
assuming that all K (= s3) are due to gluon fragmentation, one has

From a dominance of gluon terms and from DK-(z) = 1/2 D'(z) {31 one expects
(s /negatives) < 1 at Pr £ 4 GeV/c, Hhereas the d-quark terms are supposed
to dominate at higher values of Pr yvielding an asymptotic value of
(* /negatives) = 1. This is in good agreement with the data.

\

The argument that e.g. a s at large pp is predominantly due to a
fragmenting u-quark holds, of course, only if vector mesons like 0, w «..
4o not contribute significantly to pion production at large transverse
momenta via the chain :}0 (W {:: . Even if one find relatively large
values for the relative ¥ and vector meson cross sections, e.g. «*/x°® = 0.8

f20] at Py 2 5 GeV/c, only about 3-5Z of the particles at a given value

(*) Sea (anti)-quarks vould also give a ratio of about 1; their
contribution should be small, since they contribute only little to the
structure function for x 2 0.3 [2].

do ¥ *
- ] - _ [3(glx), qfx), ) Dg ) + Ja(x), qix), 5= dt D, 2
negatives Ter ~ K-
S W EYEIIPIE - X Dy »+3(d(x) ,qtx) S2,D] "*"""‘”""‘"e:’ e

)
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of transverse momentum are due to vector meson decay. This is a reflection
of sort of a trigger bias: only in rare very asymmetric vector-meson

decays most of the resonance momentum is transferred to a single particle.

Apart from that, resonance production at high Pp is interesting in
itself since it may lead to & determination of fragmentation functions of
quarks and gluons into resonances. Good data on this subject are rather

scarce so far.

“

An important prediction of QCD is the existence of single photon
production at high Pr wmainly due to th® process ug + yu:

e
—

A precise measurewent of the cross scction would bear on a detailed
knowledge of the gluon structure fun:tiom. Ul;fortumtely the experiments
are difficult due to the abundance of backgrornd from x*, n and n'

decays.

Some measurements of vy/x® as obtained by the A®BC Collaboration [21]
' are displayed in fig. 10; these ratios are larger than the CCOR findings
[22). From the equation’

Iglx), uwlx), Sy, 601 - 20

x* do 'Y
J{(q(x}, q(x),\-a-i- (:'), l)‘l (z))

one concludes that the small value of v/7° at small Pr is a teflec:tion of
the gatio aQ“Iq . (‘a’%('r) ~ angpe, and g%(‘l'.) ~ c:). Thg increase with

Py ?f v/*® indicates that the ¥*® is due to parton fragmentation °

(D; (2)) wvhereas the photon carries all the energy (8(1 - z)) transferred
at the upper vertex in the above diagram. In other words: the increase

with py of v/x* is a measure of the trigger bias (sect. 2).
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The diagram above implies, that single photons are not frequently
accompanied close in phase space by other particles and that most of the
avay jets should be due to u~-quarks {y couple to electric charges).

First experimental results are cowpatible with this picture [23].

4. TOWARD JETS

Additional particles alongside the trigger (toward jet) and the .
trigger particic are supposed to originate frowm the same parton. Fig. 11
shows the normalized raﬁidity.distributions for particles with Pr > 1 GeV/c
emitted into an azimuthal wedge of * 25° around the direction (¢ = 0) of
x* and K triggers with Pr > 4 GeV/c and pp > 6 GeV/c [11]. The main
features of these data, obtained by the CCDHW Collaboration, are the following:
(a) There is a strong enhancement above the inclusive yield. This is

taken as a proof for jet structure.

(b) Thé distributions are centred at the trigger rapidity. This is
expected, if the trigger momentum is neariy identical to the jet axis
due to the trigger bias. The width of the distribution is consistent

" with an average transverse momentum of »~ 400 to 500 MeV/c of the jet

fragments relative to the jet axis.

(c) The ratio of negative to positive charges carried by the jet fragments
(excluding the trigger particle) is about 1.6 for oy triggers, as
expected qualitatively from u-quark fragmentation:

2%§§¢}1‘
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It is easier to produce a particle with negative (opposite) charge than
with positive (equal) charge close in phase space to the positive trigger
particle. It was already wmentioned that vector mesons decays can be

neglected, therefore they cannot be made responsible for this charge

asymmetry.

In fig. 11(b) the chlrée ratio for K triggers is equal to 3, larger
than the corresponding ratio for 1r+ triggers. This means that the sum of
the charges of the ¥ and the second fastest particle in the jet is more
often neutral than for «* triggers, suggesting that g are fragments of
neutral parton, i.e. gluons. A pictorial repéeaeutltion of this’

explanation is given below:

v

The diagram also suggests that X° ghould frequently be produced in the
toward jet. Actually, preliminery results based upon reconstructed K:
[11] show that the yield of Kz correlated with X tuiggers is about

a factor 2 higher than the corresponding value for triggering ¥ . This
is certainly very indicative of gluons dominating high Pr K production.

Most of the previous high Py experiments gave evidence for toward
jets [4]. The recent experiment performed by the CCBHW Collaboration
allows now for. the first time to amalyze i:n detgil the quantum number
-(charge, strangeness ani bafyon number) content and phase space structure
of toward jets for different triggering particles (‘lt, ) at wvery high
transverse moments. Gluon effects have alresdy shown up. It should be
possible to deteraine lquntintively the relative contributions of various
partons from the valence region toc jet production. Also an experimeatal
evaluation of the trigger bias, predicted to be pp dependent (5], seems .
to become feasible.
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5. AWAY JETS
AWAY JETS

In the hard-scattering picture a second jet of parton fragments (away
jet) should emerge from the parton-parton collision at large angles to the
beam axis and at opposite azimuth (0 = 180°) to the trigger particle
(e = 0°). Avny jets have been found in most of the previous experiments
and it has been shown that the effects seen are not just a consequence of

_momentum conservation [4]. One ex;mple of recent results on away jets
obtained by the CCDHW Collaboration is given in fig. 12 for . triggers at

® = 50°. It shows the normalized rapidity distributions of secondaries with
Py > 1 GeV/c at ¢ = 180" % 25° for two values of the x" transverse

momentum. The dominant characteristics of the data are:

(a) A strong excess of particles above the imclusive yield. This is

- considered as a proof for jet structure.

(b) The distribution is wider (FWHM > 2.0 unit of rapidity) than that
for the toward jets. This can be explained by a 6 dependence for,
away jet production such that the observed distribution is a
superposition of narrow structures similar-to those given in fig. 1l1.
It should be mentioned here that so far calorimeter experiments were

only sensitive to away jet fragments with iyl < 1.

{c) Forx' triggers with transverse momenta above & GeV/c the ratio of
- charges carried by away jet fragments is different for the two
rapidity hemispheres: y < 0: positive charge/negative charge
* 1.35; y > 0: positive charge/negative charge * 1.0. This

trend can be understood from the diagram below:
T T
q /////' 9 /////'
OSSP —

s
) 9

/__<—“-‘

It illustrates that the quark-quark rest system coincides on the
average with the proton~proton centre of mass system; therefore one finds

the trigger particle and. the away jet predominantly in opposite rapidity
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»

hemispheres ("back-to-back"). In case of gluon—guaik scattering the
gluon—quark rest system moves along the quark line of flight. Triggering

on a valence quark fragment (here t+) one should find the away jet (due
to a gluon) mainly in the rapidity hemisphere of the trigger particle

This holds if the gluon structure function has a
In this case

(back-to-antiback).
stronger x dependence than the quark structure functions [1].
one expects for the back-to-back configuration more positive than negative

charges in the away jet, since there are more valence u-quarks than valence
d-quarks in a proton. For the back-to-antiback situation there is an equal

amount of both charges from gluon fragmentation ‘.

These subprocesses {(qg + q8, qq + qq) cannot easily be disentangled
when triggering on particles at 6 = 90° because of the polar angle symmetry

of all away jets.

Further support of the above picture comes from fig. 13 which shows
distributions of X, = (;T (away jet fragm.) * ;T(trigger))ll;T(triggér)|,
i.e. the fraction of the trigger's transverse momentum compensated by an
away jet fragment. Asymptotically, foy ;T(trigger) = Er(toward jet) =
;T (away jet), xp is equivalent to z (sect. 1) thus xp distributions are
closely related to fragmentation functions Dh(z). In fig. 13 the xg
distribution for particles with y > 0 and ¢ * 180° * 25° (back-to-antiback)
in events with %' triggers with Pr > 4 GeV/c is steeper than the
corresponding distribution for y < 0, as expected from giuon
fragmentation and quark fragmentation, respectively.

If both quarks and giuons fragment via different processes
(D:(z) # D:(z)) into away jets with relative contributions which ‘depend on
the transverse momentum of the triggering particle, it -is difficult to
understand the experimental indications for x;-scaling {4), i.e. the
independence of duldxz, summed bDver both ?apidity hemispheres, of the

transverse momentum of the trigger and of vs.

(*) This is also true for sea (anti)-quarks.

(**) This is not expected fron sea (amti)-quarks!
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Further analyses of quantum number content and event structure of away

jets are expected to add valuable information, especially on gluon

-properties. In the CCDHW experiment it is possible to identify a fraction

of away jet particles by either a time-of-flight method (»/K/p
separation) or by reconstruction of decays of short lived particles or by

means of & liquid argon calorimeter (»® detection). Work along these

.. lines is in progress.

-

SPECTATOR JETS

The spectator jets (see diagram on p.11) are due to hadronization of
the constituents not affected by the hard parton—parton interaction. If,
e.g. a high Pp - is detécted in pp collisions and which is a fragment of a
scattered valence u-quark, a ud system remains "untouched". The ud
fragments are emitted into the rapidity hemisphere of the high Py ﬂ+, when
triggering off 90°. The diagram below shows that there is no net

correlation between a trigger particle at 90° and the spectator systems:

o
4

Among the ud fragwents the same number of r+ and = should be found, but
not many 2" (= ). AT trigger signals that a remaining uu system
fiagments producing minly' x', little s and a substantial number of

At {17,24). " The experimental results obtained so far [24,25) can be
summarized by stating coupatibilit§ with the simple picture outline above.
Correlation studies of this type Eequire a forward spectrometer cpvering

¥ > 3.0. -This is vhy up to now only a few experiments were able to measure

these correlations.
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Measurements of spectator fragments are pot only useful to gain a more
complete picture if QCD subprocesses, they algo yield insight into di-quark
framgentation processes, like

ud + 1+. 1-, K+, K, p, A or uu- 1+, K+, P a7 .
More work in this field is mecessary, also with different besm particles,
as well as a comparison with target fragmentatiom in deep inelastic lepton
scattering and with spectator fragmentation in Drell~Yan processes {25].
One diffiéul—ty has to be m;ioned here: The total diquark energy fsqq
and its fractional momentum x‘m has to be known in order to determine the
diquark framentngion function D:q(zqq). Since even for a fixed value of
the transverse momentum of the trigger particle the fractional momenta x of
both active partons are not uniquely defined (diagram p.17), 'z‘qq is not
known exactly for a given event, either. Thus the extraction of diquark
fragmentation functions require detailed Monte-Carlo calculations.

A different type of spectator studies deals with the transverse motion
of partons (see also sect. 7) which is due to their binding inside the
proton and to gluon bremsstrahlung. Triggering on a sing}e particle at
high transverse momentum means selecting preferentially those
configurations in which the transverse momenta ke of the active- pirtom

point toward the trigger:

T

Hence the spectator jets recoil causing asymmetries in both the polar angle
and azimuthal distridutioms of jet fragments. A study of this effect by
the CCHK Collaboration [27] gave evidence for the first time for rather
large values of ky. It was also shown that large parton transverse
mowenta can make experimental and theorstical inclusive spectra

(fig. 1) agree for py § 4 Gev/c {27].
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The most recent measurements of uymet}:ic distributions from
spectator fragments (protons of x > 0.4) are showm in fig. 14 for trigger
pions at & = 30° with transverse somenta up to 5 GeV/c produced in pp
collisions at /3 = 63 GeV [28}. The iﬁcrease of the asymmetries observed
at larger transverse momenta of the triggering particles is expected from
stronger gluon radiation of more energetic partons. Equivalent results

were reported in ref. [29].

One extention of jet studies is obvious: double high Py experiments

as given in the diagram below:

T=w+ / T=m+ /'T=7T+
'40 RN SE— — e U
 — SR M- =4
3 I
Y g / u U @y
d——— u:—7—__7‘—: h ﬁ
~ d
rt "

‘'By varying the identity of the two high transverse momentum particles and
their relative configuration (back-to-back or back-to-antiback) the
contribution of various parton—parton subprocesses can be enhanced. To
fully exploit this method a simultaneous analysis of all 4 jets is

desireable.

MULTIJETS?

Leaving the safer ground of 4-jet physics one might now venture into
the question of multijet (2 5) production in high pp reactions. Theoretical
estimates suggest {30] that these processes may occur more frequently than
3-jet production in e'e” apninilstions.

. The first experi-entallindicu:ion for these processes is due to the CS
Collaboration [31]. Fig. 15 shows the spectrus of particles produced at
4 = 90° * 15° in sssociation with triggering v’ at ¢ = 0° and pr > 5 GeV/e
normaliged to the inclusive spectrum. The inclusive spectrum is not
proportiosal to e YPT which is taken as evidence for hard processes.

Since two spectra exhibit the same shape, also the spectrum at ¢ = 30°
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could include contributions from hard s;:lt:ering by the same arguments.
Fig. 16 shows the average value pf ;he' transverse momentum component Pout
perpendicular to the scattering plane as function of xg for opposite side
#* in events with a triggering ¥® at large transverse momentum. The
experiment was performed by the A?BC Collaboration. The relevant '

- quantitiés are defined in the diagram:

. ¢-plane

toward pt away jet
The magnitude of Pout reflects effects of parton transverse momenta

kp which cause an acoplanarity of the two high Pr jets and of the
transverse momenta jr of jet fragments relative to the jet axis:

<p? <jt> 2> + <52>
Poue” = <Ip> + Sk * <ip?)

The sudden increase of <ky,> from » 1.0 GeV/c (dashed lines) to

<k,r> % 1.7 GeV/c for the largest values of the transverse momentum of the
triggering ** could be evidence for an apparent broadening of the away
jet due to emission of 2 gluon jet along the away jet.

The most recent hint for multijet production comes from a cluster
analysis [32] of CCOR data; «° with pp > 6 GeV/c were used for triggering.
It is claimed that about 30T of all events contain a third jet with
<nch> ~ 3, tota]: transverse momentun of &~ 2.2 GeV/c and which are confined
by the the detector acceptance to |yl < .7. They mainly populate the ¢
hemisphere of the away jet and can only be distinguished from the away jet

if they are separated by} 0.7 rad.” The field of multijet searches in
high pp reactions is still in its infancy. It seems to be worthwhile to -
‘pursue it with more effort, making use of detectors which cover large solid
angles. It is also important to have a precise Qo-entu determination for
"the few particles which are responsible for the effects mentioned above.

T .
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~

8. SUMMARY AND CONCLUSIONS = .

1t was tried to give a simple but comprehensive review of recent
experimental activities in‘:he field of high transverse momentum phénomena.

Results on ratios of single particle cross sctions, on charge ratios
from toward and away jets and on the momentum distribution in away jets.
‘are consistent with a strong contribution of gluons, in addition to valence

quarks, to hard processes. —

More detailed analyses of momentum structure and quantum number
content of 4—jet events, especially from double high Py experiments,
should yield rich information on parton—parton subprocesses in the very
near future. One hopes to find direct experimental evidence for the
three—-gluon vertex and to determine gluon properties. v

Quantum number correlations have the advantage of not being subject to
energy-momentum conservation. A fairly complete investigation of quantum
number effects require substantial particle identification and detectors

covering large solid angles.
AY

' More experimental effort should be devoted to triggering on single
particles at forward angles; symmetrical configurations contain less

information.

. It was demonstrated that in single particle high Pr experiments the
so—called trigger bias helps to "tag" special QCD subprocesses and to

eventually study diquark fragmentation.

The trigger bias is to some extent avoided by calorz':-e:er
experiments. Present experiments of this type suffer from serious signal
{jet)-to-background problems. One way out may be offered by higher
energies vhere the jet yield at very large transverse momentum should be

much larger [33].
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The success in the field of high Py ph.ysicn of future calorimeter
experiments depends on the unknown relative energy dependence of jet cross
section, jet opening angle and of topological cross sections for
very large charged multiplicities (o, % 3Fng2).

But already at ISR energies s number of interesting new guestions in
addition to those discussed gbove deserve further considerstion. To list
just a few subjects: multijet prpduction, high py (anti)-baryon
production, nuclear effects at large transverse momentum.

So, after nearly 10 years of high Py physics at the ISR, there
remains a rich field for further and more ambitious experimentation. i

-
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FIGURE CAPTIONS

Fig. 1

Fig. 2

Fig. 3

Fig. &
Fig. 5

Fig. 6

Fig. 7

Invariant »° cross section as function of Pri @ theoretical
calculation of various QCD subprocesses is given in addition to

the experimental data (see [3]).,

Non-invariant cross sections’ integrated over Iyl £ .75 and 44

as obtained by the BKLMN Collaborggion as function of the total
transverse momentum Ipy deposited'in the sectors of the
calorimeter used for 3 different triggering modes. Model
predictions are slso given. ,

Preliminary non~invariant cross sections integrated over

lyl < .75 and 8¢ for the production of charged particles as
function of their total transverse momentum Ipp contained in
the various $~regions indicated. For A¢ = 2x the solid

line includes corrections for charged particle losses and for an

assumed 332 contribution of neutrals to the energy produced.

Total charged event multiplicity as function of Zp; deposited in

the full calorimeter and model predictionms. -,
Uncorrected charged event multiplicities as function of the

transverse momentum of a single particle emitted at & ~ (52 % 2)°.

A 4~jet event as reconstructed in the SFM and projgcted onto the
scattering plane. It is superimposed on a schematic top view of

the wire chambers; the single particle trigger is labelled T.

Invariant r+ and v cross sections as function of Py for polar
angles & = 52°. =x* cross sections at & = 90° from the CCOR

Collaboration are also given.

\

. . = .
Preliminary * /¥ ratio measured by the CCDHW Collaboration as

function of Pr for & =.52° and ¥ =" 63 GeV/c.

Praction of v among negative secondaries as function—of Py for
¢ = 54° gnd V3 = 63 GeV/c.
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FIGURE CAPTIONS (Cont'd)

Fig. 10 y/#°® ratio as function of Pr 23 measured by the A?BC

Fig. 11

Fig. 12

Fig. 13

Fig. 14

Fig. 15

Fig. 16

Collaboration at’ three ISR energies.

Preliminary, normalized rapidity distributions for secondariéa

with pp > 1 GeV/c emitted into a ¢ wedge of $25° around the
trigger direction for triggering »" (11€a)) and ¥~ (11(b)) with
transverse momenta above 4 GeV/c and 6 GeV/c. The rapidity of
the trigger particle is indicated; dashed lines correspond to

inclusive distributions. Charge ratios are also given.

Preliminary, normalized rapidity distributions for secondaries.
with Pr > 1 GeV/c in a ¢ wedge of t 252 around 1B80* for

triggering o at ¢ = 0° and with.transverse momenta above 4 GeV/c

and 6 GeV/c. The rapidity of the triggering x is indicated; dotted

lines correspond to inclusive distributions. Charge ratios are

also given.

Prelimipary distributions of the quantity xp defined in the

text obtained from secondaries with y < 0 and y > 0 in events with

s triggers at y > 0 and with Pr >4 GeV/e.

Distributions in azimuth 8¢ relative to the azimuth of the
trigger from secondaries associated with triggering x at
& = 30° and /3 = 63 GeV. (a) py (x") < 0.5 Gev/e;

(») pT('.) > 1 GeV/e; (e) pr(t+) > 2 Ge¥lc.

Cross section for particles produced a%t 90° in events triggered

by a x® with Pp > 6 GeV/c at e = 0 (/s = 63 GCeV?
norualized to the inclusive cross section as function of Pp-

Average trumsverse momeatum component perpendicular te the
scattering plane versus x; for ** associated with triggering
v' at vg = 63 GeV/c for various tramsverse momesta of the
triggering =, Dashad and dotted lines correspond to model
predictions based upon two Gaussisn widths asswmed for the *y

distributiom: <kr>" CCTp] "ﬁ
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EXPERIMENTXL REVIEW OF SOME PREDICTIONS OF THE o to coli
: A problen

DRELL YAN MODEL IN HADROPRODUCTION OF DIMUONS N /
reported by G. BURGUN T. Yan
Département de Physigue des Particules Elémentaires : dron-ha

CEN-Saclay, 91191 Gif sur Yvette Cedex, France

The con
-q;
I - INTRODUCTION .
During the past 10 years, the analysis of dimuons produced in - de seed
collisions between incident hadrons and nuclear targets have shed much light At thi 4 muc
is
on the knowledge of fundamental constituents of particles and on the mechanisms icula he m
calc
involved in their interactions. L
lisions
Several excellent recent papers have reported on the situation of q; 9, * ituat
hadroproduction of dileptons [ref. 1]. valence
that q
The first kind of experirments (the so called deep inelastic scattering astic
D.I.S. of leptons experiments) have reaclied part of this goal in probing nuclear probis
matter vith incident point-like particles (e, u, v). This type of probe enables orob
us to obtain a precise idea about the constitution of nucleons. Unfortunatly _fort
this kind of method cannot be used for unstable particles. In that case, the - casi
most natural and unique way is to look at hadron-hadron collisions. .
' - ) where :
incident
hadron & /
. ? \-——-——— OUTGOING PARTICLES G PA
Black Box
target
hadron

T ——— N AT
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One can hope that the study of the outgoing particles will allow us

N to collect information on the structure of incident and/or target particles. The

-\ 7 problem then is to know what happens in the black box.
\ . .

7 In 1970, in the frame work of the quark-parton model, S. Drell and
T. Yan [2) have proposed a model which describes the mechanism occuring in ha-
dron~hadron collisions. The graph corresponding to this model is :
The contents of the black box are : )

-q; - at (or c-;i - qt) annihilation into a virtual photon (i for incident,
t for target) ;
uced in - decay of the photon into two leptons of opposite charge.

d much light

:he mechanisms

At this stage, the interaction is purely electromagnetic. This graph allows to
calculate the inclusive cross section of lepton pair production in hadron col-
lisions. Besides the cross section is directly proportional to the number of

1tuation of q; at ’(ai q,) couples which can annihilate. Thus valence-valence, sea-sea and
valence-sea terms will contribute to the cross section. It should be noticed

that q and q have to be of the same flavour.

astic scattering

probing nuclear The differential cross—section is then given by the following formula

orobe enables dzo, 4mo? ; Q% = =
fortunatly - -3 Z [ £(x)) - gl(xy) + £1xp - gdxp) )
dx)dxy  3x)x38 T X)X
. case, the ) 1
. 4o -
vhere : » is the point-like electromagnetic annihilation cross—section
IX28 ot an equivalent energy of H‘:u;

°-% is the colour factor ;

. Qi .is the quark electric charge (% or %) 3

G PARTICLES ¢ x] and x, are the fraction of momentum taken by the quarks, respecti-

vely, in hadron h; or hadrom hy ;

£-
. -léfl is the probability for & quark to carry the fraction x of the
available enerzy va/2 ; .

» the sunmation runs over all quark flavours (in practice only u, d, s).
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At this point, some comments on the Drell-Yan formula can be made : .

a/ Rotice that f and g aré called the structure functions respectively of the
incident hadron hl and the target nucleon hy. One of the important reason to
study hadroproduction of dileptons is that the structure functions used in the
Drell-Yan formula are the same as those determined in D.I.S. of e, U and v
experiments. This fact allows a good cross-check of the same functions which
are obtained by two different methods. In that case, the space-like'Q2 varisble

in D.1.S. corresponds to the time-like Mﬁu.

b/ Another interesting aspect which can be derived from the Drell-Yan formula
if the following : if f and g are known, then due to the fact that no free

parameters exist in the formula, we are able to compute an absolute value for
the cross~section. On the other hand, if the cross-section is experimentally
measured and if g (structure function of the nucleon of the target) is known
(from D.I1.S. experiment for example), the Dreli-Yan formula enables us to de-

termine the structure function of unstable incident hadrons such as pioms or
kaons. 4

¢/ In the Drell-Yan model, the transverse momentum of lepton pairs is due only
to the transverse momentum of the quarks which amnihilate. Therefore, the di-

lepton transverse momentum is expected to be small and independent of the over~
all center of masse energy.
d) For different reactions, the relative yield of dileptons produced depends

on the quark content of interacting particles.

These brief qualitative comments on the Drell-Yan formula lead us

to the predictions of the model.

PREDICTIONS OF THE D-Y MODEL -

1. Nuclear effects

Due to the nature of the collisions (hard scattering), the quark-
antiquark annihilations are point-like interactions which is consistent with
the fact that quarks are dimensionless objects. Therefore no shadow effects of
nucleons in the target should occur as is the case in coherent processes. For
hard scattering processes of point like constituents, a linear dependence with'
the number of partons is expected, i.e. if the cross section is parametrised as
A% (vhere & is the atomic number of the target) o = ! is predicted by the Drell-
Yan no@el.

2. Scalin beh

The
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structure func-

dent of s and

3. Beam de end

The
g - q annihilar
(valence and se
composed of pro
be expected to
than for proton
The Drell-Yan I
yield of dilept

4. An ular dist

In ¢
wvhich was creat
polarisation it
the dilepton re

i the

‘n th

nich

ariab.

rouia

for
111y
own
. de~
or

only
di-

over

nde



f the
n to
in the
v
hich

ariable

rmula
-

> for
111y
soum
: de=

or

only
di-

over-

nds

us

rk-

ith

cs of
For
with’
‘ed as
Drell-

48

2. Scaling behaviour

The Drell-Yan formula should be written as :

2

17 Y4
= 1 H(z,, x,) (2)
3/ 1 *2
dMax 33 T X

d2c  8ma?

with : X = x;-x, M2 = X|X38
H(xl,xz) = product of beam x target structure functions.

This relation can be rewritten as :

%o
3 —— = CF (x), Xp) =CF (—, X) &Y
dMdx 8

where C is a dimensionless factor and F is called the scaling function. If the
structure functions do not depend on the M2 scale, F is expected to be indepen-

dent of 5 and to be only a function of the scaling variable vT = M//5.

3. Beam dependence

The Drell-Yan cross sectiom is directly related to the number of
q - q annihilations which could occur between projectile and target quarks
(valence and sea) having the same flavour. Due to the fact that targets are
composed of protons (u u d) and neutrons (d d u), the yield of dimuons will
be expected to be higher with imcident particles containing valence @ or d
than for protons, especially at high masses where valence quarks dominate.
The Drell-Yan formula allows us to make some predictions om the relative

yield of dileptons produced with various beam particles.

4. Angular distribution

In our case, dimuons are produced after the decay of a virtual photon
which was created by the amnihilation of two quarks of spin 1/2. A transverse
polarisation is then expected for the mons and their angular distribution in

the dilepton rest frame should be :

dN
« ]+ coszﬂ

d cosd
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vhere © ic Lihe polar angle of emission of a muon w:.th respect to the qq line These 1 :ici].:
of flight. T.he determination of this direction is complicated by the fact that . In G
the dimubn and hence the original qq system has a tr_nnsverne momentum. In order 2nd of
to approach this polarization axis, the lines of flight of the pion and of the
ptoéon are used. .
5. Absolute cross-section

. on (1)

Since no free parameter is needed in the general expression (1) for
the cross-section, then if the structure functions of incident and target par- ’ z.ar:::t
ticles are known, the Drell-Yan cross-section can be exactly computed. Proton— L.
proton and antiproton-proton collisions are well suited for testing this pre- Fhis P
diction.

To conclude this chapter, it is now clear that the study of hadro- D_f hadr
production of dileptons is a mine of information concerning the behaviour of : yiour ¢
fundamental constituents in collisions and it is thus the only way to determine 2. Some > deter
the structure functions of unstable particles.

‘ ‘o verse .
is much
III ~ DIFFICULTIES WITH THE DRELL~-YAN MODEL a dynami
: The hypo
1. Introduction of gluon effects . k.[ of co

The Drell-Yan model seems to be relevant for'describing hadrons (kf ise adrons
collisions, but infortunatly nature is much more complicated ! As soon as high on as h
statistics of dilepton dats became available, two main problems arose : which sh =:

i) The dimuon transverse momentum was found to be larger than expected : clearly the foli ed el

" in that case, the angular distributions-should be affected !

ii} The experimental dimuon cross section was found to be much larger than that where : ; than t
- computed in the Drell-Yan frame Awrk.

The problem arising with these experimental results is to_find the ' find &
origin of the discrepancy between experiment and the simple Dreil-Yan model. 'n Bodel
A solution is clearly that gluons do exist in nature and the Drell-Yan process ‘ on proc
is the lowest order diagram of the general QCD theory which itself is the leading ) s the lf
candidate for the theory of strong interactions [3]. Due to the fact that gluons calcul:n::x t!'nt £
are present in the particles, their emission or absorption are responsible for tems‘m nsible .

- new graphs vhich ressemble QED diagrams used for calculsting radiative corrections. ::“: 1:;: ive corn
s
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qq line These lowest order diagrams are :
fact that
m. In order

and of the
>’\/\Mﬂ<—> vertex correction graph

ann1h11at1on

granhs
These graphs allow

target par— transverse momentum
to be given to the

d. Proton- diruons.
l . I : Compton

this pre~ graphs

on (1) for

,of hadro-~

viour of .- s .
2. Some qualitative comments on dilepton transverse momentum

o determine .
The quark-parton model can be easily extended by assigning a trans-
verse momentum to the quarks. But the experiméntal results show that P}I.m
is much larger than expected and increases dramatically with s. In that case,
a dynamical explanation is then required and can be provided by QCD theory.
The hypothesis is that Pgu is the sum of the "primordial® transverse momentum
kT of constituents inside the hadrons and of terms arising from gluon effects

(kT is expected to be of the order of 300-400 MeV).

adrons
on as high In the QCD frame work [ref. 4] the amnihilation and Compton graphs
e 3 which should ailow the calculation of the Pgu distribution at large PT, give
ed : clearly ' the following prediction for the average value of Py :

’ . <P >=C+ as(uz).f(-r)./?
: than that where : * C is a constant, independent of the incident energy of the hadrons

which should be equal to the intrimsec transverse momentum.

* £(1) is a function of T, positive but mot monotonic, which has a

» £ind the

n model. maximun around vT ~ 0.3 - 0.4 and falls to OatT=20and T =1 [5].

an process . .

< the leading : A more general study has led Dokshitzer et al. [6] to perturbative

 that gluons calculations in the "leading logarithm approximation” taking into account all
terms in log (PZIHZ) The result of their work has been to find better agree~

nsible for uu
ment in the shape of the P digtribution with data than with the simple order

:ve corrections.
in u calculations.
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The presence of dileptons produced with large transverse momentum has

some effects on the angular distribution {7].
To conclude this chapter, we can summarize that which QCD theory
brings to the understanding of the dimuon data :
» It allows for large dilepton transverse momentum.
¢ It explains the change expected im the angular distributiom.

» It predicts a different value of the cross section than that of the naive
Drell-Yan model (See chsp. V.5).

* In addition, if higher-order graphs are included, scaling violation will be
generated (as observed in DIS of lepton experiments) due to gluon emission.

The consequence of these predictions is to replace the "naive" Drell-
Yan model which was proposed in the framework of the parton-quark model, by the
so-called "educated" Drell-Yan model developed within the QCD framework.

IV - SOME EXPERIMENTAL COMMENTS ON HADROPRODUCTION OF DIMUONS

1. Main experimental features

In a hadroproduction of dimuons experiment, we need only the inclusive
detection in the final state of two muons of opposite charge. We have to make
sure that the 2 muons are not decay products of T or K mesons. In addition, the
léptonu have to be produced "promptly"” (i.e. within ¢ 1013 sec.) in the primary
interaction: Due to the low cross-section of dilepton production‘. the use of
high intensity and high energy beams is strongly advised. Bur, in that case,
}t.agh multiplicity of secondary particles is expected. A good way to get rid of
this problem is then to perform a dump experiment in which secondary hadrons
are largely killed. But this experimental condition leads to a poor resolution
that can be achieved, due to the multiple scattering of particles in the dump
that crucialy affects the measurement of the momenta and angles of the muoms.

i Clearly a compromise has to be found between &1l these parameters in order to
get the best experimental conditions possible. Finslly the acceptance of the
apparatus should be as large as possible, especially for the study of the angular

distribution.
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2. Kinematical variables

From the measurements of the momentum of the muons, one can compute
the dimuon mass !ﬂm. The total energy v5 is known and the following relatioms

are derived :

H2 = X.X,8

HU 12

2 P.
w T _7§; I T

3

where 3 * PL is the longitudinal momentum of the dimuon in the total center of

nass energy system.

*x and x, are defined in chapter 1 (see relation (1)).

From the set of equations (3), one can calculate :
-1 A2 ars)
x, 2(+xw+ xu+4M§u/s

- ¥
2

Note that in the naive Drell-Yan model the P‘I of the dimuons is neglected.

3. Kinematical mass ra\nge

Three regions in mass are usefull for testing the Drell-Yan model.

i) o,w.¢fuuu<w. v

This region between the p, w, ¢ resonances and the ¥ family is pro-
blematic because other possible mechanisms than the Drell-Yar process are com—
petitive [ref. 1]. In addition there are some difficulties in separating the
Drell-Yan events from the arounding bumps due essentially to the poor experi-

.

mental resolution.

‘s v ¢ < .
i) ¥, ¥ Huu T family
These region is well suited for testing the Drell~Yan model and a

large amount of data is now avsilable.

sss 11y < <
iii) T family ”uu new bump ?
This third region would be very interesting in order tor test the
mass dependence of the structure functions but the data currently available

are statistically very limited.
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T P ,‘ T T TT T T T L l‘
w0 - " 1 i
.- CERN NA 3 i The figure 1] shows the mass spectrum of the V- EXPERI
- t . .
. #+ 200 GeVIc ! NA3 collaboration [8]. Between the J/¥ and T _—
| . " resonances, for masses from 4 GeV to 8.5 GeV, =
0% ®e Rt g~
v * I the large number of dimuons events for several
. & (k*xt e nmT)I2 : + +
. kinds of incident hadroms (r, X, p and p) at usuall
X | several energies allows a good analysis of the tatior
wr Drell-Yan model. In order to test the Drell-Yan tion °
DRELL-YAN 2
s Conts v ) process many other experiments have brought data in orc
- v . . .
% l , which have been reported in the table i. This cross
whop E table also gives the characteristic features of marize
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V- EXPERIMENTAL RESULTS

~ i

1. Nuclear dependence

Due to the low cross section of dimuon production, experimentalists
usually use heavy nuclear targets instead of hydrogen even though the interpre-
tation of data is much simpler with a hydrogen target. The measured cross sec—
tion "per nucleus" must then be converted into the cross section "per nucleon"
in order to be able to compare results on different high density targets. The
cross section is parametrised as A® where A is the atomic number. Table 2 sum—

marizes the results of o for several experiments.

- Table 2 -

Experiment | Targets Beam (GeV) Result Ref
proton .
CFS Pt,Be | 200-300-400 | 1.007+0.018+0.026 | [11]
cIp Cu,C,W T 225 1.12+0.05 [12]
NA3 Pt,Hy T 200 1.02+0.03 [18-19]
w200 0.95+0.04
(7 =7%) 200 1.03+0.05
T 150 1.00+0.02
T 280 1.00+0.02
NAIO . C,¥,Cu T 280 0.9740.02+0.02 | [17]

With the exception of the CIP result for o, all the results are
compatible with ¢ = 1 as expected by the Drell-Yan model. The 2.5 standard
deviation from | observed in the CIP result is directly connected to the
absolute normalisation factor K as discussed elsewhere [20]. Notice the
interesting result of the NA3 experiment concerning the r - n+) data.
Indeed, in that case, the possible contribution of hadronic processes to

. . . . . . s +
muon pair production discppears in the difference as it is the same for 7

and 7 .

Figures-2 and 3 show that no dependence of ¢ is observed with P%"

and nuu for incident protons at 400 GeV.
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and xp dependences have been observed in the

[19] at 150, 200 and 280 GeV on hydrogen and platinuum targets used simultane-

ously shows that the ratioc of the cross section is in good agreement with the
Drell-Yan prediction within a 10 % error which is mainly due to syétematics. Va-

riation of this ratio with the dimuon mass, x; and x3 is also in good agreement

and no variation with the transverse momentum is observed as shown in figure 4.
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2
If scaling invariance is assumed (see chap. II.2) u3 d—i’%{- should

i 2
be a function only of T = Esw (T is called the scaling variable).

Figure 5 shows the data of the CFS collaboration (protons at 200-300-

400 GeV). In figure 6, a comparison between the proton data at 400 GeV and di~

electron data at the ISR is presented. In the range of /7' (between 0.1 and 0.5)

the present data on-protons are consistent with the scaling prediction to within

the experimental accuracy of the measurements.

A T T 1 T
1L i .
L 3 crs 4 .
- [ ob protons 3
> " b T T T T T T Y 5 — - r —i
’§ o b . _ — PROTON INTERACTIONS .
E iresonance regions exc'ugec? i
e, < & 3 - i
o i ) i 2w -
L - s 7 s }
il L - % i
E <@ 2 107 -I
® 3 ER
~ r b ':l} 104 '!A ABCS 28 Gev __I
I D 0200 Gav § ] 3 1SRG . S3Ge i
L 4300 Gav - 2 o .. 630ev
x =9 i
b © 400 Gev 4‘: 1077 Fermiab % CFS 274 Gev ~
L } L — tit Ae=SVTy_ vy ¢
worb b A 1 10~ L 1 N 1 N 1 NI . ) J
K] .2 .3 A .5 C K] .2 N 3 K] .5
\id v7
Fig. 5 Fig. 6
-‘:.-! o G’k amionn) a1
“if ]
=% ) A comparison between the T data of the NA3
-]
e ;}' + experiment and the ) results [15) are presented
‘e i _I_ in fig, 7. Although the Q data seem to show a
* } small systematic deviation relative to the NA3
t * % data, this is not a clear manifestation of Q2
I dependence of the structure function as observed
in D.I1.S. of leptons. Indeed, we have to be very
‘1""' (ot i carefull in our conclusions because the scaling
v
§ e | (59 ’ violation should be of the order of magnitude of
$ e | . the systematical errors. However, the experimental
: v il problems such as normalisation between different
Y] B [ " %] ]

Fig. 7
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experiments and the small spen in the center of mass energy of presently available

data, are crucial considerations before one can draw any conclusions. The most chi
' : . s . is exp
conservative approach is to state that within present experimental accuracy (at for M
or
uu

the level of 20 I), the data support the scaling invariance prediction as expected

by the naive Drell-Yan model.

J AL L 1 7 ) M
RATIO OF DIMUON YIELDS 3. Beam dependence
i e-’;uu.v(cwlcn) ;
. . p The Drell~Yan formule (1) shows that the
v frrurem) 7 7 differential cross section is directly propor-
R # / - tional to all possible g~g arrangements between
! // : projectile and targets constituents of the same
L /’ - £flavour. The vield of dileptons produced should
wk ,// i i be different because the quark contents of the
e incident hadrons are different.
L L7 i -
X - ] Figure 8 shows the ratio of dimuons pro-
| # 1 duced by 7" 's and p's at 225 GeV. This ratio is
in rather good agreement with a prediction The err
1 : * : ' : ’ :o ) [ref. la] given by a maive quark counting rule results
Wy l02V) . and represented by the dashed line. model.
Fig. &
4. An ul
T T T
THE" 200 Qevie - The 1"/ ratio is shown of 2 qua
Bhau DErRusence NA 3 in figure 9 provided by the NA3 distri
istribu
L - . collaboration. This ratio de-
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§ The T region clearly shovws a B of the
different behaviour which con-
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PY R not due only to. quark fusion T be det
N a8 processes. The Drell-Yan predic-
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Because of the several different incident particles available to NA3,
this experiment has measured some ratios of dimuon yields summarized in the table 3

for Huu masses between 4.1 and 8.5 GeV on a platinuum target at 200 GeV :

- Iable 3 -

s

Ratio Valence quark Naive Experimental
contents prediction result

R /T L4 1 0.98 + 0.1
ud -

BT Jud n 1 1.07 + 0.2
Gd =

i u 0.4 - 0.5 0.51 + 0.01 | .
ud i -

g/ = small 0.23 + 0.02

-~ ud ——
pii | 2 small 0.23 + 0.02

The errors quoted are mainly due to relative luminosity estimates. The experimental
results are in fairly good agreement with the naive predictions of the Drell-Yan

model.

4. Angular distribution

Due to the fact: that the virtual photon is produced in an annihilation
of 2 quarks of spin %, the y* should be transversaly polarized and the u angular

distribution can be written as follows :

« 1 + A cos’® with A = ] expected by the Drell-Yan model
dcos 8 |

vhere 0 is the angle between one u and the qq line of flight (f) in the c.m.s.

of the dimuon.

This definition is the source of an experimental problem : how can

T be determined ? ' ,
. if Pgu is 0, then T coincides with the beam axis

e if Pgu is not G, then L becomes more complicated. 1

Because experimentally Pgu is not equal to zero, ome must choose an L direction

and we present 3 possibilities (see figure 10). ‘
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In the case of 7p collisions :

i) L = 7 : we are in the t-chamnel
frame also called Gottfried-Jackson
{G~J) frame.

In that case, P.‘;u is given by the
target nucleon.

ii) FA -5 : this is the u-channel
frame and P'.l".m is given by the 7.
iii) T is the external bissectrice
between T and ; directions {Collins-

Soper frame (C-~S)). This is an inter-

mediate situation where I’.‘l.'lu is given

by the proton and the pion.

Figures 11 and 12 show the experimental data for incident 7's and

protons from NA3 and CHFMNP experiments respectively, presented in the C-S frame.

The data are in good agreement with A = 1 within the experimental accuracy.
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b) More accurate analysis_of the angular distribution

The general form of the angular distribution can be written :
W(6,8) = W (l+cos26) + W sin’8 + W, sin20cose + W, ,5in20c052¢
' : W UH

where the W's are functions of Muu, xF~ and PT .

Several models have been proposed. We will only mention 3 of them :

i) One pion exchange (OPE) model of K.V.L. Sarma [21]. The diagram is the following :
This graph gives rise to a sin’0 term in the
angular distribution. Qualitatively, a pola~
rization dependence with x; is predicted :

at small x, only transverse polarization is

present as expected by the Drell-Yan model,

while there appears a partial longitudinal

polarization at x, close to 1.

ii) A second model of gluon emission was proposed by J. Collins [ref. 22] in
which. the PT of the dimuon was provided by lst order QCD corrections of the

annihilation graphs (see chap. III.1).

3ii) C. Lam and Wu Ki Tung [ref. 23] assumed that P;u was due to the primordial

momentum of the guarks and predicted é terms for the angular distribution in the

C-S and G~J frames.

In summary, all these type of calculations give the following predic-
tions :
£ as 2 H2
-~ a longitudinal term of order PT/

- a $in® cosd term of order PT/H

a sinze cos2¢ term of order %-P%Iﬂz

The NA3 experiment has snalysed its data in the following way [ref. 19]. The

anguiar distribution is written as :

w6, = (1+cos20) + A sinZ6 + B 8in26 cos$ + C s8inZ® cos2¢

-2 -
where A is related to the previous A parameter by : A = —— . The parameters A,

A+l . .
B, C have been determined in the 3 different frames and we have studied their

PTIH dependence (for 0.4 < x, < 0.8 and 4.5 < H“u < 8.5 GeV).

El
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Figure 13 shows the P./M dependeice of A,

B anc C. Curves are sketched using a linear
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PI.IH.
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} in the u~channel frame.
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c) Bigher twist model of Berger and Brodsky

This model [ref. 24} is a specific model for the case of dimuon pro-
duction with incident pions at large x) (x) 2 0.7). The graphs are :

The corresponding cross section is then :
<'2>
2., , 4% 2 “kp>

dc = (l-x )2 (l+cos™2) + ¢ sin % « 2 {1-x,) sin2% cos:
| 72 3 Tu 1/ st
where : <k§> is the average of the square of the transverse momentum of the
quark.
— T T = The main ideas of this model are :
i) it vorks only for X) greater than 0.7 ;
(314
2 |- F=225 GeV - ii) the first term shows a structure funcrion
' of the - which behaves as (I-x,)” and 3
transverse polarization is expected :
iii) the second term predicts a 1nngitﬁéinal
polarization with the presence of a scale
1 =l =l — |- - = - breaking 'term (due to the 17w2 facztor) ;
iv) the third term shows the existence of an
o - interference term.
In order to test this model, a good
o - acceptance for x close to ! is needed.
A t-channel 2118 The figure 15 shows the result of the CIP
O Collins.Soper sxis A experiment for 7 at 225 GeV at Fermilab.
- .
The data are in good agreement with the
Berger and Brodsky model which corres-
-1 1 - | L 1 . . . .
by P " 6 ) 1 ponds to the solid line in the figure.
Xy

Fig. 15
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5. Absolute cross section

The Drell-Yan formula (1) allows us to compute the cross section for
dimuon production if the hadron structure functions are known. In proton-proton
oz antiproton-proton collisions, the check of the model is possible as, in that

case, the nucleon structure functions have been determined in DIS of leptons.

a) Proton-nucleon (wud) x (uud - ddu)

.

In that case, no valence-valence terms are present. Only valence-sea,
sea-valence and sea-sea terms contribute in the calculation of the cross section.

1f sea quark distributions are not well-known, the calculated cross section could

be wrong !

b) Antiprotun-nucleon {uud) x (uud - ddu)

Now, valence-valence terms are domimant, but the other terms still

do exist.

¢) (p - nucleon) - {(p - nucleon)

This is the best way to test the Drell-Yan prediction as, in that

‘case, only valence-valence terms remain.

However, it is very hard to obtain high intensity p beams.

From a sample of 275 P events at 150 GeV, the NA3 collaboration has
measured the (p - p) cross section and has compared the experimental result with
the prediction of the Drell-Yan model. The desagreement observed gave rise to

the now well~known K factor :

d%0 a2o
=K
dx; dx, exp dx] dxs D-Y

Many other experiments have now measured the X factor in several qxperinental

conditions. Table 4 summarizes the results :

Exp
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- Table 4 -

Exp Beam K Comments
NA3 (p~p) Pt 2.3+ 0.4 » Poor knowledge of the sea distribution
150 GeV cannot explain K as only valence-valence
terms are present. .
NA3 m Pt 2.4 + 0.4
i 200 GeVv
NA3 m Pt 2.2 + 0.3
200 Gev Nuclear dependence is excluded to explain
NA3 ™ He 2.4 + 0.4 || X factor. ‘
200 GeV
NA3 (ﬂ--ﬂ+) Pt 2.2 + 0.4 This result excludes explaining K as due
to contamination events like 7 decays ;
indeed such events cancel in the difference
as they act in the same way for 7% and 7.
NA3 p Pt . 2.2 + 0.4
200 GeV
NA3 p Pt 2.3 + 0.4
: 150 GeV
Q T W 2.45 + 0.42
40 GeV
Q t W 2.52 + 0.49
40 GeV
Q (m=1") 2.22 + 0.41
40 GeV
SIS1 T C 2.8 + 0.6
. 150 Gev
CFS PW L Y- T
200-400 GeVv
MRTW p Fe 1.6 + 0.3

In conclu:ion, K is of the order of 2 - 2.5. The errors quoted are mainly syste-

matic due to absolute normalisation problems.
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Origin of the K factor ?

ists
Calculations performed in the QCD framework by many theorists have Io
led to the following conclusions : :
. - A dep effe
- Scaling violation in DIS of leptons is a direct consequence of QCD effects. Beam d 2spor
In the leading log approximation, these same QCD effects should be responsible 5 work
c
for scaling violations in the structure function derived in the framework of
‘ the Drell-Yan model. ' A
- Calculations in Ist order of QCD (25) have shown that the-non leading log terms digrr
(NLL) give a large correction to the Drell-Yan cross section :
alJY,QCD,first order ~ K Bopy Abe
Cross snt 1
K is quasi constant and equal to 1.8 and is about the same for incident 7's or p's. i
a ks
The most important contribution to this K factor corresponds to the
vertex corrections shown in the graph :
] ¢ culate t"
s -
1 r ters
- In addition Parisi has conjectured [ref. 26] that all higher order terms of
- this kind can be exponentiated. 400 GeV o
eore
The agreement between the experimental K factor and the theoretical . £ b
vely, wit ot be
calculation to lst order of QCD seems satisfactory. But this might not be the 2 and
end of the story as higher order terms have still not been calculated and some or/a
crucial questions remain open : does the K factor depend of Huu’ P;'.“ or/and xuu ? better un
VI - CONCLUSIONS - collabora
+ Drel
In order to summarize the actual situation concerning the Drell-Yan »rksho
model, some assertions of T.M. Yan given at the last 1981 Morions Workshop on yielded
Lepton Pair Production at Les Arcs, are appropriate : of partic
which ar
PARTON MODEL = (QCD)*
and REAL WORLD .= PARTON MODEL + QCD CORRECTIONS A
tio
The comparison betwsen the experimental data on hadroproduction of 2ddi
N kind hos:

dimuons and the "naive” Drell-Yan model are presentsd im table 5. In ‘addition,
the predictions of the “educated” Drell-Yan modsl are also showm.
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- Table 5 -

) Tovics “Naive"” Dreli-Yan "Educated” Drell-Yan
ists have P model model
A dependence © 0.K. ’ . 0.K.
effects. .
. Beam dependence 0.K. 0.K.
=sponsible . . . . . )
Scaling O0.K. But ... « Violation is predicted but higher
work of ’ dilepton masses and more accurate
. . experiments are needed.
) Angular 0.K. But ... * Problem with high Py still not
ing log terms distribution resolved
¢ Shape of the distribution not clear
at x) close to 1.
Absolute No ! ¢ Theoretical calculation of K factor
cross section seems satisfactory but is it acci-
ent m's or p's. dental ? The question is still open
(higher orders).
nds to the
A clear success of the Drell-Yan model is that it allows us to cal-
culate the structure functions of unstable hadronms.
: The experimental situation for the future is the following :
terms of - NA3 will give results on the K dependence with their proton data at
400 GeV on platinuum targets (more than 50 000 events) in a few months.
-~ NA]O and MNTW are performing high statistic experiments, respecti-
heoretical . + - - .
vely, with *, 1 and protons. The data should soon be available.
ot be the
d and some -~ The new CIP collaboration has proposed a specific experiment for a
or/and 0 ? better understanding of the angular distribution at x; close to l.
- Finally, at the Fermilab tevatron a new experiment (CFS e;tended
collaboration) at high masses has been announced.
» Drell-Yan In conclusion, the study of‘hadyoproduction-of dileptons has already
irkshop on yielded many interesting results about the kmowledge of fundamental constituents
of particles and the future experimente will shed more light on the problems
which are still not clesrly resolved. )
s ACKROWLEDGMENT.
. I want to thank Professors A. Wreéblewski and R. Sosnowski fcr their
uction of

addition, kind hospitality during the Conference.



67

REFERENCES

1

[2]

{31

[4]

{51
6]

[73

{8]

9]

{10}

See for example :
a) G. Mathiae, CERN-EP/80-183 (9 Oct. 1980)
To be published in the Rivista del Nuovo Cimento ;

b) R. Stroynowski, SLAC-PUB-2650 (Nov. 1980)
To be published in Physics Reports ;

¢) L. Lyons, Oxford University, Ref. 80/80 ;

d) J. Bouciot, XVIith International School of Elementary Particle Physies,
Kupari-Dubrovnik (Oct. 2,3,4, 1980) LAL/B80-40 (Dec. 1980) ;

e) J. Lefrangois, International Conference on High Energy Physics, Madison,

Wise. USA 17-23 July 1980 (LAL80/30, Sept. 1980).
§.D. Drell and T.M. Yan, Phys. Rev. Letters 25 (1970) 316.

H.D. Politzer, Phys. Reports 14C ()974) 129 ;
A.J. Buras, Rev. Mod. Phys. 52 (1980) 199.

G. Altarelli et al., Phys. Letters 768 (1978) 351 and 356 ;
H. Fritzsch and P. Minkowski, Phys. Letters 73B (1978) 80 ;
K. Rajantie and R. Raitio, Nuclear Phys. B139 (1978) 72 ;

G. Altarelli, Proc. EPS Conf. on High-Energy Physics, Geneva, 1979
(CERN, Geneva, 1980), p. 727.

E.L. Berger, SLAC-PUB-2314 (1979).
Yu.L. Dokshitzer et al., Phys. Letters 788 (1978) 290 and 79B (1978) 269.

K. Kajantie et al., Phys. Letters 74B (1978) 384 ;
J. Cleymans and . Kuroda, Phys. Letters 80B (1979) 385 ;
J.C. Collins, Phys. Rev. Letters 42 (1979) 291.

J. Badier et al., Contributions to the EPS International Conference on
High Energy Physics, Geneva 1979, CERN Reports EP 79-67 and EP 79~68 ;

J. Badier et al., Phys. Letters 89B (1979) 145 and contributions to the
XXth International Conference on High Energy Physics, Madison 1980 ;

'CERN/EP 80-147 EP 80-148 and EP 80-150.

J.H. Cobb et al., Nuclear Instr. Met. 140 (1977) 413 and 158 (1979) 93 ;
C. Kourkoumelis et al., Phys. Letters 91B (1980) 475.

D. Antreasyan et al., Proc. EPS Conf. on High-Energy Physics, Geneva, 1979
(CERN, Geneva, 1980), p. 779 and Phys. Rev. Letters 45 (1980) 93,

e o - —

[1j

[12]

f13]

[14]

[15]

{16]

[17]
{18}
[193
[20]
[21]
[22]
[23)

{243

[25]

[26)

S.W. Berb
W.R. Innes
L.M. Leder
(Physiczal
A.S. Ito ¢
K.J. Ander

Contribus:
Janv. 25~

M.A. Aboli

M.J. Corde
EP/80-152

J. Badier
J. Badier
Instr. Me-
K. Frende#
J
J. Badier |

0. Callot

J. Badier

K.V.L. Sar

J.C. Colli

C.S. Lam

E.L. Berg:s
E.L. Bergsg

J. Kubar-:
G. Altare
J. Abad a-

K. Harad=

G. Parisi



2S,

ison,

979

[

[12]

[13]

f14)

[15]

t16)

[17)
)
[19]
[20]
[21]
(22}
(23]

[24]

[25)

[26]

68

5.W. Herb et al., Phys. Rev. Letters 39 (1977, 252 ;
W.R. Innes et al., Phys. Rev. Letters 39 (1977) 1240 ;

L.M. Lederman, Proc. 19th Int. Conf. on High-Energy Physics, Tokyo, 1978
(Physical Society of Japan, Tokyo, 1979), p. 706 ;

A.S5. Ito et al., Fermilab-Pub-80/19~Exp (to be published in Phys. Rev.).
K.J. Anderson et al., Phys. Rev. Letters 36 (1976) 237.

Contribution to the Moriond Workshop on Lepton Pair Production -~ Les Arcs -
Janv. 25-31, 1981, To be published.

M.A. Abolins et al., Phys. Letters 82B (1979) 145.

M.J. Corden et al., Phys. Letters 76B (1978) 226 and CERN Preprint CERN
EP/80-152 (1980).

J. Badier et al., Phys. Letters 86B (1979) 98 ;

J. Badier et al., Preprint CERN EP/80-36 (1980), to be published in Nuclear
Instr. Met.

K. Frendenreich, Private communication.

J. Badier et al., To be published in Phys. Letters.

0. Callot, Thése d'Etat, Université Paris~Sud, LAL 81/05.
J. Badier et al., Phys. Letters 89B (1979) 145.

k.v.p; Sarma, Tata Institute TIFR/TH/80-15.

J.C. Collins, Phys. Rev. Letters 42 (1979) 29].

C.S. Lam and W.K. Tung, Phys. Letters 80B (1979) 228.

E.L. Berger and 5.J. Brodsky, Phys. Rev. Leotters 42 (1979) 940 ;
E.L. Berger, 2. Physik C4 (1980) 289.

J. Kubar-André and F.E. Paige, Phys. Rev.* D19 (1979) 221 ;
G. Altarelli, R.K. Ellis and G. Martinelli, Nuclear Phys. B157 (1979) 461 ;
J. Abad and B. Humpert, Phys. Letters 80B (1879) 286 ;

B. Humpert and W.L. Van Neerven, Phys. Letters 84B (1979) 327, 85B (1979)
293 and 89B (1979) 69 ;

K. Harada, T. Raneko and N. Sakai, Nuclear Phys. B155 (1979) 169.

’

G. Parisi, Phys. Letters SOB (1980) 295.



69

HYPERON POLARTZATION IN INCLUSIVE AND MXCLUSIVE PROCESSES

Je Szwed
Institute for Computer Science,Jagellonian University,Cracow,Poland

Avstract

Hyperon polarization in inclusive and exclusive processes is

mexplained by aultiple scattering of the strange quark. Enexgy,
Feynmann x and transverse momentum dependernce is discussed, rela-
tions between polerizations of different hyperons in various pro-
cesses ée~given. The charmed and botom baryons are predicted to

i

be anslogically polarized. & ,: - -

I would like to report ir the idea which explains gualitatively

why the hyperons are polarized when produced in high energy pro-
cesses at non zero transverse momentum. The subject causes some
excitement since the measurements [ﬁ] of the /\\ polarization
which is esseﬁtially independent of energy and-decreases from zero
w#ith increasing tramsverse momentum (Fig. 1). Similarly behaves the
polarization of E: s the = gets polarized in the opposite di-
rection. The axis with respect to which the polarization is meas-
ured points in the direction perpendicular to the scattering plane
and is defined by - _o

y_.f______ﬂ__.
lP? *'ig;

where pP and pH are the c.me. momenta of the incoming proton and
the hyperon, regpectlvely. Similar measurements showed no sign of
polarization for the protons and ;( « To summarize the experimen=-
tal facts one can say that there exists guite a complete ;et of
information. A£ the same time we have no convincing explenation of

this phenomenon. The data were a surprise - many people did mnot
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expect important spin effects at high energies, the mors at higner
4ransverse momentum where a real, hard amplitude doxminates,

Let me start to present the model with the A polarizatiorn.
Here the situation is the clearest. The A wave function consists
of ud diquark in spin zero state so the spin projection of the A
is entirely given by that of the s-quark and comnsequently their pola-
rizations are equal: P (A) = P (s).

Looking into the proton hemisphere one already has an ud\s=O
digquark originating from the proton, The source of the s-gquarlks
which are nceded to Tecombine into the A are twofold: they either
come from the proton sea or ere produced in the interacfion region
by gluons in the subprocess g —> 58. In both cases its enerzy in the
Cemte System is low. The A energy is essentially given by that of -
the ud-diguerk.

- Look‘ng for the A’s witﬁ a given trénsverse momentum D, ore
automatically chooses states in which the s-quark has ccnsiderzble
transverse womentum k, - pointing in most cases in the direciion of
p; » Our main assumption is that the s-quark geté its reguired EL
by multiple scattering off quarks and gluons.‘Eany disgrams contri-
bute to this process and there is no clear suming technique due to
rether low momentum transferse We. approximate the procedure by as-

suming the scattering off extermal gluonic field
’ . a
of = 4a g I
¢ (1) - q—). )

g is the guark-gluon coupling constant, T - the momentum transfer
and I8, a = 1,.4.,8 i8 the vector representing the external field.
Polarization appears already in the second order of perturbation
theory and reads then [2]

2 g . 3 N P

P= C g*m K| sim'8f2 lmsim B2 5

z . : m
2xE* (A- L sin’02 ) cos 62




N

where m, k, & and © are the mass,'momentgy,egergy and scattering

3 »Us
sin O points in the

engle of the qQuark. The unit yector V=
direction perpendicular to the scattering plane. The colour factor

C = %(dabcIaIbIc)/(Ia)z. For positive C the expression multiplying

$ 1s negativ;,‘thus the polarization is ppposife to v (Pigs 2}
Another way of calculating T’(q) is to solve the Dirac equation in
external field. The exact answer [j] looks then gualitatively the
same as in Fige 2. Many required features follow immediately. In-
creasing k 4 means increasing € between O°and~- 90° -~ one sees that
the polarization increases then in magnitude with p, . The polariza-
tion increases with the quark mass. We thus expect stronger polari-
zation of baryons containing charmed and bottom quarks (e.g. ,\c)
1f the ¢=- or b-quark sea is not much different from the s~quark sea.
This is also the reason why we do not expect the protens to be pola-

rized. ) .
Because X4 comes predominately from the X4 there is no strong z, .
dependence of polarization. This statement concerns hoqgver directly
produced A “s, the total sample which contains A °s being resonance
decay products may show some increase of ¥ (A) with Xy o

Once the mechaniswm of the quark polarization is fixed many re-
lations among polarizations of differemt hyperons are giver by their
spin-flavour wave functionse. So one expects e«.ge T (D) = =~ 1/33(A)
a relation which holds experimentally [A] but without the factor
1/3. This can again be attributed to the resonance decays which pre-
dominately "polute" the A sample.

It is crucial that the s~quark is relatively slow, otherwise the
polarization would be negligible. This i3 the reason yhy 7; is not

polarized in proton induced reactions, for its finite X~ one needs

finite Xz I
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finite xze It can be however polarized in the U induced reactions
in the I hemisphere.

Our idea can be easily implemented in exclusive processes.
Strong A and 2 polarizations analogical to these in inclusive
production was observed in pp—> AN  and PP —> X (51. &4n in-
teresting effect appears when comparing two processes

Wp — KK A+ piows (28)
Kp— A+ pions , (2v)

In both cases one looks at the A polarizatiorn in the proton hemi-
sphere. In the first process the kmon scetiers predominatel& by a
small angle so the A gets the s-guark in the uspal way from the
proton - one expects thus no difference as comparing 4o inclusive
production. In the second case however the s-guark turms by a large
angle to form the A in the proton hemisphere (p4,= O corresponds
to the scattering by 180°). Incressing P, @eans again an increase
in 3 (A), but the question is with respect to which exis. Looking
at G ~ i; x ;; one sees that it changes sign when going from the
process (2a) to (2b) ﬁecause ki changes 1ite direction. Consequently
one expects in both processes analogical behﬁviour of polarization
but of opposite sign. This ie in fact what is seen experimentally tﬁ].
To summarize, we héve ghown how & single idea is able to account
quazitatively for all ¥mowmn facts of hyperon polarization. It would
be interéstiné‘to check the predictions which were made in this talke.
It is worth noting that this idea can be easily implemented in

the mown models of low and intermediate p, « 4 quantitative descrip-

tion requirés only the kmowledge of the quark structure functions.
I would like to thank M. Krawczyk, W. Ochs and L. Stodolsky for

discussions.
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Figure  captions
Fige 1. Polarization as a function of the transverse momentum

pJ. (from Ref, [1]) e

Fige. 2. Polarization of the quark in extermal gluonic field

{arbitrary normalization).

Fige 3. A polarization in the process K p —> KEA + pioms

{cricles) and X' p —> A + pions (sguares) at 4.2 GeV/c
(from Ref. [6]).
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A new experiment has been performed at Fermilab to measurc the had-
ronic production of prompt single muons. A prelininary anzalysis of a
sample of the data indicates approxinately equal srodvction of prompt
single p*'s and y='s in 350 GeV p-Fe interactions. The observed momentum
distributions of prompt single p*'s and p~'s can satisfactorily be fit by
the hypothesis of central production of D mesuns with a cross section of
i6 * 4 w/aucleon. - P

. 3 .
gN A Ty
N

1. Alfred P. Siocan Foundation Fellows -
2. Ppresent address: Columbia University, New York, KY 10027
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We have performed an experiment at Fermilab to measurc the production
of prompt single muons in hadronic interactions. ta were taken with
both 350 GeV protons ﬁnd 280 Gev ™ s incident on an iron "beam dump”
instrumented.with scintillation counters. The density extrapolation tech-
nigue was employed to separate prompt muons from non-proxpt muons origi-
nating from decays of long-lived particles such as T's, k's, and hyperoas.
Prompt dimuons were identified with a very large acceptancé muon iden-
tifier.

Data were taken in two different triggering configurations. One
Vrequized only that the produced muon have momentum greater than 8 GeV.
This corresponds; for the 350 GeV proton data, to most of the forward homi-~
sphere, allowing a fairly nodel-inaapeﬁdent determination of the cham
cross section, if prompt single muons are interpreted as the products of
the semi-leptoni; decays of charmed hadrons. The other triggefing con-
figuration was more restrictive. It required a minimum muon momentiz of
20 GeV.

Results are reported here only for the proton data taken with the 20
GeV trigger. (We have analyze3d about one-half of this data sample.)
Results from the full data set will i) extend the prompt single muon dis-
tributions to lower p, ii} reduce the size of the errors, which are
dominated by statistics, a2nd i1ii) allow a comparison between—proton
induced and pion induced charm production. ' ’

The dctectorl) consisted of a beamline spectrometer to measurc the
momentum of each incoming hadron, a target-calorimeter which served as a
variable density "beam dump”, a muon identifier and an iron toroid spec-
trometer. See Figure 1l.

The target-calorimeter consisted of 49 steel plates with a scintil-
lation counter .on the downstream face of each. The plates were mounted
independently on rails so that the spacing between the plates could be
variedt Of the 2.4 meters of steel comprising the target-calorimeter,
the density of the upstrean nost 1.7 meters was varied. Data were taken
at three different effective densities, p,'in the ratio 1:2/3:1/2. Tne
most compact density of the target-calorimeter was about 3/4 that of

steel.
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Figure 1. Plan view of the apparatus.

The muon identifier consisted of 42 3mx3m scintillation counters and
21 3mx3m spark chambers sandwiched periodically throughout 4.5 meters of
steel. This device allowed identification of muons down to 5 GeV/c in
momentum. '

The toroid spectro:nctét, composed of 24 magnetized iron disks of
radius 3.6 meters and interspersed with 'scintillation counters and spark
chambers, allowed a determination of muon sign 2n2 momentum (with resolu-
tion of about 12%). It should be noted that the toroid spectrometer was
placed "off-axis” (i.e., displaced laterally from beam center by one-half
radius) to avoid a hole in the acceptance for low p,r nuons.

Each event was reguired to pass selection criteria which consisted
of 2 beamline PWC requirement of one and only one incoming hadron with
momentun within 2% of beam momentum, a hadronic interaction in the
upstream 25cm of the calorimeter, 2 requirement that muons originate in
the target-calorimeter (to remove triggers from halo muons in time with
hadrons) and a requirement that the triggering muon traverse the entire.
toroid system.

Events passing these selection criteria were placed in one of fou:“
categories: }i) a single triggering u+. {ii) a single triggering u, (iii)
dimuon with a tziggering‘u+, and (iv) diouon with a triggering § {note
that an event with two muons of opp;:asite sign both of which trigger will
fall into both iii and iw). Figure 2 shows the trigger rates of these
types of evgnts versus density. The intercepts at 1/p = 0 of the lines
drawn through the single ' and U rates are the prompt single p* oana y”
signals, respectively. ‘The difference in the slopes of these two lines is
a resuylt of more w* s than 7 's being produced in proton intevactions.
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Figqure 2. Event rates versus l/density.

There was & contamination in the single muon sample from \highly asym-
metric dimuon events because muons of momentum less than 5 GeV were not
identified. This background was subtracted with the aid of a Monte Carlo
calculation which was normalized to the observed number of identified
dimuon events. The resulting prompt single muon distributions versus p
are shown in Figure 3a and 3b. The data indicate equal rates for the
production of u+\ and ¥ events. The efficiency corrected prompt single
muon rates for p > 20 GeV/c are (12.2 2 3.8):0‘.10-6 J‘s per interacting
proton and (10.1 % 2.6) x J.(J-6 B s per interacting proton.

A possible source of additional background has not been subtracted
in this preliminary analysis. Decays from non-pzo:;"t sourc\es wvhich take
place in the unexpandsd region of the target-calorimeter (recall that 16
interaction lengths are expanded), or in the drift space foliowing the
calorimeter, would result in a false prompt single muon signal. 1In an

2)

earlier experimént with a significantly smaller target-calorimeter,
this background was calculated to be small.

The prompt single muon distributions in Figure 3 have been compared
with two models of DD production. In model A, D's were produced inde-
pendently according to

a'os o -
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Figure 3. Prompt single mucn rates versus momentum for u+ (a) ana ?B).
The rates are not corrected for trigger efficiency. The dashed
line is the efficiency. It can be greater 1.0 bocause it
includes resolution smearing effects. The solid line is from
the best fit DD production model A (sec text).

In model B, cc pairs were produced with @ mass m according to

E g;g = é? (1 - x)a e-ng :-Y?//;-
and the compos .te cc systems decayed into DD pairs. For both models, we
have assumed :hat the semi-~leotonic decay modes of the D are D = Xuv (6D%)
and D~ x’uv {4D1). PRoth of these models adeguately fit the data. The
best fit with model A was achieved with 2= 4.7 2 1.0 and 8 = 2.5 (B was
kept fixed). The best fit with model B was achieved with o = 2 % 1.2,
8 = 2.5, and ¥ = 15 (B and Y werc kept €fixed).

It is instructive to plot the rate for producing single muons with

momentum p greater than Prin® This plot, Figure 4, was obtained by cor-

recting the data in Figure 3 for efficiency and adding the u+ and o
rates. The corresponding curves calculated from models & and B, discussed
above, are similar [the curve for model % is shown in Figure 4). The
intercept of these curves at pmin=0 is simply theqtotal proxpt single muon
rate. For model A this rate is (1.9 * 0.4) x 10 = and from model B it is
(1.8 £ D.6) x 10~4. If we assume an 8\ average branching ratio and
lincur A-dependence, these rates correspond to total charm production
cross sections of 16 * 4 ub/nucleon and 13 2 S ub/nucleon, respectively.

Hore the errors are only statistical, and mainly come from the uncertainty
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Also shown in Figure 4 is a measurement of the tetal prompt ruon
.0 production rate zbove 8 Gev from an carly test run of this experiment3).
vhen our new low momentum data is analyzed, it will provida a substan-
tial improvement in this region.
In conclusion the data indicate approximately egual production of
.5 prompt u+'s and ¥ *s in 350 GeV p-Fe interactions. The data do not con-
firm zesults4) from beam dump experiments which indicate unegual prorst
vu and GN rates. The momentum distribution are adeguately @escribed by
a central DD production model with a cross section of 16 * 4 ub/nucleon.
The date dops not incdicate a large diffractive charm production cross

: : 5 c
sections of the magnitude reported )by ISR experinments (vs = 60 GeV).
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WHAT CAN WE LEARN FROM STRUCTURE FUNCTIONS MEASURED

IN NEUTRINO INTERACTIONS F

F. Eisele
Abteilung Physik .Universit3t Dortmund ,.Fed. Rep. Germany

Summary..

The new measurements of structure functions by the CDHS-collaboration are substan-
tially improved compared to pucnlished results. It is discussed how much we can
learn from these data about QCD and the gluon distribution by the analysis of
moments and- of the full x~depéndence. It is shown that these new data combined
with SLAC ed-dataare able to separate QCD-effects from higher twist and other
possible non perturbative effects within "reasonable" assumptions. The preseace

of non perturbative contributions is required at large x (x % .5) and low Q2

only. Their shape and magnitude agree well with popular models of diquark com-
tributions. The analysis results in a value of Aﬁ§ = ,2 % .1, (Llifilﬂé“b"’

N

I The experimental data

—————— — ———— —— ———— ——— — ——— — - — — — e — ———

for new physics ?

The determination of structure functions relies on a decent knowledge of neutrino
and antineutrino fluzes, i.e. total cross-sections. A summary of old and new
measurements is given in table I.

Table I [1): o /E - 1038 em?/Gev -
Experiment E, v v /v

GGM 73 2-1Q .28+.02 .742 .05 3b6x.02

CTFR 77 4£5-205 .29+,015 .61%.03 L482.02

CDHS 78 30-200 .30:.02 .62+.03 48,02 .
GGM 79 3 .69+.05

9 .61%.06

BEBC 77 .29+.03 .63*.05

CFRR (79) 60-260 .70+.038

CFRR (80) 40225 .376x.019 .719+.036 .523+.03
CHARM (80) 20-200 .301+.018 .604+.032 .498+.019
BEBC (prel.) 20-200 .299x.016 .634%.029 .472:.019

GGM (SPS) (80) 10-150 .29+.04 .61%.08 .475+.09

We have the worrying and frustrating fact, that the CFFR-experiment, which has
invested a lot of time and effort into these measurements finds values which
are incompatible with all other experiments within the statistical and known
systematic errors. Do neutrinos disappear in Fermilab: vy ++ vx ? This is indeed
a remote possibility since the CFFR-experiment has a significant different value
of L/E_ from all other experiments. An explanation in terms of neutrino oscilla-
tions 1s however not very likely as will be explained in detail by J.Wotschak in
his talk[2].

Thus we have to live with the fact that the experimental basis of our structure
function weasurements may .nmot be as sound as it should be. It should be noted
however that the v/v ratio (which can be checked by the physical requirement of
charge symmetry) is not affected by this problem. This is fortunate since any
absolute simultaneous flux error for neutrinos and antinsutrinos affects the
structure functions only as an absolute scale error but does not change their

shape.
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It is by now well known that neutrino experiments are able to measure the dis-
tributions of valence and sea quarks separately. Three structure functions

on isoscalar targets have been measured by the_CDHS collaboration:

dOV“ . dUVN

dx dx

FZvN(x,Qz) = x(utd+s+crutd+sic)oe

. . ) ao" chN
o~ 3 o — e —
=F3(x,Q°) 9yatence (x,Q ’_ dx dx
dovN
dx

The measurements of F2 are shown in figure 1 together with the result of a

QCDh fit, F2 is well measured and shows substantial scaling violations both at
small and large values of x. This measurement agrees well with e-d-data from

SLAC {3] and with the preliminary restlts of the EMC-collaboration {4. from muon-
ion deep inelastic scattering. To my best knowledge there is no significant
difference between these data sets witiin the known statistical and systematic
errors.

3 (x,Q2) = x(u+d+2s) o< at high y

. - -
———— . =t tA e

' R P I
Pl PO
Fig.1: FZ“N(x,QZ) as measured by the Fig.2: Ev(x,QZ) as measured by the
CDHS collaboration CDHS collaboration

A value of R = op/or = .] was assumed. The solid limes are the results
of the leading order QCD-fit described in sect. III.I.
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The valence distribution xF3 is rather badly known in the sea region where it
contributes independent information. This situation will be substantially im~
proved in the near future when a new analysis based on high statistics wide
band beam data will be finished. At present, however, the measurement of xF3
plays a minor role in the analysis of structure functionms.

Important new informatiom is contributed by the new measurement of the antiguark
distribution in the nucleon which is based on ~ 150000 events ¥y + N » u+ + X
from wide band beam and v 25000 events from narrow band beam exposures. The ex-
traction of q(x,Q2) is illustrated in figure 3, where the differential cross
section doVM/dx is displayed for two energy bins and several ‘bins in y. The
cross sections of quarks is subtracted by using the neutrino cross-section

multiplied by (1-y)2. ]

(L inen ) IANCER R NG N I O -
T aw . TN
a3l T

-

Fig.3: ﬂdgN/dx for 2 energy bins and several Fig.4: q(x,Ep)
bins in y. Also shown is do“N/dx.(1-y)2 (A value of R=_] was
vwhich measures the cross section for assumed.)
the scattering off quarks

The measured antiguark distribution (assuming a value R = opfop = .1) is shown
in fig.2 versus Q¢ and in figure 4 for fixed v.= Ey-bins. Evideptly the anti-
quark distribution rises substantially with Q2. The most important f.-~t however
is, that thete are no antiquarks above x = .45, This poses a severe  .mitation
ou the width of the gluon distribution as we will see later.

To be more precise, it should be stated that there are no light antiquarks with
charge I'/3 (5,d) above x = .45. Unfortunately nmo bound can be givan on the pre-
sence of cT and b quarks at large x since antineutrinos cannot scatter offa &
or B-quark.

The determination of F2 and q is affected by uncertainties in the value of

R = gr/op and in the effect of charm-threshold. How much these uncertainties
affect the analysis of structure functions will be discussed in section ITI..
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11. Ahalysis of moments

It has been very popular (and still is) to interpret the Qz-evoiution of struc-
ture functions by using their (Nachtmann) moments at fixed Q%: <F;(Q?)>_ =
Afx“Fi(x,Q Jdx.It is certainly true that we have a lot of arguments in Bavour
or moments from a theoretical point of view:

- simple predictions for their Q%-evolution

- gecond order corrections for non-singlet and singlet structure functions

are available
- target mass corrections are straight forward

, = QCD ingredients can be tested separately

- . e

In the following I want to demonstrate that a meaningful use of moments is re-
stricted to a small number of nonsinglet moments (n = 3, 4, 5, 6) in a limited
Qz-range, provided that correlations are correctly included in the analysis.

n-2 <8, %
X"F2]  n=z 3456 ) , 2 5
Ll Q°=6GeVic 1._ e
# <6,
5k
L <o,
Y
B .“
0 F U a7 WP S N W | f X
* 23456 B8 10

Fig.5a: Structure functions F2 and 2q Fig.5h: Ratio_of moments of xF3
weighted by powers of x. The and 2q relative to F2 as a
arrows on top give the average function of n.
value of x for the indicated moments.

Figure 53 shows the measured structure functions F2 and 2q weighted by powers

of x for Q2 = 6 GeV2/c2. Two facts are easily to be seen: i) different moments
are very strongly correlated especially at large n, i.e. the same ;ueasurements
of F2 are used over and over again to calculate moments. ii) The contribution
of sea quarks, which distinguish xF3 and F2, is measurable for the third and
second moment only. This is further illustrated in figure 5b where the magnitude
of the moments for xF3 and 2q are shown relative to the moments for F2.

Thus if we want to learn about the gluon distribution from a moment analysis of

F2 we are restricted to the second and third gluon moments which give a measure-
ment of <x>plue only provided we are able to measure the Qz—dependence of these
moments. This however is not possible a. can be seen from figures 6a and b.
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G <XFD>nmeas
- <XF3>n
< ) 101"7>EF?=£T"“52 —————
7 H<F2>, (0%) b TN
<F2>,(08=2) A N N —nsg
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Fig.6: Fraction of the moment which is measurable as a function of Q<. The
requirements are: E,<280 GeV, x<.7 for Q?>20 GeVZ/c2 and W2>2 GeVZ. The
prediction for the structure.functions outside the measured range is
based on a QCD extrapolation.

They show what fraction of the moment of xF3 and F2 is actually measured as a
function of Q2. At small Q*-values the loss is due to the requirement ¥2>2 Gev2
which is not really necessary if one does not want to test QCD. (Some people are
courageous enough to find even QCD-tests meaningful in this region.) At high Q2
and low moments of F2,however, there is no way to replace missing data since

all experiments miss the low x region due to the kinematical limit, imposed by
the maximal energy of the incoming lepton. Thus the Q2-evolution of the second
and third moment of F2 is strictly unmeasurable in any reasonable relation to
their expected change with Q2 (indicated in figure 6a). The point is further
illustrated in figure 7 where the expected 03-evolution of F2 and q is shown to-
gether with the visible fraction of these structure functioms.

Figure 7: -

Qz~ev01ution of g and F2 as' pre-
dicted by the QCD-evolution. Only a
small fraction of q is measurable
at large Q2 due to the requirement
E <220 GeV.
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Any information about the gluon moments relies on the change of g with Q2 and
this is measurable by no experiment at present accellerator energies.

I have put some emphasis into these questions since we are flooded by publications
which analyse moments of structure functions. You should be very sceptical about
their results if no correlations are included and especially if they are able to
"measure” the Q%-evolution of moments which are just not accessible to experiments.
[A recent example is able to "measure" the gluon moments n = 2, 3, ...,10 !!
in the Q2-range 2<Q2<50 GeV2/c2.]

What can we reasonably learn from moments ?

A new analysis of non-singlet moments has been performed by A.Para from CDHS using
the new CDHS data together with the SLAC e-d data. Figure 8 shows the well known
"slope plot" for the Nachtmann moments N3 and Ng. The slope is given by the ratio

I Figure 8:

f .
l‘""s bestit - S, "slope plot" for the Nachtmann moments
" e 7 N3 and N5 inciuding correlations. Indi-
ace 3fyﬁmmr ceteq as straight lines are the pre-
soracrser Lo WS dictions of QCD scalar gluons and the

result of the best straight line fit.
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of anomalous dimensions which depend on the vector nature of the gluons. The

measured’ slope dg/d; = 1.68 + .11 agrees well with the second order QCD predic-
tion {5; and excludes scalar_gluons. In_a second step the value of i can be de-
termined. A combined fit to N3, N, and Ng including all correlations gives the

result
Ao~ 32!
and Agg = 25 + .08

for leading order

for a second order fit.

The error includes an estimate of systematic uncertainties.

The inclusion of correlations is essential for this analysis. Both the value of
%4 and the error differ substantially if they are disregarded. In addition it
proved impossible to include more (higher) moments because the correlation matrix
becomes singular [6].

That is about all we dare to do with moments. Any further analysis especially for
the singlet structure functions should be based on the analysis of the full
x~dependence.

. .

e
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II1. Analysis of x~dependence

The (CD-evolution of structure functions is obtsined from the numerical integra-
tion of the Altarelli~Parisi equations which are given and graphically illustrated
in figure 9. The method was introduced by Abbot and Barnett [7] and allows to
take first and second order fits, to include target mass corrections and higher
twvist contributions.

The main advantage, however, is that it makes full use of the aveilable data
without strong dependence on unmeasured kinematical regions. In the followin} I
will discuss a simultaneous fit to F2, q and the .luon distribution. This leads
to a system of coupled differential equations:

2x;) -
—dc'z?" FoF2,, ....rzxn. Gy, ...,c » G2)

da, - - -
-26} = Qi (qxl’ sy qxnr G‘l‘ sesy ngt Qz) i=1,14

dGy
_aﬁ} - Gi (szl, ceey szn, leg ssey %- Qz)

There is one D.E for each messured value of x. In total there are 3-14=42 coupled
differential equations.

In addition we have to fix the starting values at Q2 = Qg and the free parzmeter A.
This is done by using simple parametrizations:

F2(x,Q2) = az(l-x)p (I+cox)
q(x,Qz) = aq (l~x) q
G(x,Q ) = ag (1-x) g (1+cgx)
where the plrametera are determined by a least squares fit to the data.

For the gluon distribution it is usual to enforce th: energy momentum sum rule:
<G>; = ]-<F2>2. In this case a; = as(az, P2, €2, Pg, cs) is determined.

Gluons carry about 55 % of the nucleon momentum. Information on the shape of their
momentum distribution may be obtained from:

i) deep inelastic scattering
The gluon distribution enters 1nd1rect1y via the slope. of the sea distribution

at small x which according to QCD is manily.due to gluon pair productxon. This can
be seen from figures 9a b where the QCD contributions due to gluon pair produc—
tion_and gluon bremsstrahlung are given separately for the structure functions F2
and q. The slopes of q are entirely dominated by the gluon pair production and
thus meagure dxrectly the gluon distriburion weighted by the probability to gene-
rate a qq~pa:r i.e. the convolution P,, ® G(x). Wherever this convolution is
positive we will neasure an antiquirk content of the nucleon (or it will evolve

at somewhat higher Q2). Thus the functiom Peg @ G(x) has to be zero for x 3 .45
where no antiquarks are found. The Qz-evolutzon of F2 measures the combined effect
of pair production and bremsstrablung and both are equally important in the inter-
mediate x-range wherethe slopes are wellmeasured. It is evident from fxgureQa that

both contributions are very strongly correlated for F2.

The gluon pair production gives also a strong dynamic contribution to the longi-
tudinal structure function Fy, at small x as will be shown later. The.measurement
of F; is however by no means good enough at present to learn something about the

gluon distribution.
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Fig.9: QCD-slopes for F2, q and xF3 for fixXed values of Q2. The contributions
of gluon bremsstrahlung and gluon pair production are given separately.
The data points are obtained from linear fits in 2ninQ? to the CDHS
structure functions.
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ii) charm pair production in muon experiments _
: The production of cc pairs in muoproduction is

/ \.7//“ reascnably well described by the gluon fusion
L—‘———’E model. The cross section in this model is given
b

y - -
M o C o (yR+cex) =:f=r dx G(x) o(ygrec)
which involves the gluon distribution G(x).

"gluon fusion model"
iii) Hadron-hsdron collisions ’
Large contributions from quark-gluon and gluon-glucn scattering are expected
in hard collisions i.e. high pr reactions, single photon and lepton pair pro-
duction . For the analysis of these processes it is very important to know the
gluon distribution a priori in order to learn something about the gluon~guark
interaction and the triple gluon vertex.

Results

Leading order fits to F2 and q including target mass corrections have been per-
formed to determine A and the gluon distriburion. To reduce possible contributions
due to higher twist the region of large x and low Q2 was excluded by the require-
ment W2 = Q2-(i~x) / x > 11 GeV2, A very satisfactory fit was obtained with the

following parameters:
AL.O. = .18 + ,02
<F2>p = .45 <x>FZ = 2%
<g>3 = 055 wL = .095 Qg = 5 GeV2/c?

<G>, =1, - <F2>, <x>glue = .16 + .02

gy T

s
Fix! T T T e 7 T ! r o7 r228 tevla?

4

—~QCO-tr 10 F2+9
® T meguaements projecied 0 -a56ex’ -

Fig.10: Shape of structure functions F2, E and G(x) for two values of Q2 obtained
from a leading order QCD £it to F2 and q. The error bars give the full
statistical power of the data at all values of Q2. (The shape of G(x) is
measured at one value of Qg only,but can be calculated for every other
value of Q? using the evoliition equations.)
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The fit is compared to F2 and q in figures | and 2. The resulting slopes are

given in figures 9a b and compared to data points which have been obtained from
linear fits in fn 2n Q2 for each x-bin. It should be_noted that such a fit is not
equivalent to the QCD evolution (especially not for q). Therefore these data points
indicate the statistical significance of the observed scaling violations but they
do not have to fall on the QCD curves. The shape of the resulting structure func-
tione is shown in figure 10 a and b for 2 values of Q2.

The shape of the gluon distribution changes dramatically going from Q2 = 4.5 Gev2/c?
to Q2-= 22.5 GeY2/c2? and cannot be described by a simple parametrization

G(x) ~ (l~x)P(Q )} over the whole Q%-range. As an example, if one enforces such a
parametrization at Q2 = 20 GeV2/c? the gluon distribution becomes negative below

Q2 = 2 GevZ/c2 at small x.

Everbody who wants to use the gluon distribution.has to include this strong Q2-
dependence to get meaningful results.

This fit enforced the energy momentum sum rule and allowed some freedom in the
shape of the gluon distribution by the parametrizatiom G(x) = a (l—x)Pg(l+Cg-x) =
2.63+(1-x)5-3(143.5x) at Q2 = 5 GeVZ/c2. Clearly there is a prejudice in choosing
this functional form and ofher shapes of the gluon distribution are possible.
There is however one important fit result: the width of the gluon distribution is
only weakly correlated with A and therefore well determined. This is due to the
fact that g has to be zero above x = .45. A fit to F2 alone gives a very strong
correlation between A and <x> ,),.. Values of A = .4 are possible together with
a gluon distribution which extends to very large values of x.

In a second step we can also test the energy momentum sum rule by leaving a, as a
free parameter. The result is <G> = .55 * .11 in good agreement with the expec-
tation !. -~ <F2> = .55. Thus there is little room for constituents in the proton
which do not carry colour.

The present amalysis depends entirely on the assumption that the measured scaling
violations are QCD effects only. The determination of the gluon distribution is
mainly affected by uncertainties in the slopes at small x. We kpow at least two
non-QCD effects which give rise to scaling violations in this region:

i) uncertaintiés in op/oy, ii) threshold effects due to heavy guark production.
Both effects have rather severe consequences for the slope of §. The structure
function FZ on the other hand is only weakly affected by the experimental uocer-
tainty in op/op. To see the effect of heavy quark production the structure function,
F2 has been extracted making different assumptions about strange and charmed sea.

F2 is obtained from the sum of neutrino and antineutrino differential cross

sections: - _ . .
dovN dovN - -
T o x(u+rd+u+d) (14(1-y)2) + 4x5(x) + 4xC(x) (1-y)2

The standard set of structure functions which was used in the previous analysis

is obtained by the assumption 2(S-C)/(u+d) = .2 i.e. assuming no threshold effect.
This results in the structure function F2 = j(u+d+s+ct+u+d+s+c) with thk flavours.
Alternatively we have tried different assumptions about the contributions from
strange and charmed sea. Since the charmed sea contribution is strongly suppressed
by the (1~y)2-factor it may be better to subtract it's contribution. This was

_estimated by setting ¢(x)=0 fiir Q2 = 1 GeV2/c? and then calculating it's Q-

evolution. The correction in any case is rather small. The strange sea contributes

an
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mainly to single charm production and is thus suppressed by threshold effects.

To estimate this effect we used the slow rescaling model in two different versions:
i) effect1ve charm mass m, = 1.5 GeV and 28/(T+d) = .5, ii) mc = 1.85 GeV,

2s/(G+d) = 1. Thia proceﬁute leads to a structure functiocu 72 = x(u+d+s+u+a+l)
with only Nf-3 flavours!

The effect on the slopes of €2 is shown in figure 11 together with the result

of a leading order fit to T2 with Ne=3. The structure function § vas used for

x > .3 only. Thus the large uncertainty in the slopes of q doer no longer emter
but the requirement that there are no antiquarks at large x is still kept.
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Fig.11: Slopes of F2ex(u+d+s+3+3+3) Fig.i2: Shape of gluon distribution

for three different assumptions

for two different assumptions
about scrange and charmed sea

on slow rescaling and the

magnitude of the strange sea
The results are rather encouraging. The value of A remains unchanged and the
shape and magn1tude of the gluon distribution is only moderately affected as
can be seen in figure {2. The width of the gluon distribution at Q2 = 5 GevZ/c?
is in the range .13 < <x>sl e‘< .17,

Summary

The Q2-evolution of F2 and g are well described by leading otder QCP wich 4=.2. The
slopes of F2 at small x are only moderately affected by known uncertainties in
op/or and charmed threshold effects.

The measurement of § contributes the very important constraint that there are no
light antiquarks at x 3 .45. This fact decouples the determination of A and the
width of the gluon distribution. The shape of the gluon distribution is reasonably
well determined and the momentum carried by gluons is in agreement w1t§ the energy
momentum sum rule.
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IV Higher twist contributions to scaling violations: How large is the g5 ?

Higher twist contributions arise from scattering processes where two or more
mucleon constituents act simultaneously. Examples of twist=-4 contributions which
evolve like 1/Q2 are given below. The diagram on the left is the scattering off
a diquark system which has Leen discussed widely in the literature [8].

What is knovm about higher twist contributions? -

i) They should contribute dominantly at high x and low Q? i.e. low invariant
hadron mass. Well known exampies are quasielastic scattering and resonance pro-
duction. The relevant variable is 1/W? = x/((1-x)Q2).

ii) The Q2-dependence should be dominated bg inverse powers of Q3:
F(x,Q9)y ¢, v a(x)/Q? + b(x)/Q" + c(x)/Q° + ...

What is not known?

We do not know the shape, magnitude and even the sign of the individual contri-
butions. This is evident for the above example of diquark scattering: the momentum
distribution (structure function) of a diquark system in the nucleon cannot be
calculated perturbatively for the same reason that we cannot calculate the momen~
tum distributions of single quarks. All nucleon structure functions have to be
determined experimentally.

In the past there have been two extreme approaches to explain the observed scaling
violations. Most people were glad that QCD was able to do the whole job even in
kinematic regions where it was not expected to work. Others insisted what non
perturbative effects, especially higher twist contributions, are able to explain
all or most of the observed scaling violations with the consequence that A might
be very small.

There are two strategies to separate higher twist and QCD contributions:

i) Try to distinguish 1/20Q2 variations from 1/Q%4, 1/Q%.... This is the natural
approach if the analysis is restricted to nomsinglet structure function;. It
requires the maximal available range in Q2 and x.

ii) Start in regions where higher twist contributions are most likely swmall i.e.
in the sea region and for higher W2. This naturally leads to the analysis of
singlet structure functions which have been avoided so far because they in-
volve the gluon distribution.

Fix the value of A and extrapolate to the low W region to determine additional
higher twist contributions.

For both strategies it is essential to have accurate data in the "higher twist
regime" i.e. at large x and low Q2. The best data set in this region comes from
electroproduction experiments at SLAC.. We therefore use e~d data [3] in addition
to the CDHS stricture functions. These data are displayed in figure.i3. They cover
the range 2 < W2 < 12 GeV2 with an average value of Q% = 8 Gev2/c2.
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IV.2 Fits to the nonsinglet structure function
These fits are based on the CDHS measurements of xF3 and in additiomn on 2xFl 2) :< 1. on 2
for x > .4 (Statistically the information is mostly due to 2xFl1). They include : ‘hey e
target mass corrections {9 and a correction for the propagator effect with Here we 2ct Wi
my; = 80 GeV. Experime
i) Pure QCD fits: FZi q a
We require W2 > 11 GeVZ (which corresponds to x/(QZ(1-x)) < .}) and value in and
Q? > 2 GeV2/c2. Leading and second order fits give the following results: Using Ny resul
= - 2 5 ’ 1If we no
Ap.o, = .19 = .08 x°/DF = 156/107 drops ot
= .2] + .08 «2/DF = 1557107 are pres
Ky
The two fits are equally good and differ very little from each other. This It is na ~her.
underlines the well known fact that second order corrections are small in the and we o small
#S-scheme. The slopes of xF3 for leading and second order are shown in fig.9%¢ d<F2> own in
for the same value of A = .2 and Q2 = 8 GeV2/c2. Including estimates of various . Y tes o
systematic errors, the value of Agm has to be in the range dind
.09 < A!E < .3
assuming that higher twist contributions are negligible in this kinematic kinema
region. . vhich <
ii) Fits including twist-4 contnbut:.onl. moment o
To increase the sensitivity we now include all data points with Q2 > 2 GevZ/c2 A oreli Q2>2
and use in addition the SLAC e-d data. The structure functions are parametrized hpr; ’1-] re par
in the following way: F(x,Q2) = FAD(x,Q2)(1+ (p-£(x))/Q?) where u is the un- the rol: v is
unknown scale parameter of twist—4 contributions. For their shape f(x) various d<F>- £{x)
functions were assumed. denQ-
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The results of three representative fits »re given below:

Fit Parameters ¥2/DF
I) 1leading order, £(x) = 7= A o =-4+.03 u=-.07 182/145
II) second order, £(x) = {5  Agz = .24 u=.74l"d 177/145
III) second order, F(x) = Tl-; kg = 43 e -.15 178/145

The zain conclusion is that A and v are very sctrongly correlated. There are two
equally probable solutions with either A ® .4 and no twist-4 contribution or

AR .2 and a large twist-4 contribution. The result depends strongly on the
assumed shape of the twist—4 contribution and is very semsitive to small systema-
tic changes. To summarize, this sort of amalysis is not conclusive.

—— —— — —amn e e G — . — — —

The use of second moments has been proposed by Gliick and Reya one year agc _i!.
F2 apd xF3. Their method gives the unique possibility to learn something on higher
twirt contributions without any assumption on their Q2 or x-behaviour. We will
instead use <F2>; and <q>; for which the Altarelli~Parisi equation gives the
following Q?-evolution:

Ior

4<F2>; _ 2.(@Y) . _32 v, 9<F2ou 7.
(1) az;azz 12 i3 <F2>5 + 2Np<G>7: + ainQ<

8Py | 2000 - 32 o Ly 6y « SRR
2) aing = T A 5 <>, + hF<G>ZJ + 3in0s
Here we have added possible higher twist contributions on the right hand side.

Experimentally we can measure the slopes on the L.H.S. and the second moments of
F2, g and the gluons making use of the energy momentum sum rule. Thus we know the

value in square brackets for both equationms.

Using Np = 4 flavours we find a value of -.77 for F2 and +1.5 for g at Q<=8GeV- jc~.
If we now add equations (}) znd (2) in the ratio 1:.33 the QCD term ~a (Q®)
drops out i.e. d<F>3/d&nQ? + .53 d<§>p/dinQ? has to be zero if only QCD-terms

are present.

It is natural to neglect higher twist contributions to <g>pwith respect ro <F2>;
and we obtain the following relation

d<F2>y 1. -_4d ITu . Ig . I% . 1w X8, 235 + SI% +
dinQ? dim® Q@ T TR .

d<F2>» d<g>s »
- et * -3 Tae0? |

which can be used to derive a limit on higher twist contributions to the second
moment of F2.

A prel’minary estimate of the slopes of<g>rand <F2>p from the CDHS data leads to
the following values:

d<P> - -
?i'ﬁ% = - ,009 + .005

d<@>> »
Fiags 1+ .01 ¢ .00

Q2 = B GeV2/c2
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The errors include (conservative) estimates of the uncertainties due to charm
threshold and R = aL/oT. They can hopefully be improved in the mear future.

We get the following result:

d<F2>g T, T T T
T .(a;+26§.+36§.+...)-.004:.015

which says that the total contribution of higher twist terms is rather small. If
we use the twist~4 model of the previous analysis

1 X
Ty '/ﬁ‘of (T:;) F2dx

we obtain the result u = .09 * .35.

Though the data is not very accurate at present if gives us an indication that
higher twist contributions to the second moment are most likely small. Thus their
contribution may be small altogether or they are large only at large x or there
are several large contributions with opposite sign which cancel each other.

In a first step we repeat the leading order fi.s to FZ and § which were used to
determine the gluon distribution. To reduce possible higher twist contributions
we require W2 >20 GeV2, Figure 143 shows the resulting slopes for F2 extra-
nolated to Q2= 8 GeV%/c?2 where we finally want ro look for additional higher
twist contributions.

0°=B8Gev?
‘ $ IDe ed

" 4 s 500 %

O
=5
1
®
(=]
L)
<,
3o
&

Fig.l4: Slopes for CDHS and SLAC data at Q= 8 GeVZ/c?

The data points are obtained from lipear fits to £ninQ? to the total

available QZ~range. The slopes for the SLAC data are multiplied by the

QPM-prediction 9/5.

a) The indicated lines give the separate contributions of QCD and target
mass corrections.

b) Slopes for A = .4.Also indicated is the function P__ B G(x) which
would be necessary to give the measured slopes for d value of A = .4,
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The resulting value of A is A 0. = 20 £ .02 vhich describes very well simul-
taneously the shrinkage at large x and Q° and the rise of the sea at small x.

The data points in figure 14 are obtained from linear fits in ininQ2 to the

total available QZ-range. The QCD contribution and the effect of target mass
corrections are given separately. Obviously QCD plus target mass corrections
describe the CDHS data very well. (It should be noted that the data point at

x = .65 corresponds to an average Q2 of A 80 GeV2/c2 where target mass corrections
are expected to be meglegible).

In a second step we can now compare the slope of the extrapolated QCD-fit
(including target mass corrections) with the e-d data which has an average Q2

of B Gev2/c?. Obviously their measured slopes are significantly larger for x > .5.
Thus we need additional contributions other than leading order QCD and standard
target mass corrections.

Why is it not possible to increase the value of A in order to explain the date?
Such a possibility existed for the nonsinglet data for a value of 4 = .4. The
answer is given in figure 14 b!

The gluon bremsstrahlung for A = .4 gives very large negative contributions for
large and intermediate valies of x. In order to obtain the measursd slopes of F2
they would have to be compensated by a very broad gluon contribution as indicated
on top. This however is incompatible with the data since there are no antiquarks
at large x. The best fit to the data for a fixed value of /1 = .4 is also showr in
figure 14 b. It passes through the SLAC points but misses very badly in the inter-
mediate and small x region and gives an unacceptable value of x2. Strictly speaking
we could now start to add negative higher twist contributions below x = .5 to

come back to the measured slopes. Such an option can never be excluded but is
highly artificial. A pure QCD fit (plus target mass corrections) to CDHS and

SLAC e~d data gives a very bad fit (ax? = +50) with a value of LL 0. = .24,

We can therefore conclude that A} o cannot be large and also that it cannot be
much smaller since it has to explain the rise of the sea at small x. The only
chance to make * much smaller is to invent still another mechanism (not charm
threshold!) to explain the rise of the low x data. What about second order
corrections? At large x,where we need additional contributions, F2 is identical
to the non-singlet structure function. The difference in slope for leading and
second order QCD is very small as has been shown in figure 9c. It is therefore
very unlikely that the inclusion of second order corrections would change the main
conclusions: we do see perturbative QCD effects with a value of Agg around .2.
The only alternative is to construct very complicated higher twist contributions
which mimic QCD.

We need contributions to scaling violations in the large x low Q2 region in

addition to QCD and standard target mass corrections. There is a long list of

possible .ontributions and it is rather hopeless to separate all of them. We

might have:

i) target mass corrections which are not included in our treatment

ii) additional leading log contributions near the kinematic boundry x + 1 which
might be absorbed by £ change of argument in the running coupling constant |12

iii) scalimg violations due to Fermi motion effects

iv) ee o

Let us however assume that the main effect is due to higher twist contributions
n 1/Q2 or 1/Q*. Then we can use the SLAC e-d data to determine the shape and magni-
tude of these contributions. A separate fit is done for each x~bin to the
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expraseion F(x,Q2) = FQCD(x,Q2) + FH:T-(x,Q2) where FB 1+ (x,Q2) = my (x)/Q2

or F*1-(x,Q2) = ng (x)/Q* is assumed. The normalization factor between e-d
and neutrino data is determined indepcndently for each x~bin in order to get
rid of possible shape differences between the two data sets. Figure 15 shows
the e~d data for three large x bins together with QCD, target mass and twist-4
contributions. Whereas QCD plus target mass corrections alone camnot describe
the data (for A = .2) the inclusion of additional higher twist terms gives a

perfect fit.

F2" om
\ SLAC ed F2 "
09+ KD-Y“'\‘\*
08 \\_\/.m X=67 1 .
A 8 o’ =8Gev?

Fig.15: SLAC e-d data for three binms in x Fig.16: QCD and higher twist contri-’
. versus Q2. The contributions of butions to the structure func-
QCD (A=.2) target mass corrections tion F2 at Q%= 8GeVZ/cZ.

and higher twist are given separa- i#) twist-4 contribution
tely - (¢)2-twist<6 contribution

Twist-4 and twist-6 contributions give equally good fits. The resulting shape of
the higher twist contributions is shown in figure 16 for Q2 = 8 GeVZ/c<. It is
peaked around x = 2/3 and is restricted to x 3 .5. It should be noted that this
is the higher twist contribution to e-d scattering. The CDHS-data alome are not
precise enough in this kinematic region to establish higher twist contributions
though they also favour their presence. The shape of the higher twist contribu-
tions agrees reasvnably well with the expected shape for diquark scattering
Fi-T- (x,02) ~ x2(1-x)/Q2 [8] but is‘inccmgatible with the shape which is nor-
mally assumed in nonsinglet analysis: Fi-T-= FQCD . x/((1-x3Q2) - p . If such a .
paramétrization is enforced, higher twist contribution comes out very small and

the fit is unacceptable.
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In a final step we can look if these results still hold if we allow simultaneously
QCD and higher twist contributions in 2 fit to all CDHS and SLAC data with

Q2 > 1 GevZ/c2, As an example we give the results for a fit

F(x,02) = ¥ (3 + 4 . x%/(1~x)+1/Q?) where A, o and u are free parameters:

Apg. = -195 % .02 Gev
n=1.5% .2 gev2
a=3,7z%.3

The value of A remains unchanged and the higher twist contribution is again
restricted to the high x region.

X¥YDF = 210/206

To_summarize:

The CDHS data on F2 and g at high W2 and in the sea region require a value of

A % .2, This value of A is however not sufficient to explain the scaling viola~
tions of the SLAC e~d data at large x. & possible (and patural) solution is the
presence of higher twist contributions ~ 1/Q2 or 1/9% at large x. They explain
about 1/3 of the observed scaling violations, the rest is due to QCD and target

mass effects.

In contrast to previous.analyses [13] it is no longer possible to explain the ob-
served scaling violations by QCD or higher twist terms only. This is due to the
rather precise data at high Q¢ and especially the observed rise of the sea which
has not been included previously.

The observed shape of the "higher twist™ contrihutions is very suggestive that
they may be due to diquark scattering though other possibilities camnot be ex~
cluded at present. The effect of diquark scatt ing has been discussed in a paper
of Schmidt and Blankenbecher and recently by Donnachie and Landshoff [8].

They argue that the presence of diquarks contributions gives a natural explana-
tion to the observed Callan-Gross violationm at large x and to the fact that sca-
ling violations are larger for e-~d than for e-n scattering. Thus the presence

of diquark contributions may be even desirable.

R
T rrvTrit iy Iy rrerrrrer) ' 1L
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Fig.17: R=op Jop as measured in Fig.18: R=o; /oy measured by CDHS. The

lines are QCD predictions for
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Callan-Gross_violation

The SLAC data on R = oL/o are shown in figure 17 versus x. The data indicate
2 o » : x

that R is“nonzero at large x in contrast to the QCD expectations. The presence

of diquark contributions gives a natural explanation since they are effective

integer spin coanstituents gor which the Callan-Gross relation does not hold.

This has been thoroughly discussed by Abbott et al. [14].

The CDHS exgerxment g;ves an independent measurement of R at an average

Q2 20 GeV4/c? and <v> X 100 GeV. The measurement agrees within rather large
errors with the QCD prediction which depends essentially on the shape of the
gluon distribution, This can be seen in figure 19 where the coatributions to
the longitudinal structure function from gluon pair production and gluon brems-

‘strahlung are given separately.

Figure 19:

QCD prediction for the longxtudxnal
structure function F. (x,Q . The
contributions due to gluan paxr
production and gluon bremsstrahlung
are given separately.

£ (x,07)

The present experimental knwoledge is very umsatisfactory. Nevertheless it
supports the notion that we have a large QCD contribution and additional diquark
contributions in the SLAC large x regime.

u(®) = 2d(x)?

- Diquark scattering gives larger contributions to e-p than to e-n scattering. If
they were substantial ir might be even possible to restore the naive QPM-pre-
diction u(x) = 24(x) for single quark densities [8]. A recent measurement of -
F2VP/F28P based on vp-scattering by the ABCMO collaboration {15] is$ shown in
figure 20. If no diquarks were present this measuregent is equal to u{x)/d(x)
and the ratio deviates strongly from 2 towards large x. Also shown is the predic-
tion of the digquark model of Donnachie and Landshoff {8]. The model is not able
to explain fully the difference berween u{x) and 2-d(x). -

If oné adds up the present knowledge the conclusion is that dxquark contribu~
tion might play an important role to explain the difference.in the scaling vio-
lations between e-n and e-p which are not covered by QCD. They are however too °
small to restore the relation u{x) = 2d(x).

A final conclusion wether or not we see diquark contributions is prodably

poszible in the near future. A list of possible experiments and specific
“dxquark"—predxctxons is given in reference [l4].
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V Conclusions .

e naive QPM model and a diquark model

The shape of F2, xF3 and the antiquark distribution for isoscalar target is now
well measured in a large Q° range. The observed scaling violations are well
described by QCD effects with a value of Ayg % .2 both at large x and Q° and in
the sea region.They find noothersimple explanation.The presence of additional non
perturbative contributions is required to explain the slopes of the e-d data at
large x (x 2 .3) and low Q2. A natural explanation, which is even favoured by

experiment, is the presence of diquark scattering which explains about 1/3 of

the observed scaling violations in the SLAC e-d data.
The fact that we see perturbative QCD effects allows us finally to determine also

the

shape of the gluon distribution which is now reasonably well measured.

agrees with new results from deep inelastic muon scattering

The value of Ayg
and with a preliminary analysis of the Gargamelle SPS-collaboration.
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NEUTRINO OSCILLATIONS - E
- PRESENT AND FUTURE EXPERIMENTS - _  /

Jorg Wotschack
CERN, Geneva, Switzerland

T TV

There are good reasons to search for neutrino oscillations:

)

INTRODUCTION

- Gauge theories favour small lepton number violations').

~ Some grand unified theories?) expect neutrino mixing with neutrino masses
of 10~° eV < m < 1 eV.

- Big bang theories suggest a high neutrino density in the universe and
even a very small neutrino mass would lead to enormous gravitational

forces inside and between galaxiess).

- The Moscow tritium B-decay experiment reports an electron neutrino mass

of 14 eV <m, < 46 eV"),
Ve
The idea of neutrinos being massive and oscillating between different
neutrino flavours was born scme 20 years agos), however, at that time,

with very little chance to be-experimentally veryfied. Today's improved
neutrino facilities and experimental techniques allow detection of neutrino

oscillations due to neutrino mass differences smaller than 1 eV. 7

A series of experimental searches have been performed during the last

few years. "Evidence for neutrino instability" has been claimed by one

. » . 3 » -
reactor exper;ments), while a second reactor exper1ment7) fails to find

evidence for meutrino oscillations. Bubble chamber and emulsion experiments

at FNAL and CERN®!") 1ooking for V, and 'V in v -beams gave negative
results and also an oscillation search at Los Alamos®®) saw no indication
of meutrino oscillations in the range of mass differences (Aw®) accessible

to these experiments. Then there are the c1%7 solar neutrino experiment®®),

the deep mine cosmic ray measurements"sla), the CERN beam dump experi-
19-21)
’

ments
FNAL?2) all of which give results which could be interpreted as evidence

and a new high-energy total cross section measurement at

for neutrino oscillations.

THE GENERAL CONCEPT OF NEUTRINO OSCILLATIONS

Neutrino oscillations way arise if the weak interaction eigenstates

ve, vu, Ver eee which couple to e, I8, T, ... are linear combinations of
neutrino mass eigenstates V), Vz, Vs, ... with masses m;, mz, mi:
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.VE = 23 Wy + 82 V2 + 83 Vy + ...
Vh = by Vi + bz V2 + by vs + ...

vT = c3 Vi +¢c2 V2 +¢3 Vs + ...

The neutrino mass eigenstates Vj;, Vi, ... develop with different phase
angles if their masses m;, m2, ... are different. This leads to a change
of the composition of the weak interaction's eigenstates as a function of
time or distance. A )

Depending on the type of mass eigemstates (Majorana or Dirac masses)
the wesk interaction's eigemstates will oscillate between v <+ V and/or

different neutrino flavours?®),

The probability that a neuérino v; has oscillated into a neutrino vy

after s distance of flight L{m] is essentially given by
P(v_ + V) = sin2a * sin®(1.27+ Au® « BT
a b ' Ev

vhere ¢ is the mixing angle determining the cscillation ampliiude,
fw® = |of ~ m}| is the difference of the squares of the two meutrinmo
wmasses in eV?, Ev is the neutrino emergy in MeV., The first oscillation
meximum is obtained if Am? “éQ = 1.2,

The sensitivity of an experiment to An? is then in first order
determined by the neutrino energy Ev [Mevj and the distance L[mj between

neutrino source and detector to be

2, E
Am® 2 "

Of course, smaller limits for Am? for fixzed Ev and L may be achieved if
experiments are gensitive to effects due to less than maximal oscillation.
Figure 1 shows the range of Am? which is sccessible to experiments with

neutrinos from various neutrino sources.
* b

rd

+) This formula is very much simplified and only true under the assumption
that only two mass eigenstates contribute to the oscillation. However,
for practical purposes of illustrating present experiments it is probably
good enough. More complete formulae can be found in Ref. 24.
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Neutrino oscillations can be detected either by observing a decrease
of the primary neutrino flux (method A) or by cbserving the appearance of
neutrinos not present at the source tmethod B).

Method A, the disappearance approach, has the advantage of being
independent of the oscillation products and their properties. Its dis-
advantage is the difficulty of measuring the neutrino flux to a sufficiently
high precision to establish a small decrease of the primary meutrino flux.

Method B overcomes the latter Problem provided that the flux of the

oscillation products at the source is very much smsller than that of the

primary beam,

3. EXPERIMENTAL RESULTS

3.1 The solar neutrino puzzle

Davis et al.'®) have been measuring the flux of solar neutrinos for
137,

more than ten years via ue capture by C

v, * c1’? +ar*? + e .

Their latest results?®) are:

observed rate _ 2.1 % 0.3
expected rate 7.8 * 1.5

1+

R =

The observed rate is only about 30Z of what is expected from current solar
fusion models. One possible explanation could be the oscillation of Ve

into other neutrino flavours mot being captured by the c137.

Solar neutrimos (L = 10'lm, Ev = 1 MeV) are unique in the sense that
they may explore mass differences Am® as small as 10~13 ev2, Unfortunately
the exper1ment is sens1t1ve only to a taxl of the solar “e spectrum due to
the threshold energy of v 0.8 MeV for the u capture by C1®7 while the bulk

of the solar neutrinos has energies below 0. b MeV,

As pointed out by Schatzmann et al.?%) the calculated ve flux changes
drastically if turbulences inside the sun are taken into account giving

agreement with the observed v, flux,

Even if it cannot be excluded that the measured solar Ve flux is
suppressed by neutrino oscillations, it does not seem to be justified to
conclude their existence being completely dependent on the calculated Ve flux.
137

A similar gxperiment using Gallium instead of C as captor is being

considered by the same group. The threshold energy of this process is only

~ 0.2
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" 0.2 MeV and would permit a measurement of 8 much larger part of the
solar neutrino spectrum.
Solar neutrinos cover by far the widest range in neutrinoc mass differ-

ences (see Fig. 1). However, to become independent of neutrino flux calcu-

—T

lations measurements at different distances fror the sum are necessary. Since
this is not possible for earth based experiments given the large distance and
dimensions of the sun, solar neutrinos are probably nmot very well suited for

oscillation studies.
A

3.2 Cosmic ray experimenfs

Data are avai.sble from the Kolar-Goldfield!’) and the Johannesburg!®)
deep mine experiments (Vv 3000 m underground). Both experiments measure the
horizontal y~flux which is almost to 100% induced by vu interacting in the
rock around the detectors.

The Johannesburg experiment finds

cbserved rate _ ; ¢5 4 0.17

R =
expected rate

based on less than 100 events over many years. The Kolar experiment finds

about half of the expected events however based on 16 events only.
Again an interpretation in terms of neutrimo oscillations depends
on cosmic meutrino flux calculations with uncertainties of > 307 which

make these measurement: inconclusive. 5

There is hope that cosmic meutrinos can be detected directly in
future underground proton decay experiments. A comparison of upward
(neutrinos having traversed the whole earth) to downward neutrino flux
would be an important contribution and could detect mass differences Aw®

as small as 10”3 - 107" ev?,

3.3 The CERN beam dump experiments

In the CERN beam dump experiments 400 GeV protons are dumped into a
thick Cu-target. The flux of prompt neutrinos produced either directly
in the p-Cu interactions or via the decay of short lived particles (T <
10-!! sec) has been measured by three experiments in the bubble chamber
BEBC'®) and the electromic detectors of the CERN-Hamburg-Amsterdam-Rome-
Moscow (CHARM)2°) and CERN-Dortmund-Heidelberg-Saclay (CDHS)?!) collaborations.

All three experiments observe an excess of prompt vu over v, induced events
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© 0.35
v +3 0.59 * g5y ABCLOS/BEBC
R-;E—;-;E-- 0.48 + 0.12  0.10 CHARM -
¥ 0.64 £ 0.08 +0.15 CDES (averaged)

"If the bulk of the prompt neutrinos is due tc production and decay of
charmed particles (as commonly believed) the same number of electron and

muon neutrinos should be observed.

While oscillations between vu and ve would not change the ve/vu ratio,
oscillations between ve and v, could in principle explain a value R < 1.

Charged current Ve interactions

: +
vT +N+T X

l+ e 172
u 172
hadrons 662

lead in more tham 60X to a purely hadromic final state and in less than 20%
to an electron,

The bubble chamber identifies electroms while the counter experiments
cannot distinguish between electron and hadronic final states.

If the observed rate of ve/vu was indeed due to Ve TV oscillations
then bubble chamber and counter experiments should find different ratios
which seems not to be the case.

The reason for the observed ve—vu asymme=try has yet to be understood,
an explanation in terms of neutrino oscillation seems, however,
unlikely.

An improved beam dump experiment schedulcd for Spring 1982 should

clarify the gituation.

3.4 BHigh energy total cross section

In two measurements of the total charged current neutrino cross section
in 1979 and 1980 the CFRR experiment at FNAL2?) has found cross sectionm
slopes to be 15-20% higher than older measurements performed by the
- same group at FRAL and BEBC, CDHS, and CHARM at CERN?®), see Table I.

-

FERMILAB 1977
FERMILAB 19791

FERMILAB 198008

' ratio
cots/caarv/SER QR ©
In the exyg
neutrino sourcs
The question w
oscillations?
han 207

and the oscil:s
cross section ¢
of the cross s

going to half

Figure 2
measured by th4
patible with b{
15-20% is cleay

3.5 Reactor e}

Reactor e
products. The
placed 5-20 m

events/day wi:

3.5.1 The sectior

The only § .on
so far, is ade
Savannah River



B 1977
B 1979
B 1980

ARM/BEE

the e
D sourc
stion w
tions?

oscili
ection
2T0SS S
> half

gure 2

1 by th
with b
is clea

actor e

jctor e
3« The
3=-20 m

Jay wit

5.1 The }

2 only
is ade

1 River

of
n and

ratio,
< 1.

'}

han 20X

iments

ations

atios

stood,

td

section

.on

108

TABLE 1
L(@ | E, (GV) oV/E oY/E
FERMILAB 1977 600 45 - 225 0.61 % 0.03 0.39 + 0.015
FERMILAB 1979 1100 50 - 260 0.70 * 0.05
FERMILAB 1980 1100 40 ~ 225 0.72 * 0.04 0.37 % 0.02
CDHS/CHARM/BEBC, 600 30 - 200 0.62 + 0.05 | 0.30 % 0.02

\

In the experiments with the higher cross sections the distance detector-
neutrino source was roughly doubled comparsd to the other experiments.
The question was raised??): Is 'the enhanced cross section due to meutrino
oscillations? If this was the case the Am® would be of the order of 200 eV®
and the oscillation effect should be clearly visible as a variation of the
cross section over the covered enmergy range. Furthermore the 15-207 increase
of  the cross section by doubling the distance L should be reproducibie by

going to half the energy at a fixed distance.

Figure 2 shows the cross section slope as a function of energy as
measured by the CFRR and the CDHS experiment27). Both data sets are com-
patible with being flat. In the CDHS data a variation of the order of
;5—202 is clearly excluded between 50 and 280 GeV.

3.5 Reactor experiments

Reactor experiments measure the ;e flux from B~decaying fission
products. The neutrino energy is typically 2-10 MeV and detectors are
placed 5-20 m from the reactor core. Typical event rates are 20-100

events/day with a signal/background ratio 2 1.
3.5.1 The Savannah River Reactor experiment

The only experiment which has claimed evidence for neutrino imstability,
so far, is a deuteron experiment perfozmed'bx a UC Irvine group at the

Savannsh River power reactor®).
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The group measured the neutral and charged current reactions of ;e

-

on deuterium at a distance of 11.2 m from the reactor core.

_ ens+n+e  (cc)
Ved
=+ p o+ 5e (NCa).

The ratio of these crass sections which is very little dependent on

the actual neutrino flux has been found to be only about 40X of the

expected ratio (see Table 1I).

TABLE II1

Ratio, R = -ﬁexpt)la( theor.)
Discance v detection
. from Reaction threshold Avignone Davis Heas. v
core, m MeV € .
spectrum spectTum specrrun (prelim.)
11.2 CcCd/Ncg 4.0/2.2 6.43 % 0.17 0.45 2 0.17 D.53 % 0.20
11.2 NCd 2.2 0.84 £ 0.13 1.0% 2 0.16 1.20 2 0.20
11.2 €Cd 4.0 0.36 £0.13 | 0,49 2 0.16 0.6% ¢ 0.24
11.2 CCp 4.0 0.76 £0.08} 0.99 = 0.10
11.2 CCp 6.0 0.56 £ 0.05] 0.66 £ 0.07
6 &Cp 1.8 0.720 £ 0.10 ] 0.91 = 0.13
[} CCp 4.0 0.83 2 0.12 1.05 £ 0.16

Neutrino oscillations of the type ;e <+ anything could explain a
value of R < 1. 1f Ge would oscillate into Gu or ;T the charged current
rate should be suppressed (u or T camnot be produced) while the neutral

current rate is not affected.
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However, an interpretation of this result as evidence for neutrimo
oscillations has been criticized by A. Dar?®) and Feynman and Vogel2®)
using essentially the following arguments:

- If the actually measured reactor spectrum at 11.2 m is used, the
ratio of measured and expected charged current deuteron cross section
(CCd in Table II) is still below unity, which cannot be explained by
oscillations.

~ The charged current data on H; (CCp) measured by the same experimeat
at 6 m and 11.2 m agree very well, if there were oscillations these

rates should differ.

~ In the calculation of the expected NC and CC cross sections neutron
final state interactions have been omitted by the UCI group. Imncluding
those leads to agreement with the measured ratio.

3.5.2 The Grenoble reactor experiment

A Caltech-Grenoble-Munich group7) has measured the reaction
Gep -+ e+n at 8.7 m distance from the core of the Imstitut Laue—Langevin
(ILL) research reacter at Grenoble. Figure 3 shows the measured neutrino
spectrum.

The data are in very good agreement with the measured neutrino flux
of the reactor from e measurements and with a calculation of the Elux by
Davis et a1.37) while a flux calculation of Avignonme and Greenwood>®)
gives a systematically v 30Z higher' flux,

The Caltech-Grenoble-Munich group sees no evidence for neutrino
oscillations and sets limits for the combination of Am® ard sin®2n as

shown in Fig. 4. Also indicated is the allowed region of sin®2u and Am®
from the UCI experiment, clearly incompatible with the Grenmoble result.

3.6 Bubble chamber and emulsion experiments at accelerators

Accelerators produce almost pure vu beams with small ve admixtures
(from K-decay) of the order 1072-10"3. They are ideal neutrino sources

to look for the oscillation channels vu - ve: Vporv, v by direct



observation of the oscillation products via the charged current reactions

Table III gives a compilation of bubble' chamber and emulsion experinents
performed at FNAL and CERN. '

VN+e +X
e

v,cu-vr--rx

TABLE TI1
Experiment Oscillation | # events s] E, feev] da? [ev?]
LY
com/est) v ey, 200 ~ 100 ~ 3 < 1.4
-9 2
v“ v. 60
cy/sest) v .Y, 4/540 ~ 1000 ~ 25 < 2
Vu - Vt < &
szscto) v, * Y, i <10
v, " Y, 120 ¢ 13 500 ~ 53 < 1.7
v, - v, - < 6
BERCHY) VetV 73770 $50 ~ 80 < 55
FRALYY) v, "V, < 0.6
Col. =B v, =Y 1600 4 40 < 3
15° 3¢ Ve Yy <17
FRAL'?) "’u - G. 1600 A &0 < 1.7
Mieh,~IX Uu - GT < 6.3
15 B¢
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The rates of e> events observed in GGM (PS and SPS), BE2L (WBB and
NBB), and the 15' bubble chamber st FNAL agree in. all cases with the
expected ve flux.

A Jspan-Korea~Canada-FHAL emulsion experiment lookin; for T-production
did not find a single T among v 600 charged curremt interactions.

From these negative results upper limits for Am? for maximal mixing

can be concluded:
vy * Y, An? < 0.6 eV?
vy V. Mn? < 3.5 eV?

v, *V Am? < 17, ev2,

3.7 Oscillation searches at accelerators with electronic detectors

The only dedicated neutrino oscillation experiment with electronic
detectors at accelerztors which has produced results so far is a Yale~-
Los Alamos experiment at the Los Alamos Meson Physics Facility (LAMPF)!3).
A 600 MA beam of 750 MeV protons is dumped into a beam stop (see Fig. 5a).
Secondary at are stopped and decay while 7 are absorbed immediately.

This results in 8 nearly .equl flux of monochyomatic \!u' from nt decay at
rest andkve and ;u from u+ decay with a ;e flux being suppressed by a
factor A~ 1000. The average neutrino emergy is wbout 35 MeV (see Fig. 5b).

. A6 t H0 (D20) Cerenkov couater at 9 m distance from the beam

stop serves as detector (see Fig. Sa).
The experiment looked for both the disappearance of Ve and the
appearance of ;e studying the reactions
- -+ . o .
vep +en in the H,0 Cerenkov and

\’ed -+ pe.p in the D30 éezenkov. ’ .

No signs of oscillations have been found. The results.

v )
R===<0.09 and
\’e

v
e . +0.37
R= ;; 1.09 -0.41



-3

lead to &pper limits on Am*® for maximal mixing of
Gu +V, i M <0.9 ev?

v, + anything : Aa? < 2.5 eV3. : i

3.8 Conclusion on the present experiments

There is at present no convincing experiuﬁgnl evidence for neutrino
oscillations. 'The 2-3 standard deviation effect as reported by the UCI-
reactor deuteron experiment has not been confirmed by the Grenoble reactor
experiment. and may have explanations related to neutral final state inter-
actions being different for the measured neutral and charged current reactions.

Negative results from a mmber of bubble chamber, emulsion, and counter

experiments set upper limits in terms of neutrino mass differences and )

mixing angles as shown in Fig. 6. The most semsitive limit is set by the

ILL reactor experiment for the osillation ;e <+ anything which however

- depends on calculated reactor meutrino flux. Best limits in accelerator

4.

experiments have been obtained for the channel v, * Vv, and \-,i! - Tae by the
Columbia~BNL 15° bubble chamber experiment at FNAL and by the LAMPF

experiment.

FUTURE OSCILLATION EXPERIMENTS

A number of experiments dedicated to neutrino .oscillation search are
either under construction or proposed at Brookhaven, CERN, Los Alamos and
at nuclear reactors.

One of the important new fesiures — if not for the experiments now
under construction but for those now being proposed ~ is the measurement
of the neutrino flux at two or more positions. Studyiné only event ratios
makes them independent of the precise knowledge of the absolute neutrino
flux vhich has limited most of the present day experiments.

4.1 Reasctor experiments

Both the UC Irvine and the Caltech—-Grencble-Munich groups will continue
their measurements and plan to take data at different distances from the
reactor core. In addition a group from Georgia Tech~University of South

Carol:
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Carolina is setting up an experiment. The Gremoble group has moved its

Jaroli
letect detector to the Bugly power reactor (near Lyon) providing a higher neutrino
Tux flux than the ILL reactor. Installation was planned to be completed by
lay, 1 May, 1981. It is foreseen to measure the \—)e spectrum at 13.5 and 18 m
lista distance from the core with a rate of ® 20000 events/month?°).
-2 4.2 The Los Alamos oscillation programme??)
neutrino 4.2.1 Experiments under preparation
the UCT . ’ T
o le reactor - Two experiments are under preparation at the Los Alamos beam stop
acil ate inter— facility (see Chapter 3.7). Both experiments search for oscillations of
he t . by % s :
rent reactions. the type \)u * Ve and are scheduled to start data taking in the autumn of 1981.
225: E225: An UC Irvinme-Los Alamos collaboration will place a detector con-
and counter -
es and sisting of 9 t of liquid scintillator interspersed with 4 t of
2t by the flash chambers at a distance of 9.m from the beam stop. It
wever will search for Vv, interacting in the detector via the inverse
:elerator 8’5368}' reaction. .
v_ by the
e - +
MPF vep + e n.
The expected event rare is about 1£0/day. ‘*'ith a running time of
n 100 days they should be sensitive to a neutrino mass difference
Au? 2 0.3 ev3, )
509: search are . E609: A Los Alamos group has constructed a detector containing 4.5 t of
-lamos and Gadolinium loaded liquid scintillator. Ge from oscillations
- - . - +
v oy, will be detected via the reaction VP * € n by measuring
ents now both the positron and the neutron with a background < 1 event/
asurement 30 days. The neutron is captured with high probability (v 80%)
vent ratios after some tens of usec's leading to two 4 MeV y~rays. The detector
neutrino will be installed at 30 m from the beam stop and will be sensitive
to Mm? 2 0.1 eV.
4.2.2 Proposed expériments
+ill continue In gddition to the experiments E225 and E609 there are three proposals
der from the under discussion at Los Alamos. All three experiments propose to measure
e n of South the neutrino flux at varying distances from the meutrino source.
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A Rice-Houston-Los Alamocs collaboration proposes to place two 15 t
detectors consisting of liquid scintillator interspersed with drift
chambers at 50 m and 75 um distances from the beam stop. The same
inverse f-~decay reaction as in E609 and E225 is used to search for
oscillations v, + Ge; Both e’ and n will be detected via fast
coincidence between backward e’ and forward neutron. Backgrounds
are estimated to smaller than 1 event/10 days. The experiment will

be sensitive to Am® > 0.06 eVZ.

An Ohio State-ANL group wants to construct two, detectors formed of

Hz0 (D20) Cerenkov modules and drift chambers. A small 5 t detector

in a fixed position close to the beam stop serves as neutrino flux

monitor. A 15 t detector will be installed to be movable between

20 and 60 m. Using Y0 ¢ modules transitions ;H + Ge can be

. . - + . . .
searched for by looking for reactions vep + e n, For this oscillation

channel the experiment will be sensitive to Am® 2 0.05 eV?.

With a D20 filling of the modules the experiment is semsitive to
oscillations of the type v, * anything by measuring the ve £flux

"via the reaction veD~* pe—p. Here a sensitivity bm? 2 0.3 ev?

can be achieved.

A Los Alamos-Maryland collaboration has proposed to build a new
low energy muon neutrino facility which could serve oscillation
experiments. A-100 pA proton beam produces 150-200 MeV vﬁ's

from in-flight pion decay with very small v, contsmination. The
novel feature in a movable beam transport and target - muon shield
arrangement which allows changing the distance between neutrino
source and detector from 50 m to 300 m.

The group wants to measure the charged current reactions

vN > WX and VN + e X

using a large modular 50 t detector made of liquid scintillator
and drift_chambe:s. Measurements at different distances from the
target allows them to look for the disappearance of vu + anything
with a sensitivity Am? 20.2 eV? and for the appearance of Ve
For the latter process which could be due to oscillations vu v,

a sensitivity of Am® > 0.025 eV? can be achieved.
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4.3 The Brookhaven oscillation;prqg;aumeas)

At the Brookhaven National Laboratory a variety of neutrino
oscillation experiments are being discussed including a proposal to
use a muon storage ring as the source of neutvinos with an enmergy of
v 200 MeV,

For low energy oscillation studies (P764) 1.5 GeV protons are used

to form an almost pure v“ beam with neutrino emergies of 150-200 MeV. An

.electronic detector at ~ 100 m distance from the target will look for Ve

induced events via the charged current reaction \’eN + e X. With an event
tate of two events/day and a total of 100 events mass differences Am? >
0.25 eV? for the oscillation channel vu‘ -+ ve can be explored.

In the 28 GeV AGS wide band beam (<Ev> ~ 1.5 GeV) arn experiment with
two detectors at 130 m and 1000 m from the target is proposed. At 13C ™
the detector E734 consisting of 170 t of liquid scintillators/drift—tube
modules will be used. At the 1000 m position a new detector of 50 or 200 ¢
or part of E734 could be used. The c;xperiment would look for oscillations
v, v Y, comparing the v, and \’l-l Elux ratios at—the twe distances. The
charged current reaction vu‘N + u X and \JeN + e X are used as signature.
The experiment aims at a sensitivity of Am? = 0.05 eVZ.

Two experimemts are proposed in a new KLO beam line providing a very

much enhanced Ve flux with <E > = 3 GeV. Both experiments want to look
for the disappearance of vu and/or v, measuring the charged current rates

VN+p P Xand vN+e X
u e

at different distances from the target.

One experiment wants to use the detector E734 at ~ 100 m and 'install
a 1000 t H20 Eerenkov counter at 1000 m. The second proposal is to build
a line of seven H20 Cerenkov counters (180 t each) placed at 50, 250, 500,
and 1000 m from the target (Fig. 7). The semsitivity of both experiments

would be of the order of Am® = 0,5-1 eV?,

4.4 The CERN oscillation programme

Four oscillations experiments have been proposed at CERN. Three in

a new neutrino beam at the PS and one in the SPS wide band béam line.

gmme L
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4.4.1 The PS_experiments

A low energy neutrino beam, <Ev> = 1 GeV, pointing towards the
existing neutrino detectora (BEBC, CDHS, CHARM) will be comstructed
(see Fig. 8a). The distance between target and detectors is approximately
900 m. The eﬁperiments could take data in the autumn of 1982 or early
1983.
BEBC: A Padova-Pisa-Athens-Wisconsin collaboration®2) has proposed to
search for electron neutrinos in a horn focussed (19 GeV protom) v beam.
The Ve contamination of such a beam is célculateg to bexk 2x 1073, 1In
about one month of data taking at full PS intensity the experiment could
set limits on the mass differences for the oscillation channel vu v,
of Am? < 0.1 eV2. 1In addition a limit for the oscillation vyt Ve of
Am? < 0.7 eV? could be achieved by studying the rate of neutral over

charged current reactions.

CDHS: The CERN-Dortmund-Heidelberg-Saclay collaboration®3) has proposed

to look for the disappearance of vu's by measuring the rate of vu events

at 150 m and 900 m. 18 GeV protons will be used to form a bare target
neurrino beam without any magnetic elements and thus easy to calculate.
Fe-scincillator modules (350 t) identical to the ones at 900 m will be placed
at 150 m from the target to measure the vuflux (Fig. 8b). The detector at
900 m (1200 t) will look simultameously for deviatioms from rhe extrapolated
' %2) spectrum. Quasielastic events vn - 1 p which form ~ 902 of the total
cross section, serve as a signature. Their rate will be measured as a function
of muon length in irom and is thus independent of calibration biases.

In one month of data taking A 4000 events in the far position are expected.
The experiment aims to see deviations of the order of 10Z and is sensitive

to Am? > 0.25 eV? for v, * amything.

CHARM: The experiment proposed by the CERN-Hanburg—Amsterdam-Ram;—Hnscaﬂa")
collaboration follows to a large exteat the CDHS proposal. Two detectors of
marble~scintillator-proportional tube assemblies at 150 m and 900 m of

40 t and 135 t respectively, are used. In addition to the disappearance of
v the experiment hopes to be semsitive to v, appearaace by electron

detection.
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4.4.2 The SPS experiment

In the proposal of the Annecy—CERN-Imperial College-Oxford collabor-
ation®®) newtrino energy and path of flight are scaled by a factor of * 15
compared to the PS experiments. It is intended to use the normal CERN SPS
wide band beam with an average energy <EV> = 20~-40 GeV. 7Two detectors of
0.32 t and 100 t will be placed at 1000 m and 17 km from the target, the

latter being situated in the Jura mountains (see Fig. 9).

A detector of 3 mm Fe plates interleaved with flash tubes and a muon
absorber (Fe and driftchambers) is proposed. The experiment intends to look
for the disappegrance of vu's (Aw? > 0.15 eV®) and aims at the same iime to
identify electron neutrino induced events (Am? > 0.06 eV?). The beam time

needed to reach these limits is of the order of one year of SPS cperatiom.

5.~eoNCITSTONS— - L, M MDA !Q/kjl
S A M ’.(
Neutrino oscillations have still not been discovered. Several experi-

ments have searched for oscillatioms and explored the range of neutrino mass

differences to values as small as 1-10~! V2 without finding any convincing
evidence for neutrino instability.

Future experiments at accelerators will be able to improve the existing
upper limits on mass differences for the different oscillation channels by

roughly ope order of magnitude. If neutrino oscillatiowms have not beern

discovered by that time only deep mine experiments (protom decay?) might
have a chance to extend the observable Am? range to 10—3-10"" ev? by
studying cosmic neutrinos having traversed the earth. KNeutrino mess

differences smaller than this are probably not accessible using present

day méthads.
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NEUTROR AND PROTON STRUéTURE FUNCTIONS FROM INELASTIC ANTINEUTRINO
SCATTERING IN DEUTERIUM ’

Amsterdam - Bologna -~ Padova - Pisa - Saclay - Torino
Collaboration

Presented by V.Flaminio

It is clear from what’we heard at this Conference, that most experi-
mental investigations now being carried out, deal with the gquark-par
ton substructure of hadrons :and with the related QCD theory.

In turn, many investigations require, for a proper interpretation of
thg results, a knowledge of the properties and x - distributions of
quarks having a definite flawvour: xu(x) , xd(x) , xu(x),.....

A typical, but by no means only example, is the Drell-yan production
of lepton-pairs in hadronic interactions, where a knowledge of stru-
cture functions extracted from deep-inelastic lepton Scattrering has
been successfully used to predict the yeld of dimuons as a function
of the scaling variable M/¥S, once QCD corrections are incorporated.

Detailed information on the x-distributions of partons with a defini
te flavour can best be obtained by neutrino/antineutrino scattering
on neutrons and protons, which can be performed using a deuterium

target.

We have carried out such an experiment at the CERN-SPS, using the

Big European Bubble Chamber filled with deuterium, exposed to wide-
band neutrino/antineutrino beams. A double plane of large pwc® (EMI)
Surrounding the downstream part of the chamber was used for the iden
tification of uS.The results I.uwill present Ezre are based on the
analysis of appfbximately 60% of the antineutrino exposure, corre-
sponding to about 12000 events. Preliminary results from this experi
mentes have already been given**’.

The neutrino energy was computed for each event starting from the
measured mo?sgta of all detected particles' usinp-rherariod-seggested
by Heilmann .

5630 events turned out to be charged-current (cc) antineutrino events,
and 1372 were identified as charged-current neutrino avents (these are
always present as a background in the antineutrino beam). The remaining
events were classified as neutral-current candidates.
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Charged current events were moreover classified as neutron (n) interz
ctions if they had an even number of prongs or on odd number, including
a low energy proton {spectator) in the backward direction. All the rema
ining events were classified as proton(p) interactions.
Corrections were applied for events lost or miselassified by this proce
dure.

s t4 s . . N
A correction of (12, 2. )% was also applied for rescattering in the deu
terium nucleus.
On the data presented here a cut at 4 GeV/c on muon momentum and at 1N
GeV on the recostructed neutrino energy was applied.
Corrections were applied for the effect of the cut on P , for the finite
EMI acceptance, for smearing coming from uncertainties on the neutrino
energy, and for radiative corrections.

Details of these corrections will be given in a forthcoming paper .

The douhle-differential cross section in the usual scaling variables
x= q2/2MV and y= v/Ev, can be written, assuming the quark-pavrton model,

as follows:

2% _ dmp, 2x [L(x) (1-v)%+ (E(x)+§(x)i] (1a)
axdy T
%" - &n Ey 2% [;(x) <1-y)2+(£(x)+§(x)):] (1b)
Ixdy I

Integrating these aver y and taking the ratic of the two, one obtains:

{(x)+s(x)
{x)+5(x)

ao¥®/ax _ (1/3) u(x) +d

- - ? -
d_Uvn/dx (1/3) d(x) + ¢
For large x, when the sea terms become negligible, the ratioc of the two
cross sections becomes therefore equal to the ratio uv(x)/dV(x).

A measurement of this ratio as a function of x is therefore useful to
understand the relative behaviour of valence u and d quarks. A simple
minded quark parton model would in fact predict u(x) = d(x), while ac-
cording to Field and Feynman(“ the ratio d/u should go to zero like
(1-x) for x=l.

Farrar and Jackson have used QCD arguments augmented by SU(6) symmetry,
to predict d/u + 0.2 for x + 1.

The dependences of R on %, y and E5 are presented in fig. 1.

Fig. la shows the ratio as a function of X, compared with the Field and
Feynman model.
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It seems that our data at x - 0.7 lie higher than the Field and Feynman
“ prediction, although the errors are still too large to draw amy final
conclusion. The data are clearly also in agreement with the prediction
of refd,

A fit of the ratio to ap expression of the form A+B (1-x)¥ gives A=0.15
+0.05. This favours the prediction of ref(s), although the presence of
systematic errors may modify this result.

2 2 2
Fig. {lc) compares the ratio, under the cuts W > 4 GeV , Q > 2 GeV2,
with the prediction of the model of Buras and Gaemers(®), The agrement

is not very good.

The main qualitative conclusion one can draw from our data at x >.0.2,
is that the x distribution xuy(x) in the proton is broader than xup(x)
in the neutron. :

The same effect has already been observed in a meutrino experiment(7),
as well as in our own neutrino data‘l’,

The values of the ratios of cross sections, integrated over the kinemati
cal variables is given, for the indicated cuts, in table I, where a
comparison is also made with the Field-Feynman and the Buras-Gaemers mo-
dels. There is in general agreement with the Field~Feynman predictions.

We have also extracted the distributions of valence and sea quarks from
our y-distributions, fitting them to expressions la, 1b.

In doing this we have assumed an antineutrino nucleon total cc cross section
g = 0.30 x 10 EG (cmz/nucleon), and a ratio OGn/OG =0.51 as measured
in this experiment. P

The fit to the y distribution, integrated over x, yields for the integrals
of quark distribution functions and of structure functions the values

given in table 2.

The_wvalues of D48 and U+S indicate that the fraction of momentum_carried

by d-quarks in the proton is larger than the fraction carried by u-quarks.
This is_in agreement with the preliminary results of a v ~deuterium expe
riment'’’. Our result for D45 is in agreement with the value found in a

vy experiment in hydrogen (0.03320.012)(8), The total fraction of antiquarks

- - - = - +
(U+2+25)/(U+D+U+D+28)=0.125-0.015 corroborates the results of high stati
stics experiments on isoscalar targets and in particulaf the value 0.12%0.02
obtained from a fit to vyy-distributions at similar<Q?> 9 |

To study the detailed x~dependence of these distributions, the Fits to the
y-distributions were performed for several x intervals. The y range was
restricted from a lower limit of 0.1 to an upper limit of 0.6 to 0.8,
depending on x. The overall X2 per degree of freedom was 75/78 for the
neutron data and 113/86 for the proton data. The results obtained are
shown in Fig. 2. .
The vesults(ﬁse in agreement with those of a \, P experiment(e).The Field of Feynman

predictions (dashed lines in Fig.2) agree with the data points for xu(x),
while they compare less satisfactorily with the points for xd(x).
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In order to compare the shapes of the sea distribution for neutron and
proton, we bave fitted them to an expression of the form A(1-x)*. The fits
(shown by the solid lines in figs. 2c, 2d) show a difference between the
two slopes, at the level of 1.5 standard deviations, in agreement with the
Field - Feynman predictions (shown by the dashed lines in fig.2) of a stee
per xu(x) distribution compared to xd(x). Sistematics is being studied

to check this results, but systematic effects are unlikely to change the
conclusion of a difference between the two slopes. We note that a similar
difference between the slopes of xu(x) and »d(x) has rece?fég been obser-
ved in an experiment on hadronic production of muon pairs .
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a) Antineutrino

Prad A i lantablafee e

Cuts R
this experiment 33 BG
NO 0.51 + 0.01 + 0.03 - -
2 2
W > u Gev' | 0.55 + 0.02 t+ 0.0% 0.58 -
2 2
>
{ W%V lomsroozro0s| o051 | 059
Q° > 2 Gev

b) Neutrino

R
Cuts N
this experiment EF BG
NG 2.22 + 0.12 + 0.25 - -
2 2
W >4 GeV 2.17 * 0.13 * 0.25 1.2°0 -
2 2
>
zm ¢ mm<w 2.38 + 0.15 + 0.25 |  2.03 1.87
Q> 2 GeV
~ TABLE 1 -
= v )
Cross section ratios R = g(vn) and R = gve) for ¢c intera
- o(vp) ) afvp) =

ctions.

The values in the table are for mﬁav > 10 GeV, and for the
indicated kinematical cuts.

For R and R the value £ = 0.i2 + 0.03 was used and both the
statistical (first) and systematic errors are given.

The vdmnwndwoam computed according to the wmA:umu& wmamvaonmw

are also quoted.
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Figgge captions

Fig.1) The ratio R= O(Gn)/U(Gp) as a function of x (fig.la. and 1b }, ¥
(fig.lc) and ES (fig.1d). The kinematical regions selected for each plot
are indicated. The curves are the predictions of the Field and Feynman

N [}
parametrisation () (fig.la,lc,1d ) and of the Buras and Gaemersf ) model

(fig.1b).

Fig.2) x dependence of the quark structure functions : (2) xu(x}, (b)xd(x)
(e) x(&(x)+s(x)) and (@) x(u(x)+s(x)).

The dashed lines represent the Field ~ Feynman predictions(u). The solid 1i

nes are the results of fitting the sea - quark distribution functions to

(-4
the formula A (1-x)
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SPIN EFFECTS IN e‘e” ANNIHILATION

Leipzig, DIR

+

Longitudinal polarization of electrons and positrons
in future e+e'storage rings is rather difficult to be obtai=-
ned. A recent discussion of this question was recently given
for the future CERN-LEP storage rings /1/. In contrast to this,
it should be siraightforward, to obtain =& linearly polarized
electron beam in a linear e¥e”
Pass Collider /2/ or the VLEPP project /3/ at Rovosibirsk.
Polerized Zlectrons have been accelerated in the past in the
SIAC Linear Accelerzior.-

Quite a2 few experiments with solarized e'e
have been proposed in the pasi. The most interesting propo-

sals include:

- ”he observatio

of gauge theory concellztions in
ete"—W'W", discussed by Gaemers and Gounaris /4/.

collider like the SLAC Single

~ ecollisions

= The precise measurement of neutral current couplings on

top of the 2° peak, discussed by Prescott /5/.
- Trlavor separation by means of transverse

on /&6/.

In the past, the azimuthel asymmetry of two jet everts with
transversely polarized beams was measured at SPEAR and provi-
. ded evidence, that these jets could be associated with spin
1/2 quarks /7/.

le will disouse—here b”oss sections azd spin asymzetries

for laroe pL Jjet production from two pnoton proces-
#ith definite heliecitien

dibeuss~eisewhere~7%h4;the production of nolarized hadrons in
polar¢zea and unpolarzzed single photon ete” annihilation Pro=-

iu"k"’i‘*:!/(
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2. Spin asymmetries in large p; jet production in

two photon processes

Recently first measuremenis have shown, that hadron
jet production in e*e”™ collisions via the two photon wmecha-
nism is accessible experimentally /10/.

QCD predicis sizeable spin esymmeiries for the hard
scattering of quarks and gluons. In the past it was proﬁo-
sed /11,12/ to measure as a test for QCD the corresponding
spin asymmetries in polarized hadron-hadron collisions lea-
ding to large p, jet production. llere we point out, that
these tesis are more unambiguous if the large p, hadron jeis
are produced via two photon processes.

Jet production in unpolarized 2y progcesses were Iirst
studied by Brodsky et 21 /i3/. Here we estimete the %CD pre-
dictions for jei production asymmetries for primary et ana e~
with definite helicities. .

Ve use the basic hard scettering model for large p, jei
production. The essential ingredients for the calculaiicn
are the following.

i) The distribution funections of polarized partons (pho-
tons, quarks, gluons) in elecirons of definite helici-
ty. Ve use the distributions obtainec in a modified
leading log approximation by Kripfgenz and Schiller /14/
where both occuring scale parameiers (/\QCD and the
electron mass) are incluéed.

ii) The cross sections for the scatterins of constiituentis
with definite helicities. The corresponding cross sec-—
tions for gquark-quark, cuarik-gluon and gluon-gluon
scattering were o-vel in /11,12/..Ad itionzlly we use
the cross sections for yy— qE‘,‘ eq——eq, Yo¢—=—3q and
Yg—=0q. For the latter process the cross sections
are

c_'l--i'

[«]

(yg—ad) = 0 ;

9
of|

bl - & ol +
— (yg—qd) =eq2'¥':zi—‘2(-§+%)'

it
ot

|
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Zxperimentally, the jet struciture of hadronic events
can be disentangled. Therefore we consider separately the
following Jjet topolozgies

(i) Two jets at large p,, no forward/backward jet,
hard scattering processes: YY¥~-qg , Yy 88 -
(ii) One jet at large p,, one forward or backward jet,
hard'scattering process: eQ—=eq .
(iii) Iwo large p, jets, one forward or backward jet,
hard scattering processes: ¥q—=3qQ , YS——=qG .
(iv) Two large p,_jets, two forward/backwaré jets, -
hard scattering processes: GQw=Gg , 9Z—eQ0Z 5 3S~=83.

In Pig. 1 we plot at ¥s' = 30 GeV all contributions
%o the large p, two jet distribution dac'/ dz , éY¥, ax,
for the iwo jet rapidity Y = O and for x,_ = 0.95 (x,_ is
for vanishing transverse momentur of the two jet systexz ce-
fined as x,= 2 p,(single jei) / Ts' ) as function of ¢= x2/s.
K is the two jet invariant mass. The clearly developed diffe-
rences between the production cross sections For equally and
oppositely polarized electrons result in sizeable spin asyczet-

ries .

, _ct-¢"

- Tt s o*

which are given in Fig. 2. The dominating 2 jet process (i)
( YY—=3g) leads to a big negative asymnetry whereas all
other jet topologies give positive asyzmetries A. The asymmeie
ries A plotied as funciions of the varizbles x, and Y are
rather featureless and flat, we do not show thex kere.

“e siress again, zost of the asymmetries siown are cha-
racieristic for (CD and not easily oblained in different zo-

éels, "~1suring tkese asymnetries in two photox processes

has fur...2rmore the advantage, tbat 2o informetion Iros expe-
riment is needed for the celculation. The parton distributions
in pointlike objects like photous or elecirons are calculetle.
Therefore this measurement of QCD predicted spin asymmetriesl
would have a great adventage against the corresponding =mcasurc-
zents using collisions of polarized hadrons. .
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HADROPRODUCTION OF CHARMED PARTICLES

Francis Muller
CEBRN, Geneva, Switzerland

Up to 1979, hadroproduction of charmed particles had but been hinted
at by observations of single leptons [1] or lepton pairs [2] presumably
originating from the decay of one or two charmed particles. Since then,
evidence has accumlated from different sources, the main ones being
beam-dunp experiments detecting prompt neutrinos or muons, and spectrometer
experiments observing mass peaks in hsdronic decay channels. Total charm
cross section values of the order of 30 ub at SPS energies and several :
hundred microbarns at the ISR are found. Standard QCD-models [3] did not
foresee such a large value for the cross section at SPS energy; a fortiori,
the enormous ISR cross sections are even more of a problem [4]. 1In rthis
review, experimental results since 1979 will be presented and discussed,

and some attempts of theoretical interpretation will be mentionned.

GENERAL COMMENTS ON HADROPRODUCTION EXPERIMENTS

Hadronic reactions leading to production of charmed particles are of

the general type h;h; + C.E,X- The projectile h, is generally a proton, in

some cases a pion, and the target h; may be a heavy nucleus A (beawm—dump)
or a proton (ISR)- Cy is a charczd particle {(charm quantum number ¢ = +1)},
i.e. & meson D D" or a baryon 4 _, C: a particle with ¢ = -1 (D or A ).
The observed C, and C,~particles may orxgxnate from excited states, such as

D <+ Dr, or higher mass charmed partxcles. such as t - Aci.
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The production of charmed particles is detected via some
characteristic feature of their decays. The following have been used:

(a) Prompt lepton (e. u or v) emission: C + vk (&c = 8Q), and c.c.
(b) mass peaks in Cabbibbo favoured (4c = 8S) hadronic final states:

D' ekx, D +Krr, 4 +Kp  (andc.c.) ,

(¢) small distance d between the interaction and decay vertices, which can
be observed by detectors with high resolution in space (< 100 wb).

Each of these methods suffers from high background due to the more
abundant non-charm reactichs, the signal itself being reduced by the small
branching ratios for individual decay channels (table 1) [5}. 1In case (a),
for iﬁstance, a large fraction of muons or meutrinos detected in beam-dump
elPeri;ents originate from ¥ or K decays. In case (b), there is a high
combinatorial background due to the large nmumber of particles in the final
state (in addition, final states such as K ¥ or K-pt+ have the same
quantum mumber as strange resonances, and can be ascertained as charmed
only by the sharpness >f the mass-peak, implying 2 good mass~resolution).
1n <ase (c), single din:ays (especially when the final particles are not
measured) can be due to strange particle decays, and only the decays into

three charged particles are relatively safe.

This situation can be improved — at the expense of yield - by
requiring a positive signature from each of the produced charmed particles,
either two un}}ke-charge leptons (2]; or a mass-peak associated with
leptons of tb: right charge (i.e., D" e K n'et with an e or u ) or two

visible short—~distance decays.

) -Besides these ezﬁeriuental difficulties, the extraction of crbss
sections from the agbserved leptons, peaks or decays, is subject to problems

of a systematic nature:

= The leptonic branching ratios may well be different for the various
charmed particles so that using the world average, 0.08 [5], may be
nisleading- Also some hadronic branching .ratios are still very poorly
konown, in particular those of the 4 . Finaliy, with method (),
sincte decays can be observed only in a certain interval of length, there
“is a non-megligible, lifetime-dependent weight factor on each event.
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= In all cases where a heavy target is used, the hadron—mucleon results

have to be inferred from the hadron—mucleus wezsurements. Usually, it is

assumed that o(A) = Ao(p); an A3 14w would lead to al{p)'s higher by a
factor of 4 for the iron or copper. targets used in beam—dump experiments.

= Last but no least, most experiments are sensitive only in a certain range

of kinematic variables. Going back from the data collected in that
region to the total cross sectiom is obviously, and very oftem highly,
model~dependent. Ideally, for each production model, one should compare
the predicted x and Py distributions of the charmed particles with the

observed distributions. The statistics are often too scanty to allow a

distinction to be made between models on that basis (this method was used

with success in the case of charm production in a muon~beam [6], thanks

to the high statistics — 20000 muons from charm decay).

Experimental results will now be presented, grouped according to the

method used.

PROMPT LEPTON EXPERIMENTS

2.1 Neutrino beam dump experiments-

The CEEN beaw—dump experiments were performed with the layout sketched

in fig. 1 (for a detailed description, see ref. [7]). An intense 400 GeV/c

proton beam impiges on a variable density copper target, in which the

primary protons interact gud the secondary hadrons are absorbed after a few

interaction lengths, while penetrating particles can escape. In the CERN
experiments the neutrino—sensitive detectors are located more than 800 o
away downstream with an acceptance of less than 1.8 mrad around the forward
direction (p.r < .18 GeV for a 100 GeV neutrino). These detectors.are:

(a) A big bubble chamber (BEBC), filled with a heavy Ne-H, mixture.
(b) The CDHS iron-plate detector, of large fiducial mass (~ 500 t).
(c) The fine-grain marble CHARM detector.

v“'s {or ;H’) are observed by the characteristic charged current (CC)

' events, yielding a u (or u*) - similarly for ve's when electrons are

directly observable. The number of A + ;e events can also be obtained as
the number of no u events, minus the contribution of nentral current

events (calculated from the lp-events). Iwo methods are used for

obtaining the n
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.otaining the number of prompt neutrinos: extrapolating the vields at two
different target densities to infinite density, or subtracting from the
observed number at high density the calculated number cdue to neutrinos from
% or K-decay. Fig. 2 ;llus:ra:es the extrapolation method for the u  and
u+ events for the 3 experiments (the straight line is the CDHS
extrapolation), while fig. 3 gives the (not very well agreeing) results of
both methods for the CDHS u and u* events; fig. 4 gives the (ue - ;e)
spectra obtained by CHARM and CDHS. Detailed numerical results can be

found in ref. [7] and [8]. Here we shall just outline the main features:
/

(a) The three experiments agree or. the (ae + ;e) vield, but give
“e/"u ratios of the érder of 0.6, wvhereas one expects unity if all
neutrinos originate from charm decay [according to the BEBC group

[7(c)] this anomaly cannot be due to v-oscillatioms!.
N

(b) The vV ratio from the CDHS data appecars to be smaller tharn that
from CHARM and BEBC (fig. 2), which are statistically less precise,
but agree with unity, as well as the BEBC result for ;efve. aznd also
the CFRS result for u-lu* (see below). This ratio is expected to be
unity for DD pair production, but may be different for ACB associated |

‘production.

Cross sections for DD production have been calculated assuming a
central producticn law Ed’c/dp® » (1 - x)* e-sz. a linear A depencence and
an electron branching ratio of 82. CHARM and BEBC obtain '9}: olpp = oDx; =
18 £ 6 ub (CHARM), 17 £ 4 pb (BEBC), using the v, + ;e prompt vield, wizh
'\'lelve = 1. CDHS finds [9] ¢ ~ 10 ub, using the ﬁe vield only (calcuiated
from v * ;e by assuming -that vel?;e = vulﬁu = 2.3). The goodness of the
fits of the central production model with the data can be appreciated frem .
fig. 4. Since the acceptance to neutrinos from charm decav is proportional
to Ez, a production law such as do/dx = c® would lead to an energy spectrum
rising at high E values. The possible admixture of such a process has not
been evaluated {note that some ‘:5 associated production could explain the

excess of v over 3, found by CDHS).

2.2 The beswrdump muon experiment at FNAL
The set-up shown in fig. 5 uses the neutrino detector of the
CIT-Stanford Collaboration. In the new CFRS experiment [10] muons from

interactions in an expandable iron target (which is also used as 2
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calorimeter) are detected in a toroidal muon spectrometer. The yield of
prompt muons is obtained by the extrapolation method, illustrated in

fig. 6; from that number one subtracts the number of apparently single
muons, which actually come from a y+u- pair in which one u was not
detected, and also the calculated number of decays between‘the target and
the detector. The resulting u /u  ratio is found to be 1.3 % .3, in
agreement with that expected from pp + DDX production (» .9), and in

disagreement with the‘;;/vu value (< 1) found by CDHS.

The acceptance region covers practically-the whole avalaible phase
space for the muons from charm decay. The observed P, distribution is very
similar to the BEEC E distribution (fig. 7). A central production moZel,
where the D and D are independently produced according to Ed*c/dp® ~
(1-x8Pr (1<o<3, 2<8<6) fits well the data. With a
linear A dependence and a value of 8% for the D + u branching ratio, a
value of 22 £ 9 ub is obtained for o(pp + DDX). Diffractive production
of ACE, with flat x distribﬁtions, would badly fit the data; a preliminary
value of » 25% can be put as an upper limit to the contribution of this

process (as reported by S. Wojcicki at this Symposium).

2.3 Some other results from single lepton experiments

Beam dump experiments with 28 GeV/c protons =t BNL [11] did not yield
positive results. A beamdump experiment with 70 GeV/c protons at
Serpukhov published [12] a DD cross section of (5 % &4)ub, which gives
(7.5 £ 6)ub [13] when corrected by using the sawe parameters as in the
other beam dump experimeats. A 70 GeV/c % experiment [14] was made in
BEBC equipped with a hydrogen track sensitive target inside a Ne-He
mixture; from the five observed single electrons (calculated background
0.7 £ 0.2), the calculated cross section for‘I—p - DDX is {24 = 14dub,
with BR(D + ¢) = .08 and a central production model similar to that used
in beam dump experiments (the result is very little sensitive to the

parameters of the model). Older results are summarized in ref. [13].

SEARCHES FOR MASS PEARS

The first positive results came from three spectrometer experiments at

the ISR, which gave evidence for large D [15] and A [16-18) production
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cross sections, as well as proved the existence of the Ac via its

K_pI+ decay—mode [16,18]. Since then, these results have been confirmed by
more recent experiments {19-21) with essentially the same spectrometers,
this time triggered by an electron, thus ascertaining the charmed nature of
the observed mass peaks. Also D producéion has been directly observed in
two experiments at FMAL [22,23) - for the first time below ISR energies,

after many unsuccessful searches [13].

3.1 The first series of ISR experiments (forward triggers) 3

These were made at ¥s = 52 GeV, except the LSM experiment («s = 63 GeV).

'

(a) The Lamp Shade Magnet (LSM) ACHMNR experiment

The LSM (Lamp Shade Magnet) detector (fig. 8) covers the 14-40°
angular range around Beam 1 of the ISR; a septum magnet spectrometer covers
the 1-6° forward region and provides K and p identification. 1In this first

LSM experiment [16] a small high field septum magnet spectrometer along

’ Beam 2 allowed the apparatus to be triggered whenever a particle crossed

it; in addition the trigger required the presence of a total of n * 6 or
more particles in the beam 1 detectors. The purpose was to select
reactions of the type p, + p; * p2 *+ X where p; is a high-momentum proton
(x; 2 -5) and X a high-mass protonic state, which eventually decays into
KCD(ni's). It was found that the condition n 2 6 corresponds to a quasi

threshold Hx ~ 10 GeV.

Retaining those events with a K and a proton identified, one cbtained
the K-pt+ wmass spectrum of fig. 9(a). The sharpness of the peak at
(2262 * 10)MeV [24] and its sbsence in K pv  allowed to identify it with a
charmed baryon, presumably the A in view of the agreement of the mass with
former neutrino results (25](*).c The production cross section has been
calculated in the diffractive region (10 < M <28 GeV) by referring the number
of Ac events to the total number of events in the same region. Im the
range of observation (.5 < x(A) < .8) one thus finds [26] Ac/ax
= 240 * 120 pb, using BR(Ac - K-pl+) = ,022. This is probably an upper
limit, since the multiplicity condition enhances the proportion of Ac
events {24). No signal was found for ot « x5t or (5)' - Kiig; upper

limits [26], calculated as for the A., are given in table 2.

(*) The presently favoured value, mw = 2285 * 6 MeV, was measured later [s1.
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(b) The UCLA~Saclay experiment

This experiment [17] used the same forward septum magnet as the
preceding one (however the measurement precision was not quite as good).
With an inclusive trigger requiring‘gnly the presence of charged particles
in the spectrometer, marked structures are observed at m = 2280 MeV in the
A(3™) system and at m = 2290 MeV in the K_pv+ system. The sum of the
A(30)" and K pr' mass-distributions (fig. 9(b)) shows a significant peak at
m = 2280 * 7 MeV (* 8 MeV systematic); the mass resolution (o = 25 MeV) is
consistent with the width, making it likely to be due to the Ac, but not
completely ruling out, in the eyes of the authors, the possibility of it
being a I resonance. The cross section in the range .75 < x| < .9,
as calculated from the K.pt+ channel (B = 0.022), is 2c/ax = 700 * 90 ub.

(¢) The Split Field Magnet (SFM) CCHK experiment

In the CCHK experiment the Split Field Magnet (SFM) spectrometer
(fig. 10), a detector of essentially 4r angular coverage, was triggered
on a negative particle at + 8°, with Pr > .5 GeV/c, recognized as a
possible K by a threshold Cerenkov counter. In contrast with the two
preceding experiments, the other particles were not identified and 2ll
possible Kx'n' or K-pn+ combinations were retained in che searches for
p* [15] or Ac [18) mass peaks. In both cases, similar criteria were used
in order to diminish the combinatorial background and to favour forward
production (by requiring the presence of a "leading” opposite system), and
the K ' mass was required to lie in the K region. Ke's" (fig. 11(a))
and K-pn* (fig. 9(c)) mass distributions thus obtained show significant
peaks around the D and Ac masses , while the corresponding-:on—charmed.m:ss
distributions are smooth (fig. 11{(b)). The proportion of K * inside K = -
is found to he 0.3 % 0.2 for the p’ and 0.4 : g:i for the Ac; these
experimental values (higher than those found at SLAC, table 1) are used in
the cross section calculations which are performed using several production
models. The updated results [20] are given in tables 2 and 3. The big
value of the DD cross section in the hypothesis of central production was
recognized [15] as an indication for the necessity of some other
mechanism. The cross sections obtained with flat x or y production laws

are smaller and agree rather well with the LSM results.
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3.2 The second series of ISR experiments (central electron trigzer)

Three ISR experiments (at /s = 63 GeV), one using the LSM detector,
the two other ones the improved SFM spectrometer, recently reported charmed
+
mass peaks associated with the right sign e -trigger. These experiments

are first described, a common presentation of their results follows.

(a) The LSM (ACHMN) experiment [19]

CO;—Cerenkov counters between the coils of the LSM (fig. 8) were used,

in conjunction with lead-liquid sciutillator shower counters downstream and
two consecutive dE/dx counters upstream, to define an electron.trigger in
the range 25° < & < 35° and pp > -4 GeV/c. The trigger also included two
additional charged particles in the LSM detector, and a p (or p) identified
in the forward spectrometer was required in the analysis. The K-pi*
(K*im-) mass distributions associated with electrons (positrons) are shown
in-fig. 12(a) (12(b)). 1n fig. 12(3), a sharp 3 ¢ pesk is seen at

m = 2260 * 10 MeV, the same mass-value as the one previogsly measured [24)
with the same instrument. Similarly a less significant peak (» 20) is seen
in fig. 12(b) at 2 compatible mass. The K pr' (K'px~) mass distributions
(fig. 12) obtained either with the wrong sign electron or with a pion
trigger show no signal at the Ac-nass. It is concluded that the observed
peaks represent — at their respective level of significance - evidence for

- + T O+ +
Ac(Ac) production. No D° = K ¥ 5 peak is observed.

{b) The SFM (ACCDHW) experiment [20]

In the upgraded SFM detector (fig. 13), two consecutive Cerenkov
counters at 90° allowed an electron trigger. The analysis vased the dE/dx

readings of a MWPC near the thin vacuum chamber to reject electron pairs,

and kept single electron candidates with pp > .4 GeV/c. Other particles
were identified Py time of flight counters, up to 1-2 GeV/c. All possible
combinations were used, subject to selection criteria similar to those used
in the CCHK experiment {15,18}, in particular an opposite leading system
was required (but not the presence of a K*). The K-pi’ mass distribution
associated with e 's is shown in fig. 14. A clear (~ 4o) peak is seen
around m = 2270 MeV whereas the spectrum obtgined with e+'s (insert) shows
no peaks. New preliminary results are the observation of a D' « K bump
(fig. 15), and of a possible [27(b)] ic - K*'; signal wich e’ 's (not shown).
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(c) The SFM (BCF) experiment [21]

The set~up and trigger were the same as in the ACCDHW experiment
(fig. 13), but the purity of the electrom trigger was enhanced by the
requirement of an energy deposit greater than 0.5 GeV in electromagnetic
shower counters. For the “c - K-pi+ search the highest x (x > .3)
positive particle .was assumed to he a proton, and the two other particles
had to have y > 1. Like in the ACCDHW analysis, an opposite leading
system was required. The K-pw+ mass distribution associated with e 's
(fig. 16(a)) shows a clear peak at m = 2.33 GeV, 45 MeV above the SLAC A
mass, the shift being attributed to local systematic effects, no peak is
seen in association with e’ 's (fig. 16(b)). Similarly to ACCDHW [18],
the BCF group observes the presence of K*' and 8" in the K-PI+ system, in
compatible proportions: (0.28 t 0.16 and 0.40 £ 0.17), again higher than
those reported by SLAC (Table 1).

The same data show preliminary evidence {27(a)] for production of
D+ K2'n" and D* + K 1° in conjunction with the e triggers. For the
p* search, the K is required to be positively identified (hence
Pg < 1.5 Gev/c), the " 's are any non-p or K particles with |xi < 0.3,
and the K¥t system has to have pp 2 0.7 GeV/c. The ensuing distribution
has a 39 £ 11 events signal at the D mass with e 's {fig. 17(a)), no signal
with e+'s- For the D' search, the same Pq cut was used, and the presénce
of an associated identified K" was the only other positive requirement; a D°
signal was then seen (fig. 17(b)) im the Kw' mass~spectrum obtained with

an e trigger.

(d) Cross sections and production characteristics

In the experiments described above, the reactions are assumed to be

(*)

pp+ DDX, D+ K x' (BR = 0.026) or K x5 (BR = 0.045), D = e (1)

pp+ ADX, A_ - Kpx (BR=0.022), D+ e ... (BR = 0.08) (2)

(%) A1l Als observed are supposed to come from A.D. There is some
indication {19, 27(»)] for A, production, hence a fraction of the Ajs
should come from Ach.. Assuming B(A. » e* ...) = 0.1, the cross
section for A. has been evaluated in ref. [19] to be about 1/2 of that
of A;, a ratio similar to that of A® with respect ro A’ [28].
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The three groups have tried essentially the same production models, in

which each of the two charmed particles independently follows either(*):
—9°__ o £(e) (flat x law) (a)
dx dp;
Ed*c/dp® » £(t) (flat y law) (b)

Edo?/ap® » (1 - Ix{)* £(¢) (central production) ()

In addition, for reaction (2), a mixed model (a'), with central D and
flat x (Ac) has been used- The results are not very sensitive to the
function f(tr), taken as e-sz (SFM) or e-AP; (LSM), but, as seen in
tables 2 and 3, depend very strongly on the x dependence. For all three
experiments, central production gives the best acceptance fo; the trrigger
electron, while in general the acceptance for hadronic decavs increases
with x; the smallest cross sections are obtained with the flat y or central
models for DD production and with the mixed model (a') for KCD production.
The validity of these models could in principle be checked by comparing the
observed x and P distributions with the ones predicted by the model, as
attempted [19] by the LSM group (fig. 18). The BCF group find [27(2)] a
rather flat x distribution for the Ac’ very similar to that of the A°
(fig. 19), and favour either a (1 - x)? or a flat-y law for the D (fig.

20); in both cases they observe e-bPT distributions, with b = 2.5 GeV~1.

From tables 2 and 3, it is seen that the results of the three
experiments are in rather good agreement (they are also comparable to the
previous results of the LSM and SFM groups, using different triggers); this
is illustrated in figs 21 and 22, which use models (b) for the D and (a')
for the Ac. With these models, total cross sections of 200 ¥ 400 ub are
obtained for each of the Ac, ID+ and D', hence 2 total charm cross section
of about 1 mb. One should note that these cross sections lead to <e/x>
ratios (for pp >'0.4 GeV/c) of the order of 3.10°* for each process
(ACB, D'D, D*D, with D = e ) vhereas the only directly measured value [1)
of that ratio in the same conditions (at ¥s = 52 GeV) is about 2.5 10°°.
This certainly sheds some doubt about the quantitative results but the
qualitative features - large cross sections and, at least for the A,

wide x distribution - seem well-established.

(*) Correlated models, im wiich for instance a 4.D system is produced,
have been also tried, with comparable results {see for example {19]).

’
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3.3 Fixed target spectrometer experiments

Two experiments recently observed D production at FNAL.

In the first ome [22] the reaction used was s (217 GeV/c) + p+ p +
D+D+ ...; b u+, D hadrons (and €.C.). The set-up is shown in
fig. 23; recoil protons from an H® target were detected at angles ¢ =
60-75° by wire chambers and TOF counters, the forward particles were
analyzed by the Chicago Cyclotron Magnet spectrometer, kaons were
identified by Cerenkov counters and muons by a 2.2 m steel absorber.

Fig. 24 shows the observed b’ - K:utlz signels and their x distribution,
c&mpared to that expected from a flat~x production law. A diffractive
model of production, strongly suggested by these data, of an X-D'D'x
system, yields o{pp + pX ) = (7 - 10) 2 4 ub, using BR(D® - u: eee) = 0.23
(table 1). The non—observation of D® production can be explained by the

smaller D* + u branching ratio (Table 1).

The other FNAL experiment [23], shown in fig. 25, aimed at detecting
p* production by 200 GeV/c * ‘s using the property that, in the
D*+ - D'xt decay, the e is practically at rest in the D* c.m. In the lab,
ﬂ+'s emitted at'90° c.m. are slow forward pions, detected by a spectrometer
near the Be target; fast kaons and pions from the D* decay are identified
and measured by a double arm-spectrometer. D* events are recognized as a
bump around 6 MeV (fig. 26(a)) in the Q value spectrum of the decay
Krx + D*s; conversedly the K» mass spectrum for evenmts with the nominal Q
value exhibits a D signal (fig. 26(b)). The observed ™t and B yields are
compatible, yielding a model~independent D* cross section do/dy = 1.6 £ 0.5
(£ 0.7 system.) wb at y = 0 (BR(D* + aD) = 0.64 £ 0.11 is used). A central

production model leads to c(D*) = 4.2 £ 1.4 pb.

VISUAL EXPERIMENTS

Detectors of short decays operated at SPS energies in hadron beams have
measured the total charm cross sections at those energies. In general, the
decaying particles are not identified; the decay is assumed to be charmed on the

basis of the decay length.

From the observation of two events, each one displaying charmrpair
production, an experiment at FNAL using an emulsion chamber {29) (enulsiop
layers sandwiched between tungsten plates to convert y-rays and electrons)

found, with 400 GeV/c protons, a cross section o{pp + cC ...} =

40 £ 30 uwb,
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40 £ 30 wb, for lifetimes of a few units of 10°!? s; o(pA) = Ac(pp) and
E(aa)/dp® ~ (2 - x)® exp (-BpT) laws were used to obtain this result

(e = 3-6, 8 = 2-4). At CERN, a small (20 cm diameter) fast-cycling, high-
resolution (v~ 40 u) hydrogen chamber [30] (LEBC) was exposed to a 340 GeV/c
' beam; 12 events showing two associated decays were dbserved above the
calculated strange~particle background. Since momenta are not measured,
the efficiency for observing a decay, calculated with the standard
E(d*e)/dp® ~ (1 - x)? exp (-ZpT) law, is an slmost linear function of
1ifetime. The cross section reported by the authors is o *~ 40 ub for equal
production rates of particles with lifetimes T = 10°'%® s and ¥ = 107!2 g,
to account for D* and D' production (table 1). Also, from eight observed
three-prong decays consistent with - Kta*:-, a cross section

o(D) ~ 35 ub is inferred for a lifetime T = 10°*? s. These results can be
compared with results from a high-pressure streamer chamber {[31] which, in
a 350 GeV/c p beam at FNAL, reported o = 20-50 ub. A prelimipary result of
o = 160 £ 40 ub with 400 GeV/c protons was reported [32] by an emulsion
experiment. In summary and with the exception of this last result, these
experiments find total cross sections in rough agrement with beam dump

. . s . ”
experiments, performed at similar energies.

CONCLUSIONS

Fig. 27 displays the measured total charm cross sections versus energyv
(for the ISR experiments, the total o is obtained by adding u(hc), o),

a(D’) as derived from the models giving the smallest cross sectioms).

For comparison, some theoretical predictions are plotted. The higher
plain curve corresponds to the Carlson—Suaya model [33] of charm—anticharm
creation by gluon—gluon fusion. This model, with m, = 1.5 GeV, has been
found [6]) to agree with charm muoproduction. In ref. [33}, the charmed~
quark mass has been chosen to be 1.15 GeV in order to give a 30 ub cross
section at SPS energy. An ~ 100 ub cross section is then predicted at
ISR energies, to be compared with an experimental value of ~ 1 mb for
o{charm) deduced from the ISR results. Even wirth systematic uncertainties
and badly known branching ratios, it seems:difficult to lower the total ISR
cross section to that 100 ub value. The beam dump cross sections could
be increased to about 100 ub if the cross section o(A) were
proportional to A2/3 rathe;\than A, but this would be in conflict with

the results from detectors of short decays.
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Using the Buras-Gaemers [34] quark and gluon distribution functionms, . To crion func
Combridge [35] has calculated the various lowest-order QCD diagrams for charmed diagrams
charm production, such as interpre

q P 9 latest r ,
Charm creation: 2 ond 2
q c 9 T
The
) q q 9 9 M.G. Alb
Charm excitation: g ond 9 and B. S
c{c) ¢le) cl(e) c(2) [
He found that at SPS and ISR energies, charm excitation (not considered in ot considi
ref. [33]) dominates over charm creation; the calculated total charm cross stal charr
sections are plotted in fig. 27 (lower plain curve). They are below those de are belos
calculated by Carlson but exhibit a much faster rise with energy. Actuwally of whic energy. 4
the absolute values of the cross section depend critiéally on the quark on the qt
mass. The Combridge curve was calculated with the a priori choice = The 1 choice
m = 1.87 GeV, vhereas m_ = 1.3 GeV wouid lead to values of o(charm) . ceent I g(charm
of about 30 ub at SPS emergies and about 1000 ub at the ISR (dotted 2 (dotted
curve). The agreement with experiment may be fortuitous, but could out could
indicate that the data are not necessarily in conflict with QCD. h QCD.
Othe.

The high cross sections and the extended x distributions observed at wita sns obse
the ISR (and also nmow at FNAL [22]) could be explained by other formerly ;: - other fo
suggested mechanisms, such as diffractive production [36] or gluoproduction or gluop
[37]. Recently the presence in the proton of an » 1% intrinsic charm - The insic cha
component has been proposed [38]. Due to its mass, the charmed quark would an e armed qua
carry a good fraction of the momentum (fig. 28), resulting in wide and - in wide
x-distributions for the produced A's and D's (fig. 29). With this wodel, - d'a/ "ith this
the rather copious production of same sign muon pairs by neutrinos [39] in a. »zutrinos ]
might be explained by the reaction v + T+ b+n , b=+ “ee sect: ves

(=) N
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To conclude, more precise data on production (and decay properties) of
charmed particles are needed, to help toward a well-founded theoretical
interpretation of the salient features of charm production indicated by the

latest results, i.e. sizeable cross sections over a wide x range.

The author wishes to thank S. Wojcicki for useful discussions,
M.G. Albrow, L. Cifarelli and W. Geist for communication of recent results,

and BR. Sosnowski and A. Wrdblewski for their friendly hospitality.
a

Note added in proof

New results were reported at the Lisbon Conference (July 9-15), some

of which are summarized here:

) *
- The BCF (p-'i#g) group obtains (A. Contin)( ), under the assumption of a
central production law for D and D, Ed*c/dp® ~ (1 ~ |x])? e-ZPT:

o(pp = DD°X) = 575 ub (* 50%) -
(/s = 62 GeV, e trigger)

-+
c(pp ~ DD X) = 305 wd

Othar models (p.190) lead to cross sections more than twice Sigger.

With an e* trigger, they have also some evidence (A. Zichichi) *) for

5= « K'x"7 and ;: - §K+ﬂ——

~ The ACCMOR Collaboration, using a large aperture forward spectrometer and
an electron trigger, finds (R. Klanner)(*) in 7 ~Be interactioms at 175
and 200 GeV/c, production of D* =+ K::;, mostly via 5 . s, With
d’o/dp’ assumed to be » e"“’p% (1 -1xI)® for each D or D" (x distribution
in agreement with experimental data), they obtain for the ¥ p cross

sections (linear A dependence assumed):

oD ¥X) + o(D"X) = 9.5 % 4 b

o{DDX) =14 %5 pb

4
(*) Names between brackets are those of authors of presentations to the
EPS International Conference on High Energy Physics, Lisbon, Julv 1981.
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With the same apparatus and trigger in a 150 GeV/c proton beam, they
observe a 4.5 o peak in Ac he pK-t+ at m = 2266 * 8 MeV, part of which
originates from £t . Act’. with m(z++) = 2440 MeV. Using prodoction laws
in (1 - x)ne'*°’p; for the & _ (n = 1) and the associated D (n = 4.5), they

obtain:

alpp = ACBX} = .75 * 50 ub.

-~ [ae LEBC Collaboration, using LEBC (see p.152) associated with a forward
1) from 6

(5

spectrometer, in a 360 GeV/c * beam, obtains {S. Reucroft

fully reconstructed p* - K;lt!t (ar') decays, using (D%) = 10732 s

- +
a(r p+ D X) =824 ub (x> 0)

The D production distribution is compatible with dofdx ~ (1 = x)®, with
a = 3.5 1, and gives <py> = 750 MeV/c. In charm pair production, a
correlation in rapidity is observed between the two mesons: <ay> = 0.4.

Two associ 2d FD events, but no Ac, were observed.

These new results are in general agreement - at their respective c.m.
enesgy — with those reviewed in this report. At the Lisbon Conference,
there was a general tendency to accept the high ISR cross section values
(with some restrictions conceraning the efr ratio - see p.f50) and some
new theoretical in:erpretations were presented (A. Donnachie,

y*),

3. Yargolis

(*) MNames between brackets are those of authors of presentations to the
EPS International Conierence on High Energy Physics, Lisbon, July 1981.

{*%) The LEBC group measures in units of 106"%* s 7(D¥) = 6.3 = ¥:§ and
w(D*) = 3.0 £ }:]. Similar rfs 1ts were obtained by the emulsion
experiment £531 (G. Prentice)'*y at FHAL and a photoproduction
experiment at SLAC (S. Reucroft){*}. Both LEBC and E531 observe a
tail of long-lived D* events, suggesting the possibility of two
life~times. )
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Relevant properties of charmed partiéles (from ref. [S5])

is8

TABLE 1

Masses, branching ratios and fractions are averages from results of two experiments

at SPEAR. The numbers for T and B (d + e* ...) of the D-mesons are from four

different experiments (2 at SPEAR for Bg, 2 in emulsions for T);

they should verify the relation t*/1* = B;/B;

¢
Main Branching Resonance
M(MeV) (10712 ) B (2) hadronic ratio €s tent
€ channels (%) conten
1.0 I3 <s Ko 2.6 % .4
L ]
D* | 1863.7 % 0.4 . .5 - 4 -  x
0.53 = [45 5.5 % 3.7] K°z 3.9 .9 70Z K
. 10321 2424 KOs 1.8 % .5
p’ | 1868.4 £ 0.4 . 2.z -t e -
2.5 _ ;:; 16.8 % 6.4 Kw 4.7 * .8 K° < 39%
-
. os - . K °: (12 7)2
8 2285 % 6 1.36 £ 0 K px 2222 1.0 | o7 2
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TABLE 2

- - -* -
ISR cross sections for pp + DDX (" + K25 or D + K v

Numbers (in ub} are calculated with the branching ratios of table 1 and

BR(D + e} = 0.08.

for ref. {26}, do/dx values.

The numbers for refs [19) and [26]) are 95% upper—limits and,

The numbers for ref. [27(a)] are preliminary estimates.

Ref. Trigger Part. Agssumed D and D production law x-range
Central do/dy = et dosdx = &°
Pl 10 * Ixf < .8
(CCHK) [15] Forward K D 1100 (2602) 3%0 210 «2 € Ix .
o (< 300) .2 < x< .65
LSM (261 Diffractive
pe (< 160) 2 €< x < .65
SF (20} |90° e ¢ 245 (£60%) 395 890 |0 < Ixl < 0.3
(ACCDHW) - -
LSM (1o] |30° & " < 530 (230%)} < 340 < 280 4 < x <€ .9
(5;‘:"?) [27a} | 90° &~ p*, D* ~ 500 ~ 1000 0< Ixl < .4
TABLE 3
ISR cross sections for pp + ACBX (Ac - K_p!*)
Numbers (in ub) are calculated as in table 2. The numbers
for ref. [16] and [17) are do/dx values.
; Assumed Ac production law
\ Ref. Trigger T]X"range
do/dx = const. do/dy = ¢
SFM - +>
(CCHK) {18) | Forward K 300 (2402) 610 4 < Ixl < .8
LSM [16) | Diffractive (240 * 120) S5<x< .8
UCLA-SAC [17} | Inclusive (700 * 90} .75 < x< .9
SFM {207 | 90° &~ 290 (£602) | 1460 230 o< Ixl < .3
(ACCDHW) = .
LSM [19] ] 30° e 840 (£50%) | 1220 1650 6 < x < .9
SFM (BCF) {211} 90° e 184 (t402) | 1125 750 <zl <
!
Central F{nt x | Flat y
Assumed D production law
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I - . The behaviour of the hadronic matter immediately after it has
been produced can be studied in principle {f the production takes
place inside the nucleus. The new-born hadronic system can interact
with the nucleons before it reaches asymptotic conditions.

A systematic study of the hadronic states going into 3x and
5x channels has been carried out by our collaboration. The channel :

A+ st A (1)

LN

with A = Be, C, AL, Si, Ti, Cu, Ag. Ta, Pb, has been studied at 40
GeV at the Serpukhov PS accelerator, with a staties of ~ 120,000
events.

Details of the experimental set-up can be found in ref. 1.

The coherence mechanism is strongly present in the data in the ful:
mass range , as shown by the t' = It-tminl distributions ( see as an
example in fig 1 the t' distributions of the 3z system in the low mass
region ). Coherent samples are defined for every target selecting the e-
vents with t' smaller than the first diffractive minimum. Total crcss
sections for the coherent production in the full t' range were also
measured by subtracting the incoherent backgrouni.

The data of the channel (1) were analyzed using the program
PWA ( Partial Wave Analysis )(2). The set of important waves in the
coherent sample consists of eight econtributions : 1‘5, I‘P, 1*p H
0"s, 07p; 27s, 2°P, 2'D. The spin flip amplitudes have been found
negligible. The behaviour of the contributions and of the phase dif-
ferences for the more important waves has been investigated as a fun-
ction of M}:*'t' and of the atomic‘weight ( &) of the nuclear target.

First of all we have performed the 3x mass deperdent PWA in
the sample of the events of all targets together ( fig. 2 ). The mass
shapes and the phase variations show nat only for 1‘s, but also for
0°S amplitudes, a resonance behaviour in the Al region.

The parameters of the 0 S resonance have the following va-
lues : H3‘ @ 1.20 £ 0.03 GeV and I = 0.330 =+ 0.0U0 GeV ; its phase va. -
riation isa 80° ( fig. 2 ).
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"1) the nucleus is a powerful mean in selecting and enhancing re-
sonances, as 1%S and 0°7S;

ii) the chéracteristics of the 0°S resonances do not change with
the nuclear target, while the 1ﬁs moves and it is more pronoun-
ced as larger as the nuclear atomic weight;

¥We do not have a clear explanation of the I*S dependence cn
the nuclear target. We can only mention some mechanisms which could
be responsivle for this behaviour:

i) the coherent mechanism selects and enhances the production at

very small t'.

the nucleus can absorb in different way the different states or

contribution and the absorption effects increase with the atcmic

[N
1
S

weight; in such a frame the nuclear absorption could clean sorme
states cutting the contribution of mechanisms, which normall
interfere in negative way with the resonant states.

iii)an intermediate or transition state after the hadron-hadrsn
collision but before fired final states have been reached, cro-
batly exists;‘ﬁuring this tgansition time the new-torn hadrornic
matter could interact with the nucleons and its characteristics
can be changed, as it is found for 1+S..

.

A more detailed analysis of the nuclear effects on the contribution
of the different waves can be carried out using a specific model. Tc
this purpose the X#lbig-Margolis-Glauber mocdel has been used,evern
if in its approach the interaction is assumed to be istantanecus
and point-like. As well known, the nuclear atsorption is measured
by the parameter 8 , which in the frame of this model is interpre-
ted as the collision cross~section between the state under investi-
gaticn and the bound nucleons.

The best fit value obtained for & is of the order of I5 mb,with
small fluctuations for the different mass regions. g has been eva-
luated also for the different partial waves. 0”and I* give for 6

a
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the following ranges: 2I - 30 and . II - I6 mb,respectively,which
reflect the different contributions of there waves in the coherent
region as shown in figs. 6a and 6b.

II. 51T coherent production on nuclei.

A sample of ~» I5,000 events of the channsel ' .
T A= T T TTt‘lT"A

on the same nine targets has been analyzed. The geometrical ac-
ceptance of the apparatus as a function of t' and !l,w was estima-
ted, using Monte Carlo calculations. It is almost independent of
t' (at least for t'<£.5 (Gevle)z ) amd decx-eases snootly from
75% to 55% when Mgy ranges from 1.8 to 3. Gevsc2

The inefficiency of the reconstructionsprograms was calculated,

recovering the lost events by means of an interactive graphic
systems(6)_ mnis inerficiency is ~ 25‘ almost independent of t'
and Mgzgy values,

Fig. 8 shows the r:we-pion mass distribution, not corrected for
acceptance and with t' cut at t'=.5 (Gev/e)}2 . The aifferential
cross section o ) versus t' and versus A and the total cross
section G; versus A, have been fitted using: the K'élbig~nargoli_s
formula. The procedure used was the same as in ref.I. The full
line drown in £ig.9 is the result of the fit on the tctal coherent
cross section. The parameter Q(Sﬂ)is always definitely smaller
than JO mb and tends to decrease with increasing Mgy .
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TWO PARTICLE CORRELATIONS IN PION-MUCLEUS INTERACTIONS AT 40 GeV/c

A.T. Abrosimov?), G. Bellini?), M. i Corato®, P.L. Frabéteid),
‘L.X. Litkin®, V.P. Lobanoval?, V.I. Nikanorov'), S. Otwinowski®),
F. Palambo?) and K.P. Vishnievskaja®

1) Moscow State Uhiversity, Moscow, USSR.

" 2) Istituto di Fisica dell'Universitd and INFN, Milano, Italy.
3) Istituto di Fisica dell'Universitd and INFN, Bologna, Italy.
4) Joint Institute for Nuclear Research, Dubna, USSR.

§) Institute for Nuclear Research, Warsaw, Poland.

Presented by S. Otwinowski .

“AbSfract

Multiplicity distributions and two-particle correlation finctions

are. presented for shower particles with pseudorapidity n > 1 produced
in =~ interactions-on C, Al, Cu, Pb targets at incident pion momentum

40 GeV/c. Results are compared with the = p data. No noticeable diffe- .

" rences were found between the muclear and elementary distributions of
the correlation function. The data are campared with the predictions of
the additive quark model and the quasieikonal model.
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Recenfly & big experirental andltheoretical effort wzs -
observed in studying the mechanism of hadron'inte'ractions on
muclei [1]. However only few resuiis were reporteé on two-pariicle
correlations for pure nuclear tergets. The pepers [2-4] reported
results on the light nuclei (C,Al), in the experiment [5])
the data were tzaken on Cr and T nuclei,

Data on two-particle correletions obtzined with nucleer
emlsion as a terget are more numerous but difficuit to interprei.
They result from 2 superpeosition of contributinms Prom different
‘ nuclei and this mey generate addition2l correlaiicns [6.73.

The data presented in this paper were tzken with the spark
chenber speciromeier, IS, withk C,A1,Cu,Pb tzrgets exposed o
40 GeV/c beam of T~ 2% the IMEP accelerator, Experimentzl se:-up
and- dete anslysis ware presénted elsevhere [8], Charged periizles
with the pseudorsvidity n= —ln(".:gQ;) > 1 were detected. Using
the data [9] we estimated thet the resgion v > 1 contains froz
85 X (for carbon) to 75%(for lead) of all cherged seccndaries

roduced in X~ interaction with nucleus at 40 GeV/c (protons
with f < 0.7 excluded).

In the present enelysis ere included events with charged
multiplicities O and 1, om ‘u"aeé in our previous-pudliceiicn [3].
Events of elas:t_ic scaitering ené of coherent di.ssocia‘.icn
on nuclei were reroved., The totzl mumber of enelysed insersciicrn:
is about 500 for-each nucleus.

The velues of the average charged miltiplicities for differexi:
nuclear targets in seversl pseudorapidity intervals &re preseried
in Table 1. The wp dets at 40 GeV/c [10] in the sene Y inlervalc

zre included for comperison.
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The contribution of slow protons with the velocities
0.3<P< 0,7 was estimated in a separui;e exposure of our
spectrometer with a low magnetic field [8]. The values of;
the average charged multiplicities without the slow protons
are also given in Table 1. The errors include the statistical

errors and the}uncertainties in the slow proton subtraction.
The main features of the multiplicity data, discussed in
the.previous paper [R], remain unchanged éfter the addition
of events with topology O and 1. The multiplicity increases
with the target wass for low p;oudorapidities ? £ 3; at higher
values of 7 the variation flattens off and in the very forward
cone ( 7 > &k} the multipiicity tends to be smaller on nuclei
than on hydrogen.
The charged multiplicity distributions were analysed using

'y G
the KNO scaling variables |1 1] , {ND G“Nd_ and z =z—% ,
i in .

where G; is the cross section for topology N, Ghnt is the total
inelastic cross section excluding the coherent component and (}I)
is the avefage charged multipllcify, fhé KNO scaling is known‘

to be satisfied by the hadron-hadron data at various energies.
Wﬁth our data we ;;e testing the scaling hypothesis for different
nuclear targets at a fixed energy of the incident pion.

The scaled multiplicity dis£r1butions in 5T - nucleus and
Ji” P interactions at 40 GeV/c [10] are plotted in Fig.1. Tn this
analys;s the multiplicity refer to the region ? > 1 and do not
include slﬁw protons. The.uultipliéity distribution for i p

interactions was calculated for pariicles selected in the same-

way as in
that the &
targots.
with slow
scaling.
¥e hav

function «

Ry (9,

where f%%
inclusive
binpses as
less then
influence
or &, (n,,
puclei. Th
for other
¥We do
di®tributi
butions wi
published
The formul
butions fo
targets ag
An app:
Rz(o,y) fo
experiment
The R

2
900 GeV/c |
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way as in the case of our data. The data shown in Fig. 1 indicate
that the KNO aeniing is well satisbied for different anuclear
targets. The multiplicity distributions {not. shown) for events
with slow protous included are also consistent with the KNO
scaling. )

¥e have studied two~particle péeudorapidity correlation'

function dof_‘,:l.ned as

dr _ do d
R (? ,?).. a'inel(d'b;?:. d 4 a—gi)
2V iR de do

%5, 4

where .é%‘ and 7%::%-‘?-; are the single=particle and two-particle
inclusive distributions They were corrected for the experimental
biases as described in [8}; the mean correction per track was

loess then 10%. Slow protons were subtracted statistically.. Their
influence is significant for 7 & 2.5% Fip. 2 shbws the variation
of R, (p,, 0,) with p, for several bins of 7, for C,Al,Cu and Pb
nuclej. The error bars are shown for carbon only. They are similar
for other nuclei.

WeAdo not observe significant differences between R, ('?»n'Zz)
di®tributions for C,Al,Cu and Pb nuclei. To compare these distri-
butions with the R, (3,,%1) plot for 7~ p interactions at 40 GeV/c
published in ref. [2], we used the formula ,? = ylf"b - 0,25
The formula was found empirically by comparing -ad—;; and,\.ffm distri-
butions for ST p events [10]. The correlation functions for nuclear
targets agree with the 5 p data shown by the histogram in Fig.2

An approximate equality between correlation functions
Rz( 0,‘y) for proton aﬁd aluminius targets was reported in the
experiment of Ref. [lt] using St and p beams af 200 GeV/c.

The Rz( ?” ?,_ ) distributions measured in the interactions of

300 GeV/c protons with Cr and ¥ nuclei [5] are also in
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agreement with cur sola {notice, however, that our statistic is
about ten times bigger for each nucleus).
in Table 2 we compzre our daitz in the central region with

predictions of the additive guark model = AQH [13,14] 2nd the

[0]

quasieikonal model -~ QEH [15,16] ®nth models use the formuia (17]1:

y o 2ot RiGw .
A (“1’“2 - <yt N <v> *

3

which »elsates the correlation functicns for nucleus (i) and

minleon (1f) with the "number of interactisas" in the nueleus,;v .

Here y, and yp are the C.ii, repidivies, The AQU and GE

N
E A - -n - P -
2l value cf rglo.u)
ey e - T IR -
The exverimentzl wvalues of
N yon Llea nenr welue of

Y winihaewmeiy vaeaT T el

e el - [ S 2 n g 2tant ittt aur izts
Zitlin srior hers resh models are ceonsisient with our Iats y

Conclusions

Multiplicity distributions of charged particles produced with pseudg

rapidity = > 1 by 40 GeV/c 7 's on various targets from proton to lead,
are consistent with the K0 scaling.

We do not observe noticeable differences in the correlation distri-
butions for C, Al, Cu and Pb nuclei measured in the psetudorapidity range
n > 1. There is a good agreenént between cur data and the results for R,
function obtained for 40 GeV/c =’ p interactions. (). The results agree
within errors with tife predictions of the additive quark model (15,14,17)
and the quasieikonal model(15» 16517

making ‘accessible their 40 GeV/c = p data. They are also grateful to Drs.
M. Bardadin-Otwinowska, M. S:eptycka and G. Wilk for helpful discussionms.

) however the quark model is preferred.
The authors thank to the propane bubble chamber Collaboration (10} gor
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TABLE 1.  Aversge multiplicity of charged secondaries, |
/upper numbers: all particles included, lowsr nusbers: slow pratons(0,3 ‘£ P € 0.7) excluded/

-z %1

tarae n 1,0 = 2,0 2.0 - 3,0 3.0 - 4,0 ’#.D\A- 6.28' 1.0 - 6.28
p" 1.18 & 0.01 1.48 £ 0,01 1.25 2 0.01 0.77 £ 0.0 6.68 t 0,02
1.12 2 0,0 1,46 % 0,01 1,25 % 0.01 0.77 £ 0.01 . .60 % 0,02
c 1.65 £ 0.05 1,931 0.06 1.40 L 0,05 0.66 £ 0.06 5.63 £ 0.12
1.52 2 0.12 1.89 % 0,06 1.39 2 0.05 - 0.66 £ 0.06 5.46 £ 0,16
A 1.98 £ 0.06 - 2,27 % 0,06 1.65 £ 0.05 0.63 < 0,06 6.52 £ 0.12
1.69 £ 0.11 2,19% 0,07 1,64 £ 0.05 0.63 £ 0,06 6.1 2 0.15
cu 2.48 % 0,08 2,42 £ 0.08 1.57 £ 0.06 0.70 £ 0,06 7.18 £ 0,14
2.06 £ 0.12 2.32 £ 0,08 1.55 £ 0,06 0.70 ¥ 0,06 6.63 X 0,17
™ 3.01 ¢ 0.08 2.55 £ 0.08 1.47 £ 0.06 0.63 £ 0.06 7.66 £ 0,1
= 2,34 £ 0.17 2.39 £ 0,09 1,43 £ 0,06 0.63 % 0.06 6.81 = 0.1
") Data from »”p interaction at L0 OaV/c . ([10]
3 E
-4 .
vy oy o
» [~r} u

3 ‘| & B -3 s N

. .
" B
! - Lol
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E2. T "PABLE 2. Two particle correlation function R,(0,0) for
n n~  interaction on various tu;:gets at 40 GeV/ec.
TARGET - TARGET data AQH QEHM
n,p ‘ | n,p 0.44 + 0.03 (3] | 0.4 ™ o.ks ™
c - c 0.41 + 0.15 0.46 0.56
Al . Al 0.45 + 0,14 . 0.h47 0.57
Cu | . Cu 0.30 + 0.4 0.45 1 o.58
b : Pb 1 0.36 + 0.15 0.39 0.57
rmali % Normalization point’
L . * Figure capticas
ig. 1~ Fig. 1 - Multiplicity distributions for x A and s p (soll;ld line) interactions

in the KNO variables.

_ FIg. 2 - Two particle correlation function Rp(ny,nz) at several fixed m
" intervals for = A and x p interactions at 40 GeV/c. The error
bars are shown for carbon only. They are similar for other muclei.

Ig. 2 -

- e
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PION PRODUCTION IN COLLISIONS OF RELATIVISTIC IONS -

Helene Bialkowska ‘ ) -
Institute of Nuclear Research, Warsaw, Poland

Professor Bialas has told why it may be exciting to study nucleus -

- nucleus collisions at high energy, therefore I feel justified

to say a few words about some experimental data. The results I will
show come from an extensive study of pion production in the c¢ollisions
of relativistic ions of ‘d, of “and 126 with heavy target Ta: moun-
ted inside the propans bubble chember, periormed in Dubna, afﬁ@he
energy per nucleon of 4,2 GeV/c. In the same laboratory other experi.
ments study the interactions of relativistic ions, in particular

in the streamer chamber with variocus metalic targets.

Some of the results sre already published [1], [2] ; I will
discuss some new data on the following subjects: 1/ rapidity distri-
butions of pions 2/ shape of the multiplicity distributions of '

pions for various classes of collisions

.

geometry and good momentum measurements we can compae
re the rapidity spectra of W~ for various nuclear beams incident

on the some nuclear target., Fig.l shows the ratio of the rapidity
spectrum of W™, /normalized to the full average® ~ multiplicity/

in the collisions of o€ and 12C with Ta to the spectrum of T~

from. dTa collisions. In this way we compare the production of T~

by various beams toc the production by the average (’p +n ) nucleon.
Fig.2 shows the same tatio for the so called "centrsl"™ events,

that is, events where no fast forward beam fragment has been obser-
ved, e ‘

Two observations can be made., First, there is no preferential region
in rapidity for the production of pions - the ratios are flat, wit-
hin the e?bors, as 2 function of rapidity. Second, for the "central™
CTa collisions, the S ~ multiplicity is about & times thet for dTa,

or, in other words, in a central collision, carbon acts approximately

8s six deuterons.
One may be tempted to compare the observed ratios of -%31 with
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the predictions of Bialas quark model CB] . As can be seen from
the following table, the predictions are not far from such relati-

vely iow energy data.

central rapidity beam fragmentation
region region

ody<i12 ¥OL.2 .

Model . |Exp .. .. | .Model .| Exp

3.0 [3.640.2 3.4 4.140.3
1.9 2.1+0.1 2.1 2.440.2
1.6 }1.7+0.1 1.7 | 1.7#0.2

2. The mualtiplicity distributions of pions may differ for different
classes of collisions, depending on the number of participating
nucleons,¥Y . The number of charged participant nucleons from the
projectile can be evaluated as the difference between total charge
of the projectile and the observed number of charged projectile
spectators,\’p =2p = Doy o Our detector does not register very
slow /p<£250 MeV/c/ protons-target spectators. Therefore we use
‘the number of knock-out protons /250 MeV/c £ p£ 800 MeV/c/ as a
measure of the number of participant protons from the target,'VT.
This certainly is only an approximate estimation.

The estimate of the number of participant protons is thus evaluated as

n\}n = \zp +,¢&

Fig.3 shows the dependence of the average‘lT “ multiplicity on "y ™"
for o{ Ta and CTa collisions. For the (Ta data there is a clear
proportionelity between ¢ n_>» and V.

Fig.4 shows the dispersion D_ of the @ - multiplicity distribution
as a function of ¢ n_», for fixed number of participants Y. Here D_

<
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is not a linear function o:t'( nl? as is the case for hadron -

- hadron collisions. o . ‘
The ¥ = distributions for fixed ¥ , or, physically speaking, for

each selected nsrrovw range of the number of nucleons pearticipating -

in the collision, which may correspord to a narrow range of impact
parameter, are not far, but wider then the Poisson distribution.
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2. H.H.Agekishiev et al., Preprint INR 1904 /VI /PH/A, Warsaw,1981
3. A.Biatas, Preprint Fermilab - Conf - 79/35 THY, May 1979.
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SPIN PHYSICS AT SHORT DISTANCES AS A MEANS OF STUDYING QCD!/

N

Lo

- ;'\3:,,/

K.S. Craigie
International Centre for Theoretical Physics, Trieste, Italy
. and

Istituto Nazionale di Fisica Rucleare, Sezione di Trieste, Italy

ABSTRACT

We review how experiments with polarized beams and/or targets can
be used to tes’c' QCD perturbation theory and to throw some light on the role
of next to leading logarithmic orders and power corrections. All the pro-
cesses we will consider, are the so-called bhard processes involving a single
short distance scale and are characterized by the remarksble factorization property

of parton densities. \
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1. INTRODUCTORY BACKGROURD OF FACTORIZATION OF PARTON PROBABiLITII-S Il;l QCD

v

preprint
ucl. Phys.

. {(1979).
) 2652.

(a)

Fig. 1.1 (a) Basic diagram for a hard scsttering process involving hadrons

A and B.
{b) Corresponding blockwise factorization of parton-hadron Greens

functions.

In the paive parton model introduced by Feynman, and developed by
Bjorken snd others, any hard process involving hadrons A, B, .. , is descridbed
by the diagram in Fig. 1.1.(a) vhich leads to the cross-section

1) b b.. .
T (B, ) = Jhﬂ- Do) b, Dy & bty x b,
a,r

where
D}(X) = Probability of funding parton of type & in hadron A with
fraction X of its momentum. )
o-“h" = is corresponding cross~section for parton sub-process &b -+ ...
This cross-section corresponds to blockwise factorized diasgram in Fig. 1.1.(b)

vhich bas in addition the simple property only simple spin averaged quantities ccour
despite the appearance of off-shell parton-hadron four point Green's functionms.
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This conjecture has been shown to hold explicitly in the leading order
in QCD with the replacements

. \
py (x) = D} (x, Q)

tree graph cross-section

o «p Lowest order in a,

vith a_ +a (Qz,) = 1/b Log Q2/A2 {b= (33~ 2nrJ/i2!). Qz being the frequency

(i.e. momentum) scale characterizing the hard process. An example of O'u’"

is ud + uyd corresponding to Fig. {1.2)

u % u . ' ‘ .
| do\ =[mas(@)) (2] [s?+ul
§ e t . - -‘T - e 9 t2

d d

Fig. {(1.2)

The reason for the dependence on Qz can be visualized by noting the radiation
of gluons and quark pair creation, leads to multi-parton virtual states
Fig. {1.3). The smaller the scale 1~ 1/Q°, the more complex the virtual states

encountered becone.

X">X>X

Fig. (1.3)
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Since the Q2 dependence comes from QCD perturbation theory, the partcn
densities satisfy the following simple evolution equation pointed out by
Lipatov, Altarelli and Parisi.

-
a a ’ A
in (x,0) wsl@t) S .‘é!. Ptz ® &F.qv)

vhere the parton branching kernal corresponds to the elementary process of QCD

V1.9 fe
9 >3 +49 /__
953 +9 ,A

Further the moments

0 Rt

1
4., = fae Rupterz
[

are simply the ancmalous dimensions, which ewerge in the operator product and
renormalization group approack to deep-inelastic scattering. The latter are
in fact calculable order by order in QCD perturbation theory. For more complex

processer involving more than one hadron, we have tkhe physical picture in
Fig. (1.%)

rig. (1.4)
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" All the radiative corrections can be summed up in the above formalism in
leading order to give the formule

o . X Da (&) b‘: (x,,6%) -~ O C woes) [1+ € o ted)”

vhere one can think of the radiative corrections, as siwply modifying the parton
distribution responsible for the hard process. 4 )

A simple way of understanding this factorization is to choose a
special physical gauge n.A%X) = 0 wvhere 1 Py#Pp+ ... In the latter
diagrams, vhich one might expect to destroy the Blockwise factorization in ,
Fig. 1.1 (b), Such as Pig. 1.5 (a) in fact vanish in the leading order in QCD,
which corresponds to sums of ladder diagrams in each chennel Fig. 1.5 (b).

In this ga.ug: the gluon propagator has the torav nw(x, n) = [-gw + (l("n“ + x{,nu)l
K.n + ..]J1/K°. Hence Fig. (1.5)(a) is proportional to

0y 09,0 + Qopue vienn) fien VR

=» = ?ﬁ "‘ * P‘. ?. K. E'.* '“3
. tr“—ﬁ '.1

. \ Fig.(1.5)

®
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There exists an all ordera proof of this factorization property,
involving factorization of mass singularities in perturbation theory. However
although we can alvays formally write '

AB:. ab-:
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It is not .ciear to me that one can interpret D: as the probability of finding
parton of type a in hadron A and O"b “® -as the corresponding cross-
section. In particular it seems wnlikely one can associate definite helicity
in each channel. For this reason spin physics will be wvaluadle in providing
a better insight into this question. ]

As & final remark on factorization, the perton density functions
o(x, Qa) _are not the Bethe-Salpeter smplitudes in each parton-hadron amplitude
but in fact integrals over the transverse momentum associated with the latter.
Symbolically

rxy &
Dix,e*) = _“k‘-' Y

The latter means, in particulsr one does mot feel the primardial transverse
momentum distributions (i.e. Fermi motion of the partons) in the leamding order
in QCD. The latter is only evident in higher power corrections.

2. EXTENSION OF QCD FACTORIZATION TO POLARIZATION ASYMMETRIES

If we nov turn to processes, in which the hadrons A, B, .. carry
definite helicities hA' hB’ e« 5 then the corresponding formular is:

e 3e L[S0 DY b 0™
sy o

vhere b, b .. are the corresponding parton helicities. The diagonal sum,
vhich is not completely obvious from the blockwise factorization can be shown
to hold in lesding order in QCD. PMurther in this order gluons like gquarks have
only tvo helicity states h =% . In principle all our considerations can be
extended to transverse spin asymnetries, bowever I do not think the treatment
of the latter is fully understood. In this talx we will restrict our remarks
to belicity asymmetries. ’

Defining

Oa = EUOn e« 'b.ﬁ SORENE A
AD, = L TT o) - Dat-7) R

N
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We can write the double asymmetry

A U“B“ = (o4 p8- “Po*) - C’“‘" ("‘a ’)

in the form

ach® zIAb: ADS . aS® [1+ oty

Further AD: satisfies the mlﬁtion or B.S. equation
o .
2 L T
20 x,6N 2 A b:tz.e.')-oj% d.(&.‘)j 12 AR, (A0, (§.4Y)
&2 x
. Wwhere .
2 2%

L J -

AD: is a measure of the polarization of the pa.rtunAﬂux relative to that cf the
incident hadron {i.e. the amount of helicity transfer to the mctive partons in
the hard scattering process). For example if AD: e D: then parton =a
carries away 100% of the polarizetion of A. This might be expected for the

leading u-quark inside the proton as X + 1 (Fig. 1.6).

Fig. 2.1.
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Single helicity asymmetries vanish, becsuse of parity. This is not true for

hel .
igle he transverse spin asymmetries. The latter however vanish in leading order in QED.
msverse >
. ) Measurement of transverse rpin asymmetries, may therefore provide a valuable
isurenen vay of studying non leading effects.

r of st
e SP‘ Finally let us note that because of the factorization property, if the
measured ssymmetry 40°0* /08B-- 14 of order wnity, then 34 0%/ D%~ 2
isured ab. . ab A A
b and AQ /O w1, since
I 89

cuey)

P a ’
A= Ac:t o [€a0ad Lamghy  sase
A= ohe <> <oy oS

and each factor is less than wnity. Hence a large measured asymmetry, means
t each 1 Lox an much of the helicity of the incident protons is transmitted to the particular
B of 'th bﬁ & ‘.e‘ ) partons involved in’ the hard sub-processes.
tons in Conversely. In some cases asymmetries are smsll, because of the

Co factorization structure and the fact each factor is less than unity. One feature

toriza of QCD, which will be apparent in vhat follows, is ti:st because vz are dealing
QcD, wvith & gauge theory like QED, the basic processes transmit or reflect belicity
h & ga in a ren.rkabl:y simple vay and most basic asymmetries A o™ Io‘b are of
° - order unity. -
ler uni ~

3. LEADING ORDER QCD PREDICTIONS

to that cf the -
. 3.1. Deep inelastic scattering and parton spin distributions

e partons in
irton a
ed for the

Here let us concentrste on the reactiomns
'5 F - e X
D d
Ve - ()X

. .vhich is described by the variables v = p.q X = ~q°/2v and y = v/E. See

ch 18 Pig. 3.1.
e 3.1.
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V{3

rig. (3.1)

In deep-inelastic scattering, with polarized leptons off polarized
nucleon targets in eddition to the usual structure functicns Hl and H2
we have two new ones Gl and G,. In fact ve vrite the hadronic tensor

2
Hu“(p,q,SA) in the form

WP 2 (3% IW, e e (PP YW,

: Y .
+22 €779, (s, G, + (Spo- ‘é;iq,,ac.,]

vhere SA is proton spin or 'heliety vector. The parten model gives

AG, (%, = 2* e: a b: {x, &%) € halicitny)

'3- tc‘ ()l, @1')"’ g‘ (ﬁ' G‘)-& - E * e: St b‘!“(‘lnt) {g'-‘“)

The 1at1;er corresponds to transverse spin asymmetry apnd follows from the naive

parton model, in vhich the parton have non zero mass snd are put on shell.

However the operitor product expansion apparently leads to different anomalous
dimensions (i.e. scaling bebaviour for Gl + G,‘,) depending on the renormalization

scheme and vhether there are mass terms or not. (i.e. if wve have an exact

* chiral symmetry or if it is explicitly broken by quark mass terms).

The structure functiocns Gl and 62 satisfy the Bjorken sum rules
A}

: 1 L 4 n S.E_ ¢
(1) j." [Qq €x) - q1 lx)] = % CV * (.éﬂ'- 2‘[-33)

(2)

which implie
4

I dx
[

This has the

fact have to
For

asymmetry fo

)
A woove

and

>

A L (?'oy,

respectively.



15 the
ive to
For
ry fo

X,Y,G

(%,Y,

L.

<

LL =

ized

or

Y6, |

(Spa)

he naive
ell.
nomalous
rmalization
xact

rules

33)

224

| r 1 L}
(2) . Sd’ c‘ (‘) 4 I d’ q'- (x) = O
. .
vhich implies

~

4 - d
[ax Lan’- advh+an -avil: %
L ]

This has the important consequence, that the AD;

fact have to be quite :I.arée. ‘
For neutrino scattering off polerized targets, the basic left-right
asymmetry for (v, V)P - uX is given by :

cannot 2ll vanish and in

5
-¥, ADk et « (o0t Ly 4D Ke)

o
ALLO"V.‘: s a =
L., O (e « 0y Z;‘ Y (2,1

and

N 3
A‘:.L (‘,Y Q") = -n-y)t Z” A bﬂ x,0t) + Si Ah‘ (x, &%)

(-9? zq, DY (x,a") s ‘ﬁ:’ tx, @)

respectively. Using the Cabbibo theory, we find below the charm threshold

] [
A-v _ - Ab:.(x.w'ﬁ + Cpd*a D, eV
w - - -
b; (x, ™) ¢ (1-y)? b: (=, %)

- “ d
A‘:L - —(‘-y)té ““ (X.Q")" A “ “{"Q"’

(e D tx,e? » o x,e?
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Hence from the y distributions one can clearly separate valence quark
distributions from the sea quark. A . rough estimste of the order of
magnitude of these.asymmetric neer x + 1; where one can neglect the ses, ‘one

finds

4 . 4
v - aD, (x,om la N=w
A\.\, = : ~ 4 ‘
b“ (x,Q‘) -7/3 N =M%
' v U -2 N =
AL = - 4Oy xaM . 3 v
DY (x, @) e W=

where the values corresponds to a simple SU(6) model.

Together the spectrum of lepton deep-ineﬁstic processes can be used
to determine the parton helieity distributions, in much the same wey as the
unpolarized densities. One can obtain light nuclear targets, which are over
T0% polarized, so these experiments become feasible, particula.rlﬁr with
polarized muops. The neutrino experiments of course will be much harder.

As yet there is little data on the AD:, so one tends to use models
which are constructed so as to satisfy the Bjorken sum rules mentioned above.
Throughout I will use two very different models, as an indication of what we
might hope to find experimentally from spin measurements in hard processes.

1. Conservative Model [Babcock, Monsay and Sivers]

Valence quarks carry & la;rge ‘fraction of the helicity for all x,

however the sea quark helicity asymmetry is adjusted so as to satisfy sum
rules. Primordisl (Q° = Qg 4 10 GaV?) parton densities for this model are:

A WIxY = - 44 Uixy

ad(x) = --35dtx)y

AD ex) = -2 x(2-%) T tx)
S 0= A (r-0'®

unpolarize

The gluon

simple qua

vhich

fast valen
Fo.

while for t

The latter
the models

This is the

Cne
spin demsit
valence qua
the Conserv
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Ce 2. Carlitz-Kaur Model
ce gquark
v order of Valence quarks carry most of the helicity as x + 1. The sea remains
arize t the sea, one unpolarized
3
9 [x) = % Wiy + -:-.- d ) ey = € (020 ..-43(14)"]
("]
< Al (x) = %—ul:) - -‘;0\0" doy= SLi-x)
"
luon The gluon distributions are calculated from the quark distributions, from &
- h simple quarkegluon bremsstrahlung model. The assumption is that fast gluons,
a . vhich dominate the momentum sum rule, result from bremstrahlung off
ralen fast valence quarks..
Fo - . For the conservative model
4
AGMKMY= - €€ (=) x(1-%)
es can be used . Gt =493 Ci- )¢ [{.,.(.-u)‘]
e way as the
'nich are over
1, ith .
yw while for the Carlitz-Kaur model, we use
for © ch harder.
o use models ‘ ACIN) = (..gg..-\.‘q,‘ - 63xY) Gy
entioned above. .
ion of what we G ixd r 3.6e [te A4 020 o A (- YT 1-x7 "
d processes. i
The latter we call the leading quark gluon bremstrahlung model {IQGB). 1In both
tter or all x,
the models
dels atisfy sum ) .
iis model are: a G af, (x)
- e o Wep 4
Gexs % (x)
. the This is the property of helicity conservation in the bremstrahlung process.
One One can now use the evaluation equations to determine Q2 dependant
eit spin densities AD(x, Q°). To give an idea of the size of AD/D for the
., qua valence quark inside the proton, we have plotted im Fig. {3.2)(a) and (b)

serv the Conservative and Carlitz-Kaur models respectively.



A0, (x.2")/ ! (x.0")

= pin AsymmetryA
CONSZRVATIVE MODEL

—— Q2 =10Gev?
- Q"-SC)GeV2
....... Q?=100GeV?

i
-2 03 ’04 !5 ‘6

[]
|7' - 08 vg ) "- x

FIG 3.2 cq)

Spin Asymmetry

.



y v u. o Spin Asymmetry

FIG 3.2c¢o)

Spin Asymmetry -
CARLITZ KAUR MODEL

AD:( x.Q")/ Dy(xa")

—— Q’~10 GeV?
------ Q2-50 GeV?
cmrmeemrm Q2100 GeV?

s PR | 1

1 2 3 4 5 6 -7 8 9 1 X/

FIG 3.2

ezz



229
3.2. eP+e'B+X where B=AC, Ryeeo

Before leaving deep-inelastic scattering, one interesting process,
which is possible within the existing mvon beam set up at the SPS, is the
inclusive production of A, I etc., in wivich the decay distribution of the

detected “hadron is used to determine its hul:lcity_ distribution.

e(E)

Wi

Fig. (3.3)

Variables: x = Q2/2v, gy = E/N, 2 = ByfB, = E/v vhers v = p.q.

Tne unpolarized cross-gsectiuvn is given by:

ac® L I ~ .
.3__; = N [ Is e, DP [x,q) DS*B(Z'G )‘3

where ﬁf—*B’ is probability of finding hedron B in a jet corresponding to

parton f, with fraction 2z of the energy. The latter is measured in the
* -

process e & -+ B+ anything, and all the congiderations for parton densities

g0 through for fragmentation functions .

The basic transmitted (from initizl to finel state) asymmetry for this

process is given by:

s o : .‘L
A, = R - T:' (+,->

i-:(*:*) -+ é_ﬂ_‘(*._)

[da(hp, 3

helicity

\
!
Hence thid
quarks cer

Gunion arni

Also the n
T2

correspon
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[dc(hp, hB) being the cross-section for proton helicity hp and B with
g process, helicity hBl is given in leading order in QCD by:
S, is the

ution of the ; .

o8
A =- i
1 —
is_ ei ‘)' (x,a%) -bi-‘DB (.!'q,‘l>

In particular for e"? -+ e'K 4+ X we have:

. £ -
Aq‘ - aSeM AR, M)
LL - ——————
. 2
b? (x, @) Ss-w\ PR

Hence this process provides a direct way of measuring the degree to which sea
quarks carry the proton helicity. The leading quark ideas of Brodsky ,
Gunion and others, would suggest for the fragmeptation fumction Aﬁs WA~

55 - A for B -+ l.Note if we acce;t the argument given earlier thataG/G+ 1 as x+ 1
and further that fast anti-quarks come from gluons converting to pairs,thenpert-
urbation theory would predict 43/G>1 as x-»1,i.e. A:j_-s -1 as x+1,z»1.

3.3. Massive Lepton Pair Production and Drell-Yan

sponding to
red in the There are 4 useful variations here
on densities -
O vrs prpm X
2> -
zetry for this "-} FE - prp -+ X
- -
D PA APp
- -
AY WP S pp X (fHw, v, «, .-

Also the production of heavy cmium states should be added to the list here.
This process is described by the much discussed Dréll-!'an mechanism,

corresponding to the diagram
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S
Av=-
For ﬁ
Fig. &
g- (3.h4) A
Variables
X, = x [Jx:-rkﬁ‘ls + %o
i a v=
% = E[ [xproovs - x¢] =
Xe = 2% /T3 = 2 Bl /i3
The basic cross-section for q(h) + q(h') + p'u" which is proportional to
- . 2 e o
‘ th ‘ _ in Fig.
aW) , (6
. ) ALL
nas [M++|2 = 0 by helicity conservation.
—> -
i.e. —ly ¢ Azq .
) (% bﬁ-a Phetvn h!&c-"-a) 0.5
-—b — : ’
- - A=y

Hence the basic asymmetry Qg = =], The corresponding asymmetry formula for the

vhole process is given by:
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i s e;‘ [ A b:(x.,o‘) a ‘b;g o, W)+ Ga ‘:')]

[ S Sl

{; e;’ t b: (xa,Y 15-:(8&,0..’) + (¢ %) 1
For ﬁ > up +x af zl, = (), this formula reduces to

v -f._“_g-‘z DS wilh XxX= N"’/ﬁ

L. Vi)  sex

and V= gU(x) + §1-d(x). ‘
Hence asymmetry depends on polarization of sea quarks

ol

‘.g A\-L - 0 s-“ cov“h-K“v Nod“

The predicted leading order asymmetry for the conservative model is shown
in Fig. (3.5)

A|_|_ ' ' P P-ufu+x
B S=1000GeV?
(CONSERVATIVE
2 MODEL)
05}
L .

! L R L. a
Z 4 6 8. 10 My
Fi3. 3.5 ‘ - Ge\f"
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On the other hand PP + pp + x is dominated by valence quarks, so for large
x = Huu//S , we have
il

.. U

e - A u o

w ¥

U txy

The corresponding asymmetry is lerge and is given in Fig. 3.6.
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The transmitted asymmetry: PA >ip+x witha polarized beam (or
target) also provides an interesting measurement. It of course relies on the
experimentally difficult determination of the muon helicity. However Soffer
and Taxil claim this is feasible. The basic asymmetry is given by

;‘ - - _ . il.. &1
.ql.l. ( ‘Ui -’rr) = 'i'l*d-t
vbere €= %t , W= % W awnd

The corresponding ssymuetry integrated over the muon angular distributions
is given by

: % % X \
“ _‘—:r_*: Z* e: [ADF “‘) b“ (l',)-Ab'un) Ba“b’}

ALL=" 3, %
FH T, TN e Sy St o]

The Correcsponding prediction as shown in Fig. 3.7
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3.4, Aadron Production at large P, Tae generc®
hA’ hB’ .e
ﬁence one ‘considers processes like
- £ d
. [
LS andh i C ¥ w, jov ( d
PP C+x
= - -
Pe > Ba+x Bz A Ac, -
- - ’
Py ~» B +x
which are triggered by selecting a particle or jet of particles C with large ' vh
momentum perpendicular to the beam-target direction. ere
) ‘ e
TRIGGER
' PLANE 2
t
. B
A - z
The
/ ¢ .
/‘ ’ "emt
¥ AWAY SIDE JET ' i
y Fig. (3.8)
The reaction will be characterized by two Jets, one on the awayside balancing
the transverse momentum of the trigger. The basic hard process is shown in
Pig. 3.9.
(Trigger particles)
a c
-y ii
where Q iL
These are -~
b N d - correspond -
. In all cases
. ab —cd we glve a £
‘AB—=C +JET+X ‘taken from *
Fig. (3.9)a

Fig. {3.9)
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The general hard scattering formmla for the process A(hA) B (h.B) -+ C(hc) + X,
hA' hB’ .e dmcting the helicities is given by:

(Eg _3—P = ‘P"h [D (rc,h.,h.)b (xh"‘ \'\b>
d . q,t e. halhg
he ha

tqc(!c.hc‘n 3 )h (o.tacd)

vhere

§ Uit~ D)
o

1
Pavia - S -3
‘ ose = .q:r. dx, dx,

gz Xa o, S R {:x.[:.b,&':*..lx‘u

b= (PP} ad L= (BB

The Intial - Intial or Reflected Dyuble Asymmetry

This is defined by

A = (d0)esr - EONa-
LN :
% (10’)4-* - (4o -

l [ J
I A“n Abs 0-'._._ dt)b

= onc
- v * — <
g‘ ::: Da D; (ﬁ) oo

Hhere'Qg is the seme asymmetry at the parton sub-process level (:b" + cd).

These are all calculated at the lowest order in QCD perturbation theory and
correspond to the set of grephs in Fig. (3.9} and are displayed in Fig. 3.10.
In all cases we see the driving asymmetries are of order unity. In Fig. 3.11

we give a fev semple estimates of the reflected asymetries for PP -+ (I, jet) + ¥,
'taken from the work of Babcork, Monsay and Sivers. *
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hi]

(b)ud-ud

(d) gg-ag

-0/

(e) 9q-qq
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Transmitted asymmetry fA -+ § + X examples:

L d -p .
P A > A+Xx
- = -ty (plus associated away sigde

PP — A +x strange particle)

The transmitted asymmetry, involves again the asymmetry of a fragmentation
function

Pax a W <% sde <
Z Sh AE‘ DB QLL -A_i- ABQ

¢ § Plote
Au. = =L
Z S\’avh ot bl» (,Lq. - e
ot Pa Pa G B

For PF + A + x the basic sub-processes are (Fig. 3.12)

. u,_. % s - 9%, . g .
§ — _* >-~<
- - “(t S g :

a s
: g

[7]

uill - ss§ ' gg - S§

Fig. (3.12)

The corresponding basic asymmetries and cross-sections are given by:

. a1 AN
o . t -u
Qe Tvar -
Uy -» S8
do . 4¥ (et £t
at Aos g
o “1 a a -
and Q“. __‘5_ n-l: - Tg._(fou, .
lL- 1 . S iy b
— Wt gL f« 3 oy X 2
T Fa t ZD T‘f']*‘r 33933
ay 2 - a
L) u
Tl & AT R
k3
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FIG 3.13
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For PP + A + x the valence guark dominstes, so the qq annihilation
most important comtribution. The basic asymmetry for the latter is shown ip
Fig. 3.13. The corresponding predictions for A;'_z ere shown in Fig. 3.1k,

in which we have set ADs-M = Ds-m ag 8 Tirst estimate.

= the

As & background ccming from bard scattering off strange quarks inside
the proton, can be minimized by asking for associated strange particle

production on the away side.

) ]
f,-f o ;2 4 6  BI 1T - :
- r \ : ' K ‘ s
".4’ . I
- i
6 ,
-8k ]
1 , l
-1} ! .
.- KINEMATICAL BD—od-
LA Pp—d+X
et,=60
! ) a>
1fo 2 4! 6 8 1
ALL | ‘ =7
. - /
-2} P - X=4PpE
_ 4:- \‘ .
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-6t -t
-8k !
) ICARLITZ KAUR -
-1 L | : P—az
1 © KINEMATICAL : Pp—-a*A
LINIT - g, =30°
. B)
lyo__ 2 & B. B 1 '
ALL { x =25 }7\
~— : 2R
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LT 8= 60’
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FI1G. 3.14



243

Por PP~ X + x the gluon-gluon fusion dominates and the corresponding A
basic asymmetry is given in Fig. (3.15)(b). Fig. (3.15)(a) shows 4G/G. . o
This has an interesting structure as a function of CMS angle. 1In order 2 g
>
to calculate the asymmetry at the hadronic level, we need the gluon helicity § !
distribution inside the polarized proton. Little is known sbout the latter, o er §:
K a ;
however the following argument suggests it might be large. If we assume that E !
o
the leading quark inside the proton carries mos% of its helicity as x -+ 1 % ° :‘
{i.e. as in Carlitz-Ksur model), Jfurther that fast gluons some from bremstrahlung § .,'
off fast valence quarks, then a simple computation based on perturbstion a SF :'
theory showvs AGMX)/ Gix) —» A0 /G 0w 4 a2 x-21q = /
s ;
10 3 /
R - 1]
4G ¢ Toa
G % [ ."
! < _i
o8 rog
1.QG8 g
06} EL
01 B
045 . ° {
__—o-—"-- ‘
- - h 1
o2} ="~ CONSERVATIVE
., "' _"
-' a M 2 . i
02 04 06 08 10 Ax
X } ¥
@ ' e,
¢
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N3 - X = - =0 (3]
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w
x
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FIG. 3.15
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The little data that exists supports the leading quark idea and the
process ve are discussing here, will prov:ldé & valugble insight into the
origin of the gluon distributions inside the proton.

In Fig. (3.16){a-g) ve give predictions based on the conservative
and LQEM respectively, for various trigger sngles ©cus. For Xp > 2 ve
see that the antiquark component is negligible (dotted line corresponds to
neglecting the latter). In Pig. (3.16) (g) we exhibit the Z, < .2 behaviour.

3.5. Prompt Photon Production at Large PT

Here we briefly consider reactions
- -
1) Pr=> ¥ 4+ x
hn V'
) PE > +x o To S 4Gy
) e T

/o

Process 1) 1s dominated by sub-process

% T a g
-+
3
9 . o
for which
.o g‘l i\
W - a a
(“ - - - Fov t e
0-;; ) st*e\ ( % )

These lead to a reflected FP asymmetry:
: - h

ie,_ f.."‘[zsb Ab(-,,)*ébréb ( )|
A = T LY
UL QeI @D —- ]

;.H,*

L.
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Process 2) is dominated by sub-process

%
¥ i
*  for which A \w==1 , since

IMas ™ coi )
*r = o by helicity conservation

The asymmetry formula for PP+ v+ x is given by:

a U (Xa) A\Ll!y)‘l' -‘\- ddtx.)Adcxy.)]@%)

Wy Qixg) = -‘*- dixe ) d0g) 1(%%)

»|¥ 2|s

;a._ f..[
J- 1

vhere w 3
b; B “3'.‘3 W (x?

The prediction for prampt photons, taken from our and Hideka's work are
shown in Fig. (3.17).




servetion

248

1(Hidaka takes
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Transmitted asymmatry for Pp +1 + x

Study in progress, Aldo Renzo with K. Hidaka, M. Jacob, J. Soffer and
N.S.C.

Here the possibility is being considered of measuring the final photon
helicity, by detecting & fast internally or externally converted .leﬁton pair,
vhich carries sway most of its helicity

-l ) 13 P

-
b-~o~avv~t~-<"——’.—_ 'u ~)

Here one asswmes one can detect the muon or electron polarization. A second
possidbility, is to use s polarized nuclear detector. Although the detection
efficiency in such an experinent is very small, cme could use the full beam
intensity on s 60-80% polarized target.

The basic Compton sub~processes are

n
“ - g‘\-%\
e, (43+¥8) = =
“a
4 ;

a, (T4»¥4) = -I

A pre °

-5

and asymm
injtial or

productio
of the ap
inelastic

4. Vi

Le
plcture of
it is oat
picture.
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rel” A preliminary prediction of the tranamitted asymmetry is given in Fig. (3.18)

J. Soffer and

" —‘o . . ) xP - - -s
E' e final photon Ai» // .

lepton pair, N / Xe='S
—

$ i

Xr=o
Cavliks £ any
on. A second
he detection n i .9
e full bean ' ’ Os .

) Fig. (3.18)
F FIG. 3.18: Preliminary estinate

\

There are msny other processes one can consider, such as ? P~ E x

T3% .. and ssymmetrical correlsticne {Peterson and Pire) or e’e' -+ badrons, vhere
11 or initial or final stste helicities are studied.
F Further there is the whole ares of transverse spin (normsl to the
ictic production plane) asymmetries. These nee\d to de studied carefully, because
e ap of the apparent mabiguities concerning the opsrator product approach to deep
stic inelsstic scattering mentioned in the introduction. .
v b, VALIDITY OF FACTORIZATION AND NOR-LEADING EFFECTS IN QCD
Le Let us begin by making the observativn that since a clear physical
re of . picture of vhat happens in hard processes emerges in the leading order in QCD,
nst ' it is natural to try to estimate non leading effects by perturbing this ’

re. picture. There are a mmber of effects to be considered namely:
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R . modify the
1. In higher orders in e, single spin asymmetries enter the picture
4 t g2
Ay= T -] 0 |
BZ -|8 ’ where
‘ ' o',

- SA‘O"“‘" _ ansn B‘A b‘r; S.‘O‘“'"

However ve ¢

so that
vhere . a -
S5 5 D (5a,30) = $EDCLDI- BEA =D~ DL
% Fls) = FID - FL)
: In t
For quark-quark scattering [with mass parameters] 'D tisty
's satis
ab.. . ./ + ;
d. G w ® + & P Dt
: N\
where
The whole question of transverse polarizations needs careful investigation,
because there are indications the effects may be large at intermediate PT. Pu

2. In higher orders in us(Qe), longitudinal gluon helicities will play

& role. This is the analogue of aB in deep-inelastic scattering. For the

. 2
latter one obtains UL/oT ~ us(Q ). However one

processes, ¥

3. Effect of next to leading order on factorization By
Let us briefly review the wvork of Alteralli, Eilis and Martinelli. If

one identifies D: (=, Qe) vith only the leading logarithmic order in QCD,

then in the next to lesding order, some df the effects of the diagrams Q\

——45— * Atarelli

Humpert
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modify the relationship betweer structure function F2 and D;

F’. t"p““” - 2 g%l B; (x" &1) O"‘("/g',tb"')'

13

where

. 2 , 2 1 2 1
0tg1,ﬁ,t) = €' k=) + g %ﬁ_?c, 2y + (?e;)g% S
ﬁw“ L. T,

tn Leadmy Grdey
However we can incorporate these corrections in the definition of the D's

so that

ixaY) = 2 e: B‘P (x,eY)
R

In this case, one can shov (Curei, Fumanski- and Petronzio) that the
D's satisfy a podified evalustion eguation

m"- g
D (x,et) = o (x, &) + [ %‘3- 'P,;i({",ﬂb'(%.{‘)
'-'a" x
where
2
P'u (L%2)- '."-’—(4‘-‘-‘:—\J H_a: w)— ¢ S+ -
. %39 L] ant

However one must now seek to identify this newly defined@ D in all other
processes, for example in the Drell-Yan mechanism.
By explicitly calculating the sub-processes®*

* Altarelli, Ellis Martinelll
Humpert and Van  Neervan . .
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J

- ‘ 1
N N s - 1 - 2 <
do , smkTh Siff_b‘ qsz:l_*n_ D (5,61 O (555, 0%)
J\K‘dx-‘_ as ' X L e %y %, [
’ 4

Where the D;(x, Q2) arc defined .o &8 to include the next to lewding effects

in deep inelastic scattering, one finds

C; (.26 = C;" {tﬁ' {%(r(%!ﬂ)iﬂ-\) 8§-1)

-+ 5(!-!):—%(1: +S(i'—|);‘% Ce G~ }

~

The appearance of 'll‘2 a, factors are due to Q2 = -Q2 {deep-inelastic) > 0

and these partly explain the famous factor of 2. We notice that 9 does
not exactly co.oc=nond to parton-parton cross-section.

) For the spin and helicity asymmeiries one has to repeat the second
order anglysis. One might guess, because for g3+ Y* g 60 = -0, that the
correct asymétry formla is

.

v, §{ 2v AD, o

i“ \X Di? b.‘r o'

Ay = -

where

Falx, g s 2 & Dy (re)

Gy on )« T 6 0 e

3

However this has to be checked in the seme way as the unpolarized case. We
must remember that we are talking about factors of 2« 3.

In this connection, one must mention that the renormalization scheme
and definition of us(q2) pley an important role and the subject remains
unclear ofi whether & particular scheme improves the convergence of the (us(Q‘?))n
series. In large transverse momentum process, next to leading effects can be
minimized by allowing different seales for difference of the factors

to me
there:

basic

sche -

n

grapi.

In ot

BRI
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-

3: s D: Dg . aab. However if such prescriptions are arbitrary they would lead
i
mee (':‘:. |é‘l s Q’L) to meeningless asymmetric predictions. Measurements of the latter will
rrel ’ ’ therefore provide a valueble way of studying the validity and nature of the
sic basic factorization structure. ’
‘ing effects k, Power Corrections
Recall in deep-inelastic scattering the following connections,
hem . schematically

Fix,e*) = j‘“ A.n(*-!') (%o o 'é"-._ F"'(l.@"“'"

Eaull . ' R \

n ‘ hisher +wiar iw ovE q-?r‘-v’b,.,‘% ?\,}}_.-.q,?q,}--} "
iie) » 0
: . does . P~ ,‘;‘\ /
s TetTule) = Y Calaw e .. R Opropa ()
second ) "
12t the
[
apt. . graphically
| [J @
I —o — A
(x-Y)2
Fig. (4.1)
ot In other processes, we have analogous perton dimgrams
. se, We ]
Y, 7
n scheme . ry 44 .
. . ¥ A o~ Y
-mains .
4 ,,:, he (r_t._(Qe))n 7,'/” /) < -
‘ &3 ¢an be
P N pp-o};'.,x- PP —=H+X

Fig. (b.2)
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These new {'.em, either involve muiti-quark distributions inside the hadron
or more complex sub-procegses or a complex mixture of both.

If these processes are important any notion of factorization is lost.
Hovever most of these Zechanisms can be estimated with a little ingenuity and
a lot of energy. In diacussing this question Politzer suggested a generalized

formulse

i - e VXN
- oh® (Pa.?y, )= I-\x. dx, .. b;‘t:.,r;,..)j-\x, dxy- Do

o Loy §b3 -

( %1%, !xv} P“‘,_)

- _ Pig. (4.3)
P
Within the parton framework one would exx&ect the corresponding asymmetry fermula
to be -

. AR x.g T3
Ara & . ® jAﬂ‘L‘J_bA gAMan - ADgatey. ©
— 1,

{0} §6d -

vhere

and___

{The contrac
Pol
distinguishi
the CIM (Con
and Gunion
For. example

(Today we al
Q@+ + g).

E3%.

where € = {~

Inn
9;8 behavio
PT due to s

case it will
unpolarized
help by cons-
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.adron vhere A Aged = A“ [Aa-o- B+ Ay A, ]
.s lost.
ity and '
eralized At‘\t‘} " ® [ Syt Sae [ Qe Byt +- 7}
and_ .. .
Ay Flha) » Y [F‘*, - P‘-’]
mtrac ?a,0) ‘ . ' ’
(The contraction symbols mean the ssymmetries are matched).-

Pol. Polarization asymmetry measurements may be a valuable way of
;u:(Lshl distinguishing the various terms. 7To illustrste this latter part, we consider
| {Con the CIM (Constituent-Interchange-Model) strategy of Blankenbecler, Brodsky
ion and Gunion » Here one gssumes at some level all processes contribute:
mple For example for PP ve have:

) _ e -ty
A 9% = v
-t
69 > hn = P
TR San B ¥
e al s -6
(Today we also would consider mechanisms leading %o ?T » Tor example
+ el qq + 7 + g). The sum over such terms would lead to
O . Ny
e - “h .
[‘f ! . 3 3 e - —.S.'&..—- E
. : EX & wg ee
| T r:. -y Criema ]
. = ( \
vhere ¢ = (1 - xT).

In_m .ry formuln In more recent times, Feynman and !‘:lelds ® - epphasized that the
avio P,;e behaviour could be reproduced by an Py eff(P;) bewaviour at smaller
tos P'I' due to scaling violations. in the basic parton dens:ltiea. In such a

hine o ey case 1t will be extremely difficult to disestengle the t®rms in the CIM from
zed unpolarized data alone. However let us avalyse i1f spin measurements are of any

cons: help by considering the superposition’ of the two nechanisms (see Fig. {1.b)).



257

Q4 —-—q3 ) 2

Fig. (k.4) We now arr

For the second mechanism the cross-sectlion is given by

%3, » TR

(E. AT IJ!‘ Jrg.q(‘.‘b"“’)( EY)

B3P ) pianen

and (‘l

with nefft

ohe obtain

whil: the asymmetry is proportional to

'1.3. » ; ey -
A o IADV 4 Bf a""( “’f)'biarrn

: A
If we assume that spin structure of the pion can be read off from -
d.iagr?.-s vith elsmentary pions then ag = 1. On the other hand the basic
asymmetry for "qq + g3 is given by: .
e A a3 Ay av
o s—é-;,-‘ - !'-%‘: - 33— -‘i'-‘r where J
O-u, = ?'-0 a~ ay aw v .
e twe g w T
¢ i B with X
vhi:h has the shape (fig. L.5) , ssymmetric
A structure
- Produced p.
adds to t}

sections,
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e
’ {3
} 05—
~s§
Fig. (4.5)
We nov arrange our magnitudes so that
Com bnbuting , rv.d:\buhm
- - O~ \ 44 & 7w
(E-‘}%')ln-mw =(E frr-) s at Py~ 2Gey
%39, »TCR
ConlnbeiNon i
A8\ YR ang ——
and (E “' ) ~ ‘ Najt (v )
T
with Dore(p ) ~ T for PT = 3 GeV. Using the conservative parton ;ﬁstributic-ns
ohe obtains.
R
Nl
ALLr--Z ['g"’(""'r)"" &~ €7 ] :
L off from

r(|"'-t)" = (‘157“'“]

nd the basic

vhere €= Jd3/2 , W) 2 4 + 3 leg &% /bey ®r/an

This ve plot in Fig. (k.6)(a), from vhich we see & strong variation
vith x, and VS between 20 and k0 Gev. The dotted lines gives the
asymmetries corresponding to the two mechanisms individually. The interesting
structure is partly due to the fact that the x, dependence of the directly
Produced pions is harder. However cancellstion between the two terms also
adds to the structure. If on the other hand we plet the unpolarized cross-
sections, the difference between the two machanisms is not so marked.
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We conclude by the remerk that spin physics mey be as important to
QCD as it was in Regge pole analysis.
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- DIAGRAMMATIC MASS FACTORIZATION TS

B. ﬁunpert’
CERN, Geneva, Switzerland
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Ansziacy . .

We develop an analogy between mass
factorization andmultiplicative BPHZ-prenor-
malization with the role of the renormali-
zation constant being taken over by the
operator mnatrix elements. By introducing
Zimmerman's forest formula we demonstrate
its use in constructing th;a deep inelastic
.DI}/Drell-Yan (DY) factorized parton cross-
sections and arrive at an all-order proof
of mass factorization. The DY correction

R . N . >
term is determined by similar reasonings. ( M
. . e

®)

Also at: Swiss Federal Institite of Tech-
nclcgy, Laboratery cof High Snergy Piiysics,
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LATTICE GAUGE THEORY

C. Itzykson . N

DPh.T. CEN-Saclay
91191 Gif~sur~Yvette Cedex, France

1. Introduction

Beyond the original predictions of asymptotic freedom and its successful
applications to aeep inelastic high energy collisions and related processes,
the theory of strong interactions based on a non abelian SU(3) color gauge
invariance has had a hard time to produce numerical testable results. The dif-
ficulty lies in the confifiement property which generates a spectrum very remote
from the original dynamical degrees of freedom. On the other hand the appearan~’
ce of new approaches like Wilson's Lattice quantization[l] have revealed to
the theorist's delight a wealth of unexpected phenomena. Lattice gauge theory
is still in an exploratory stage. However ths general feeling is that the

ground is safe eventhough practical davelogleﬁts are still scarce.

What has beer achieved presently is a reasonable understanding of the
confinement mecha' ism in the strong coupling regime. The Monte Carlo calcula-
tions initiated "y Wilson 2] aond Creutz Jacobs and Rebbita] and actively pur-
sued; have demo.,strated that the cutoff model approximates for small coupling
the short dist ince asymptotically free continuous field theory. Their results
had been partly anticipated by the developments of strong coupling series and

the insight offered by mean field approximationslal.

Euclideaa field theory using path integrals has provided numerous bridges
with condensed matter physics. Local invariance seems in particular a common

theme in a number of exzciting problems of disordered media.:

Very much as brownian motiom is at the.heart of the conventional field
theory, the study of gauge invariant models suggests a theory of "Brownian
surfaces” still in its infancy, in relation to the string model developped in

the context of the dual resonance approximation to scattering amplitudes.

The role of topological defects, with its asscciate duality transformations
in the abelian cascl.yield connections between strong and weak coupling s. Tua-
tions bit unfortunately cannot be extended except qualitatively to non abelian

cases.
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To extend this list of open problems let us mention the diificulties of
introducinﬁ fermionic degrees of freedom, recently reanalized by Nielsen and
Ninomiyals and others. The chiral anomaly reapears in the form of an explicit

‘bearking due to regularization or in the disguise of the multiplication of the

number of fermion species.

2. Lattice quantization

To cope with ultraviolet divergences numerous means have been developped
ranging Pauli-Villars regularization to dimensional regularization, which had
in common to be tailored for handling the perturbative Feynman integrals.
Lattice quantization offers a mean of investigating the theory in the large.
The task is then first to locate the possible transitions, those of interest
being associated with very large correlation lengths on the scale of the
lattice spacing a. The bare coupling constant and lattice spacing can be remo-
ved in favor of renormalized quantities characterizing a continuous field

theory.

Fo a fixed bare theory the set of connected Green's functions satisfy a

Callan-Symanzik equation
) )
p,a—p - B(g) -aE -n Y(g) Gn(P’g) = r.h.s. ¢)]
vhere the r.h.s. vanishes in the scaling limit and

3
Blg()) = A 5y 8N @

dictates the variations of the "running" coupling constant with a scale of
(euclidean) momenta ) . For non-abelian gauge fields and g small enough

8 = ~3g%+ ... 3
and ag A + ®
2 1 .
e g(l)""m (%)

i.e. at short distance the effective coupling: constant goes to zero.

This motivates a lattice cutoff a to deal with momenta p << % for which
the discretization should play a negligible role as the coupling constant
becomes ianishingly small, keeping some physical léngth fixed, string tension

or mass of some excited state. .
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Having broken translational by construction, it is however important to
retain as many symmetries of the sought for theory as possible. In particular

gauge invariance plays a proeminent role. It expresses- the fact that the physical

content of the theory is unaffected when "matter" fields (Higgs or quark fields)

are submitted to a local transformation

#(x) »D(g) ¢(x) &)

vhere g, is an x-yarying element of the local group G(SU(3) for chromodynamics)
and D the representation associated to ¢ . Since neighboring points on the lat-
tice are separated by a finite distance, the vector potential of the continuous

theory Au(x), has to be traded for an integral factor

- i (I
By Pexp i I: Au(x) dx Ery €G . (6)

a path ordered integral zlong a curve joining y to x, with the covariance pro-

. ’

By > b By & ' @

under local transformations. Note that ¢+(y) D(gyx)¢(x) is then a gauge inva~-

riant for a unitary representation D.

perty

The Yang-Mills action is then replaced, in the Euclidean region, by a lat-

tice sum, which up to a constant and a sign convention is

S = 8 ] x(lgy (8)
p .
The sum runs over the elementary circuits of the lattice, called plaquectes‘
(elementary squares of a cubic lattice), I By is the ordered pfﬁduct of group
variables along this circuit, and ¥ is a real class function (3 weighted sum
of irreducible characters) of a group G chosen to be maximum on the identity

element.

In the simplest case it can be taken to be the real part of the trace in
the fundamental represeatatiom. This is however not a unique choice and perhaps
not suited for SU(N), N large. The reason is that with such a choice the pla~-
quette action develops secondary maxima which might play an unwanted role.
Perhaps the most natural choice is to use the heat kernel on the group, which
reduces to the Villain form in the abelian case. Furthermore there is in princi-
ple no reasca, except simplicity, to introduce only the shortest circuits.

Indeed any vezl space renormalization will generate terms involving larger

circoits.
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circuits.
If the action is expanded around -its trivial maximum it takes the form
4-d d 2
- s - S d% (@
s = 5, mepa™ [l B

with sz the field strength. This shows that 8 is proportional to g;Z, vith g
the bare coupling constant. In the statistical analogy 8 is inversely propor-

tional to temperature and the vacuum functional

z.-Jnd exp § (10)
xy
is interpeted as the partition function, with

F = lim N 'inz an

-,

the free energy, N being the number of lattice points.
A coupling to Higgs particles can be added in the form of a sum over limks
and sites ’

. + +
S0 = Bm g bx Dlegy) 0y * g Vo0, (12)

where the first term would reduce in the naive continuum limit to a kinetic
term with ecovariant derivatives instead of ordinary ones. One can also introdu-

ce fermions, using Grassmanian variables for the quark fields and appropriate

Y-matrices

- - - AT .
S¢ 7 Be L ¥x G D Dlagd ¥y ¢ i bo (13)
Let us concentrate on the pure Yang-Mills theory. Gauge invariant observa-
bles are genmerated in the form of Wilson loops. These are ordered products along
a connected closed loop C of variables gxy' We then take the trace in an irre-

ducible representation (a) and average over configurations

“aA(c) = g xa [ g gxy]> - z-l I xny dgxy es xa[ ggxy] {14)

For the quark confinement problem, X corresponds to the fundamental represen-
tation. We take for C a large regular loop enclosing a minimal area A. The con-’

finement criterion is then that, as C becomes large, W(C) behaves as
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with K is the string tension - i.e. - the coefficient of the linearly rising
part of the potential energy between two static colored sources. Recall chat
such a string in rotation generates a linear relation between angular momentum

and square energy with the slope a' related to K through

R = —t 16)
2m’

-

so that the order of magritude of K is ié GeVz. Assuming that confinement per-

sists in four dimensions down to vanishingly small bare coupling constant we
should expect, according to asymptotic freedom that as 3 -~ ® the dimensionless

quantity Kaz behaves as

2 ~-5'3
~ CK e Qa7

B-bm

Ka

where b' is related to the coefficient b in the Callan-Symanzik function. Om

the other hand in the strong coupling region

Ka ~ 1n87 (8)
gB+0
Other observables can be studied, even within the unrealistic pure gauge sector.
Of particular interest is the so called glue-ball mass, or iaverse correlation
length defined as the coefficient in the expoﬁential decay law for the corre-

lation between twa widely separated Wilson loops

<x(cl'[ gxy) x( CT[ gxy)> exp - L/g (19%)
t 2

where L is an average distance between the loops . If the picture makes sense
wve might hope that in the scaling region, quantities as ng reach a stable
value and:represent "physically” measurable quantities, as other dimensionless
ratios in the more complete theory including quarks. Present values for KEZ
seem to be of order 0.1 within large incertainties[sl. This would put the glue
ball mass above ! GeV.

To develop a qualitative understanding of the phenomena occuring in lattice
gauge fields it was useful to vary the space time dimension d, or the group,
considsring for instance the case when G was a §inite group, either as an appro-
ximation to the realistic group,for imnstance finite subgroups of SU(2) or Su(3),
or even the simplest case of a .group Z2 reduced to two elements 1. This toy
model, a gauge generalization of the Ising model, allows to exhi“it the techni-

ques involved in handling lattice models while avoiding cumberscme algebra and

may serve to
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may serve to test approximations or numerical simulations.

3. Strong couplingﬁgxpansions and mean field approximation.

For large coupling, i.e. small £ , an expansion in B or a related pavaze-
ter is natural. Consider for simplicity the Z2 gauge theory in arbitrary dimen-

sion d, with

z = 2 7 exp8fo = expNF(®) (20)
Og=x1 p P

O _ is the product of link invariables around a plaquette. Write

254 .
e P « cosh B(l +¢t Ob) t = tanh B 21

{(with a similar expansion in irreducible characters for the general case).

Then

_d(d=n
(cosh 3)7N 2, . ] tls’ (22
closed surfaces S
e d(d-lz(d-Z) o n d(d-l;(d-Z) 2d-57 1% ..
TaSTy = % lneashd + 2(a-2) [tanh 6% + (24-5) camh 317+ ... )

In the expansion for Z the sum runs over "closed" surfaces - i.e. -~ sets of
plaquettes such that any link of the lattice belongs to an even number of the
selected plaquettes. The coefficient of a given power in t is an polynomiai in
N and the coefficient of the linear term, the reduced number of configuratiors,
is the one appearing in the expansion for the free emergy. The first term
written above corresponds to a cube, the second to two adjacent cubes, the next
would correspond to two disconnected cubes and sc on. Enumerating the closed
configurations, attaching in the general case the relevant group factors,
becomes quickly cumbersome. More sophisticated techniques become mecessary in-
cluding the use of a computer?4][7]. Nevertheless such strong coupling series
are or are getting available up to order 22 in certain cases, thanks to X.
Wilson and others. They allow the study of the strong coupling region using

extrapolation methods like Padéspproximants.
The factor (d-2) Sccuring in the expansion for the free emergy in (22) is a
reflection of the fact that pure gauge theory is tyivial (and always confining)

in two dimensions.
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One can of course cbtain expansions for the Wilson loop and therefore the

string tension

& a2 = ln(tank 8) + 2(a-2) (tanhB)® + ... (23)

Indeed the Wilson criterion is fulfiiled in the strong coupling regime, of
course assuming that the relevant selection rules on group representation are
fulfilled in the realistic SU(3) case. The expansion for <W(C)> involves a
summation over closed surfaces bounded by C and weighted by a factor decaying
exponentially with their area. B '

It is interesting to compare the computer simulations for the string ten-
sion, or the internal energy (the derivative of the free energy) with the first
few terms of the strong coupling series. The agreement is impressive over a
large range of B , up to values of order unit& (depending of course on the spe-
cific normalization adopted in each case) where a sudden turnm over to the weak

coupling regime takes place.

In the study of statistical models based on global symmetries a valuable
tool of analysis has been the mean fiesld approximation. At low temperature
(small‘go) the systems tend to get ordered, the tendancy being favored by an
increasing relative weight of energy (interpreted here as action) versus entro-
py. A way to achive this is to increase the dimension d. The effect of neigh-
boring variables can then be accounted for by 2 mean ordering field, determi-
nes self-consistently, treating its fluctuations as perturbatioms. To illustra-
te the idea consider an Ising system with

z = 278 y exp3 ) CxOy 24)

*l (xy)

~
<

X

Let us first derive an exact "equation of motion" using the invariance of the
summation under the redefinition Ox * €0, » £ = 2l. This leads tc the rela-
tion

\ “ -
1 = <exp - 28 Sy % °y> . (23)
¥(x)
where the sum in the exponential runs over the neighbors of the spin Jx' Set

B, =8 ] o (26)
y(x) -

Then we have the exact relation

<cosh 2Hx -~ 1> = <oy sinh 2Hx> 27
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4

For large coordination number -2d- we are tempted to approximate Hx by an zve-
rage # (an infinitesimal symmetry breaking external field is in fact necessary
to make this statement meaningfull) and (26) and (27) lead to the mean field

approximation

H = 2d 8 <o>

<g> = tanh H s (283

: .z 1 . . .
Above some critical value Bc ® 33 these equations admit a non trivial sclu-

tion indicating a magnetized phase while below Ec one has a disordered phase.
The transition is second order with the magnetization vanishing as (3 —E'C)”2

at the cricical point. Of courséy” this is a crude approximation. In low enough
dimensions (d < 4) critical fluctuations are important and sophisticated techni=~
ques based on the remormalization group are needed to obtain the corren* criti-
cal behavior. In any case the mean field approximation can be turned into z.
rigorous inequality on the free emergy and a systematic perturbation thecry

developed around it.

Let us blindly repeat the same steps for a 22 gauge theorv. The exact rz..

tions are with obvious notations

<zosh ZH2 -1> = <Gy sinh 2H2>

and the corresponding meanfield approximation is

B = 28(d-1)<0,>° :
| <0,> = tanh R (30
- d(d-1) =4 = _ = —}
Foean field Fo +Sup {0, — (tanh H) +dlln(cosh H) - B tanh H]‘ .

Analysis of these equations show a first order transition for a critical vaine
Bcof order cst/2(d-1) and this behavior is gemeric no matter which gauge group

is considered.

At first this looks totally unfounded. Indeed the approximation violates

(8]

gauge invariance and a theorem of Elitzur states that for all values of 2
we should find <G> = 0. However equations (30) c&n be shown tc be saddle

point equations which not orly admit uniform solutions but pauge transformed



2N

thereof. Upon averaging over all saddle ﬁoints,.non invariant quantities vanish
as they should, while géuge invariant ones are unaffected. For B < Bc the

Wilson loop vanishes in our approximation, while beyond Bc it obeys a perimeter
law. It can be shown from the low temperature expansion that the predictions of

mean field theory are valid term by term.

Of course the above techniques can be extended to more complex situations
in particular to the case of Higgs couplings. The phase diagram admits two
second order tramsitions connected by first order lines. The first one is the
Higgs symmetry breaking in the absence of gauge fields. The second one occurs
for non vanishing coupling. A recent analysis by Brézin and Drouffe[gl shows

that it is of the ¢l' type.

For B < Bc the mean field approximation predicts (up to 1/d corrections)
a trivial confining phase. This may in fact not be correct as suggested by
Drouffe, Parisi and Sourlas[lol . They observe that for B small and d large one
can write an approximate equationffor the internal energy p = <op>, expressing
the fact chat each plagquette can be decorated by a cube of plaquettes, the cubes

being non overlapping in the large d limit. This is expressed by the equations

p = t+2dp
d(d-1) @ 6 410
Fp.p.s. ™ T3 Ilmcosh8+ZFp -dp . (3hH
Or setting
u = 24 p* (32)
3/2 372

4 4 d{d-1) d” “u
u{l-u) = 2dt- F - in coshf + ————— (1-3u) . (33)
> "D.P.S. 2 1277

This shows that t scales like d-lI4 and predicts a transition in a mwetastable

phase beyond Bc'

AN

4. Duality and topological excitationms

’

Abelian models admit Kramers—Wannier duality transformations which inter-
change high and low temperatures. For simplicity let us again limit ou: selves

to Z2 theories and comsider first a three dimensional case where

28%8%(8) = (cosh )™ I (eann 8151, (30
closed surfaces S

To describe a closed surface we can assign values E} = 1 at the center of
cubes with the condition that neighboring cubes have opposite’d if their common
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1 -G.0.
i'j

, @ sum

| al

plaquette belongs to the surface. This yields |S| = }
over nesrest neighbors. We then recognize that the gauééj%odel is dual to the
3-dimensional model at a dual temperature g given by

- (35)

tankf = e ’
the precise relation being

Zgauge(B) = 2—N/2 (sich 28)3N/2 Z§Sing6§) . (36)

Similarly the 4-dimersional model is self-dual. If it has a unique deconfining

trangition, this should occur at the self dual point

tanh 8 = /2 -1 . 3n

This has been confirmed by Monte Carlo simulations, the transition being found

of first order.

Abelian models admit generalizationms of this duality transformation. The 24
models for N > 4 have three phases with dual transition points (presumably of
gecond order), one of finite value the other increasing like ﬁz. The middle
phase admits probably massless excitations of photon type and extending to in-
finity as 2y + U(1).

[1]

Under duality a Wilson loop transforms into a 't Hooft loop . The
latter is a ratio ZF( 8/ z@), where ZF(§3 is a frustrated partion function
with couplings reversed for all plaquettes (in 4-dimensions) or links (in 3~
dimensions) dual to those of a fiducial surface bounded by C. When the model is
self dval we can consider bﬁth Wilson and 't Hooft loops at the same value of

B . It turns out that when one of those has an area law decrease the other has

- a perimenter law. In the intermediate phase of ZN models both have perimeter

decrease. The céncep: of 't Hooft loop can be generalized to non abelian gauge
fields provided the action adwits transformations when the plaquette variables

are modified by an element if the center of the group.

! ,
As mentioned above the U(l) case appears as a limit of Zy models and exhibits
a second order deconfining tramsition, to be contrasted with the FKosterlitz-
' .
Thouless transition of the two-dimensional XY model. Interactions among topolo-

Scal excitations, monopole strings for the U(I) model seem to be respomsible

for this transition.
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It would be very interesting to be able to assess the role of instanton-

configurations in the non-abelian case.

5. Roughening

Underlyi~g gauge models is a theory of surfaces. It can be studied by con-

tinuous field theoretic methods[IZJ or approached from the lattice point of
view. Several groups 13 have rediscovered recently a phenomenon studied
several years ago by crystal growth physicists 4 » i.e, surface foughening.
This appears as a singularity (presumably an essential singularity) in the
string tensior computed on the lattice well before the deconfining transition.

For instance any attempt at excrapolating the 3-dimensional Z, tension

2

+ 1065+ 16610 4 80 2 12 4 yspctd

3

2 6

-Ra® = Int +2t* 42t

+ 73618 4 1444 %cla ‘... (38)

suggests erroneously that it vanishes well befére the critical bulk transition
at t =~ 0.6418. Indeed roughening occurs at tpy = 0.46. The phenomenon can be
understoed through duality using the low temperature phase of the Ising model.
We saw that the tension can then be identified with the interfacial free energy
(per unit surface) of two coexisting phases. This can be modelled by a so
called solid on solid (SOS) partition function which admits an XY type transi-
tion restoring translational symmetry in the direction perpendicular to the
,original interfgce. These deformations of surfaces can be tested using various

indicators which generalize to other gauge groups and other dimensions.

It is interesting to note that in 4 dimension the roughening *~ansition
occurs in the region of rapid change between strong and weak couri.ag for SU(2)
or SU(3) and almost at the self-dual point for the Z, gauge model. Beyond

roughening.the fluctuations of the surface generate a universal correction[lsl
to the qq static potential R 4
- - fd=2)T .

6. Conclusio
PRl

The beautiful data from Monte Carlo calculations have hardly been discussed
above. A major advance is -in the process of producing new results by including

fermions into the pictura. The- phenomenology of lattice gauge theories is

extremely r
greatest in.
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recent obse-]
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extremely rich and although we have not been able to address the questions of

tanton=
greatest interest to particle physicists, we have uncovered interesting transi-~
tions which still await a better explanation. Let us quote for instance the
recent observation of first order transitions (presumably not deconfining) for
SU(N), N 2 5 in four dimensions using Wilson's action or similar phenomena for . A

: by con- - R . .

Y SO(3). Perhaps the greatest achievement so far has been the realization that on

tnt of . . . : . .
a rather small lattice, the simulations reveal that the ideas of asymptotic

‘ied . eps
freedom are numerically verified.
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'GRIBOV COPIES AND INSTANTONS

W. Nahm

CERN ,Geneva ,Switzerland

*$5S-LRACT

Gribov copies are closely
related to instanton effects.
Thus they are of semi-classi-
cal nature and have nothing
to do with confinement.
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Whereas supérrenormalizable quantum field theories are rather well under-
stood, we still do not know how toﬁiandle theories with renormalized coupling
constants. The non-perturbative contributions to the former are proportional to
exp(-uI/s;; 2v;here oy is an instanton aq;ion. They are not difficult to
calculate™ '™, Strictly renormalizable theories get additional contributions
proportional to exp(;Z/Bzg), where B2 is the leading coefficient of the B .
function. These ccntributions, which are reflected by the Landau pole, cannot

yet be evaluated.

In non-Abelian gauge theories, the breakdown of linear gauges is an important

additional non-perturbative effect which has been discovered by Gribov3)'“). He
tried to relate this effect to the Landau pole. 1In the Coulomb gauge

‘ 2:A; = O (1)

/

A.‘ (;), = 0 (’—-7 (2)
the Hamiltcnian takes the form
~- ~. ‘~2 2
/%/ = \i? (<3"‘j t‘j ‘:1 J’ + AE:( * é? ,/} (3)

where p .is the charge density, B is the magnetic field and E_l the transverse

electric field. Morecver

AN - 9.2 4 A0 ’ (4)

is the product of an ordinary and a covariant derivative. Gribov pointed out that
for sufficiently large fields, 3 acquires zero or negative eigenvalues. Llet
X be a zero mode of A. Then besides . Ai also its infinitesimal gauge transforn

/4;’ = /4,' + f./g;'rAJI ‘?’

is in the Coulomb gauge. For larger fields, the Coulomb gauge continues to be
non-unique, but the gauge transformations which preserve the Coulomb gauge become
finite. Gauge =quivalent potentials in the same linear gauge are called Gribov
'copiés. fecause of the zero modes of 3, the non-uniqueness of the Coulomb
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gauge is related to an imp9rtant increase in the interaction enebgy between non-
Abelian charges. Gribov compared this increase to the one which shows up in
perturbation theory, wnere the leading logarithms yield

V(’) - '&i {4../271’»%/%)-7 (6)

Here the singularity at finite distance corresponds to the Landau pole and indie
cates confinement. However, déspite the superficial similarity of the two effects,
one cannot conclude‘that they are related. In fact the. landau pole only exists

in four dimensions, whereas Gribov copies cccur in any dimension. Moreover,
instanton effects also increase the interaction between non-Abelian charges,

but they do not yield confinements). Gribov copies must exist in any linear

gauge, as Singer has showna). He considered the topological space

- ;m e olen tials /4,(‘-‘”\ | o ga«
N=(/‘/’“° ”[/./ [t //{/mf {//( (D)
{ren;ﬁrm'fﬂ""y_

A linear gauge is a local ﬁarametrizatign of N as a linear space. As for mani-
folds of finite dimension, it is obvious that one needs more than one chart to
cover all of N, if N is topologically non~trivial. A global parametrization
of N as a linear space is only possible, if N is contractible,

The easiest way to determine the topology of N is to implement a hyper-
axial gauge. If we only look.at a time slice, which is appropriate for conside-
rations concerning the Coulomb gauge, we may forget about A, and take

Aylxnmi 55) - C,
“ A 00,%,%)- 0,
- /4 3 (162 47 s ’tjz) :'Cji

This gauge yields a complete and unigque parametrization of N. But it cannot
parametrize N as a linear space. This is due to the fact that conditién (2)
in general is violated.. Consequently, Wilson loops on the sphere at infinity
S; might be non—tfivial. To get rid of unwanted fields at infinity we must
impose that for x, X, € Si phe path ordered exponential .
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does not depend on the path, as long as the latter is contained in Si. .G is
the gauge group.

For non~Abelian groupé;igeneral linear combinations of potentials fulfilling
conditior {9} lose this path indepenidence. On the other hand, for two potentials
A(l), 2'®) it the same ‘asymptotic behaviour, linear combinatidns

a2 A4+ (- YA o

again yield the same g(x). Thus the space of potentials with given asymptotic
behaviour is an affine space and topologically trivial. Consequently, all the
topological complexity of N is contained in the asymptotic data described in

g(x). As

%o ) = 7 (11)
AKON

N is homotopic to the space of maps g: Si + G which take one point x, to
a fixed point.cf G. This space is called Q?G. Many of the homotopy groups of

N are non-trivial, as
7T, /ﬂké) = 71'.“1(/6), | (12)

and G has non-trivial homotopy groups for arbitrarily high n. The simplegt
homotopy group of N is, for simple G, ’

2

7(1((22&) . /73/5) -Z. s . (13)

A generator consists of time slices through an instanton, indexed by the time
t € R. The two points t = t» have to be identified, which is possible, as

both yield the vacuum.

. This loop in N cannot be contained in a single linear chart of N, as
it is not contractable. 1In other words, instantons cannot be put into the
Coulomb sauge7) Indeed the central section through an instanton yields Gribov

copiesa).
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To estimate qhe size of non-perturbative terms due to Gribov copies, let
us follow Gribov's procedure and consider Euclidean functional integrals, imposing

the Lorentz gauge i

DA - g (14)
//4 Yl ) - ,
with boundary condition analogous to Eq. (2). 1In complete analogy to the pre-

ceding considerations, we obtain for our space M of classes of gauge equivalent

potentials ,
Mo~ P é, ' (15)

where the elements of Q%G are functions 3: S2 -+ G.

M consists of discrete components M, _, according to the winding number
k of the map g(x). The components have the same homotopy groups, as cne may
go from one to another by introducing fixed instantans or anti-instantons at
some points.

Let sus consider M,. For small action, no Gribov copies occur. Thus they
may indeed be regard: 1 as a non-perturbative effect. IS Gribov copies start
to occur at action .,, their effect should be proportional to exp(-bllgz).

Thus let us considc * the spaces

/1/1[4);/,4/,«6//0 /Q//})ééf, | a6

where a is the Yang-Mills action. v

" For sufficiently small b, the subspace M(b) of M, is topologically
trivial. Accordingly, there is no topological ctztruction to the implementation
of a linear gauge iike the lLorentz gauge. But if b becomes large enough,
such that a ge;§g§tqr of a non~-trivial homotopy group nn(MD) can be realized
as a map s? M(%Y, such a’ parametrization is no longer possible.

The critical levels b1' bz, «vey at which the topology of , M{b} changes
are the actions of stationary points or virtual stationary pointsg). The former

are finite action solutions of the Euclidean equations of motion
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Virtual stationary points are limiting configurations of finite action for which
a'(Au) approaches zero. This means that non-perturbative contributions due to
Gribov copies can be identified with semi-~classical contributions due to exact or
approximate solutions for the eugations of motion. One eipects that b) is'twice
the instanton action oy and corresponds to a configuration with an instanton

and an anti~instanton which are well separated. In fact let us consider

G = SU(2) and

x
3 / —— / / = .
7, (27 sui2) - 7 (€D - 2,
A generator can be obtained by starting from a generator of i !

ﬂ,,(fzzjy - 723/4(?. Z (19)

-

and by pass&ng from a generating map S$? + S? toamap S$* - S? by radial
symmetry. A generator of na(Sz) is given by the Hopf map
ES

.f.z:ja/z) - J—L(/2)/[{[7) "Je- (20)

We parametrize SU(2) by the non-zero gquaternions (p,q,r,s) modulo the positive
real numbers and S2 by the complex numbers including «. The Hopf map is

given by

o\

‘

r+15
€ “.7 . (21
. /

We rewrite-this map as a generator of nl(stz) by using p as a parameter

and normalizing to

2 (A 2
7 +r +8 = 7/ . (22)

We obtain a family configurations of the 0(3) non-linear o© model. AQualita-
tively this family of maps may be described as follows: for -w < p <O one
sees the gradual creation of an instanton-anti-instanton pair. Simultaneously
the internal orientations of instanton and anti-instanton, given by a U{(l)

phase, approach values differing by mn. At p = O, the element of Q%52
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is a map of the half-sphere q < O onto all of S?, i.e., a somewhat deformed
complete instanton, wheregs q > O yields an anti-instanton. For 0 < p < +=
the relétive orientation goes to 2r and instanton and anti-instanton annihilate
again.

By rotational symmetry one easily extends this ramily of maps to a family
of 3s? = Q3sU(2). Interpreting the elements of R?SU(2) as asymptotic data
in a Hyperaxial gauge, one sees the creation and destruction of Yang-Mills ins--
tantons, which can be described in almost the same words as for the ¢ model
case above. There is only one small difference. Relative internal orientations
are now described by elements of SU(Z)/Zz = 50(3). A family of configurations
describing a change in the relative orientation from O to 27 is topologically
non-trivial, but a change from O to 4n can be continuously deformed to a
trivial change. This explains why we get Z, in Eq. (18), but 2 in Eq. (19).

The configuraf;ons described above have a maximal action which is somewhat
higher than. ZaI, but they can easily vk changed in such a way that one gets
down as close to ZaI as one wants. One simply has to keep the relative internal
orientation of instanton and anti-instanton at zero, until they are far apart.

As long as it is zero, instanton and anti-instanton attract each other, and the
action is less than ZaI. For relative orientation 7 one finds a repulsion,
but the interaction energy decreases with the fourth power of the distance. Thus
no linear gauge can work for M(b), if b 1is larger than 201. But topological
arguments cannot exclude that a specific gauge like the Lorentz gauge becomes
non-unique already for smaller b. Following a suggestion by Gribov, the range
of validity of this gauge has been investigated by Abarbanel, Bartels and
CreamerlO). They considered potentials of the ferm

{ 2
A/j ] {%{z’i)/x*i.’—xlé.é/, b (-7 .9 2

N

and gauge transformations of type
/ 2ylx¥) L) :
P WY A Bt

writing everything in terms of the Lie algebra O0(4) = SU(2) © SU(2). With
this restriction they found no Gribov copies for actions less than ZaI. In
accordance with our general considerations, the cenfiguration of lowest action
for which they found such copies was an instanton of infinitesimal size embedded

into an anti-instanton.
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We have seen that non-perturbative contributions due to Gribov copies are

t deformed

< p < am of semi-classical type and proportional to exp(-ZuIIg’). As oy is larger
. annihilate than 1/82, they are dominated by the renormalization contributions, which

have a quite different origin. Thus Gribov copies cannot tell us much about
- confinement.
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LARGE N EXPANSIONS WORK

N *
Leonard D. Mlodinow

Max-Planck=-Institut fiir Physik und Astrophysik
Miinchen, Fed.Rep.Germany

ﬁggixagt

We analyze large N expansions for a

wide variety of quantum mechaniczl problems.

(0lr)

* . . . .
Present address: Lauritsen Laboratory of Physics, California Institute

of Technology, Pasadena, California, 91125, USA.
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There are two pre&ominant m~thods for the approximate solution of Schri-
dinger problems: the Rayleigh-Ritz variatiunal method and Rayleigh-Schrodinzer
{coupling cohstant) perturbation theory. Becausc of their successes in elementary
quantum mechanics, these methods hzve also been extensively developed for appli-
cation to the more complicated problems of many body physics or quantum field
theory. In recent years the limitations of these methods have become increasingly
apparent- in particular, coupling constant perturbation theory, which worked
s0 well for quantum electrodynamics, is much less useful as a method for solving
the problems of quantum chromodynamics. QCD is a theory which many people believe
correctly describes the phenomena of strong interactions, despite somewhat
of an incapacity on their part to actually calculate what the theory predicts.
The development of new computational methods has thus become an important enter-
prise. Semi~classical methods have beer given special atcention. Thg so-called
large N expansions are one class of methods that have spawned particularly
stvong debate with regard to both their acruracy and the possibility of ever
applying them to a physically relevant field theory [1]. In this talk I will
describe the application of such expansions to quantum mechanics {2-6]. The
numerical results fer a wide variety'oi rroblems in atomic and solid state
physics are impressive and indicate that for quantum mechanical problems large
N expansions may be more generally useful than either variational methods or
coupling constant perturbation theory. These results are in direct contradic-
tion to the folklore [7] that prevailed prior to the systematic development
of the method. The relevance to gauge theories of the work to be described,
is indirect, but it does provide some general insight into large N expansicns

and is certainly encouragingz.

Expanding in the number of space dimensions is not as exotic as it may
seem, and the reader should not expect that what follows will be a lurid tale
of perturbed life in lands of fractional or negative dimension. For purposes
of orientation, let us exazsine the large N expansion of the Coulomb spectrum.
Since the spectrum is known exactly, obtaining the large N series requires

no skill other than that of forming a Taylor expansion:

eq
= - = nd=01%.
LIn+ Re (8-0V/2 T’
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Using the notation 2k = [ + -21- N, we can write eqn. (1) as
) 4 1 2 4 .
€= a1+ 2005k 30 e s O] o

We have not expanded in k-' because of a perverted desire to use every letter
of the latin alphabet, but because for spherically symmetric one particle prob~-
lems it is the natural parameter (see ref. [ 2}). The series (2) converges

for |n - -;_~|£2k. Therefore, eqn. (2) may be used to approximate the eigenvalues
of the low lying states in each angular momentum sector. In three dimensionms,
keeping only the first three terws of eqn. (2), we obtain 88.8, 97.3, and

98.85 Z of the ground state (n = 0) energy for £ = 0, 1, 2 respectively. Such

success is not atypical.

_Even when it does not converge, the expansion often yields accurate numer-
cial results. For example, the first three terms of the large N expansion for
the (%= 0) ground state energy of the three dimensional linear potential

yields [2] the value (for h = 1 = m, ez

= %0 1.16849, as compared with the
value 1.16905 calculated from the zeros of the Airy function. Tabla 1 displays
results of the application of the expansion to a non-spherically symmetric
problem, the Zeeman effect [3). The magnetic field B is measured in units

of 2.35 x 10°

Prauddaude, whose results are quoted for purposes of c&mparison. The partial

Gauss. "Numerical" refers to the computer calculation of

sums are defined by

/4
52 EK kg
2 Ny " ) - 2(‘““1)
where the En are the coefficients in the series for the energy: 4
o
€< 2 E L
Az~q » .
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Table 1

Zeeman Effect: Detailed results for the ground state energies for field
strengths in the intermédiite region of magnetic field strength.

ox o e S,

S E—— o
Sums im{ = 0 m] =1 Im} = 0 Imj =1
-le -0.4987531018 -0.1072596¢¢25 ’ -0.39430464 0.46431140
0 -0.4975131187  -0.1001436571 -0.31518804 0.56442807
1 -0.497523464€  -0.1000260642 |  -0.33569€3¢ €.53799923
2 -0.4975267239~ -0.1008377222 § -0.32978648 0.54435051 i
3 -0.,4575265068  -0.1008459240 f t0.33166583 0.54350805 ;
4 -0.4875264722  -0.1008458342 ; -0.33086730 0.54283046 i
5 -0.4875264802 -0.10084563%¢ E -0.3315257¢ 0.5538683¢ i
6 ~-0.4975264807 -0.10085564%¢ ; -0.230£1685 0.5528E285 !
Numerica]g -0.49752(5) -0.10084(5) é -{.331156(5) 0.5434) l

The physical basis of the large N expansion is related to the fact that
if the number of spatial dimensions increased, we'd all feel heavier. That state-~
ment can be made wore precise. In particular, lets consider a single particle in a

spherically symmetric potential V(r). The Schrddinger equation (h = m = 1) reads:

[V Vel o= o | o

where t € 83..Eqn. (3) can be generalized 'in a trivial way by simply allowing
r ¢ R. We may also, however, generalize the form of V(r). For irstance, three

. possible generalizations of the Coulomb potential, —eZ/r, are

, -N e?.
-5— T 7] (42)
-e‘ji&i ar ikr :
(amy K p (4b)
and
k3 17
_% +(”_3) r13>1 . (4c)

\

4 clever choice is (4a). To understand why, we separate variables (comsider,
for convenience £ = 0) and examine the radial eduation. Furthermore, if Y(r)

is the radial wave function we define

$ry=rT
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in order to eliminate the N dependence that otherwise hides ir the scalar product.
Then ¢ obeys the equation (we drop the factor 1/9 in (4a), which is a mere

matter of convention):

-1 d_z_i) +N1[(1 Un(1-3/n) V(r))q) £¢ . (5)
dr?

gr

The qualitative features of the effective potential term in egn. (5) do not
change as N grows, so we might hope that the N =¢ 1limit and its correctioms
give a good approximation, at least for large N > 3. Actually, the large K limic
of eqn. (5) has a deeper significance: it is the classical limit. To show that,

we drop the lower order terms in eqn. (5), and divide by Nz, obtaining

S N VMG EDY- I 6

2N 4 e

where we have defined

=&, V=LV .

(7)

N2

particle will sit at the bottom, r,, of Veff(r) {assuming there is a bottom).

Therefore behaves like an effective mass, and in the limit N—e , the

The wave function in the large N limit is just

¢(r)~ J(r-r,) ,

and as N decreases from infinity, ¢ relaxes approximately into a Gaussian

peaked about r,. The leading behavior of the energy spectrum is thus

£.= \/"r(r°)N1+(""i)JVe;“-‘N L0 vu:;:l?f. (8)
| 4

Combes et al. [8], obtained the Hamiltonian of eqn. (6) in their studies of
the Born-Oppenheimer approximation, and rigorously proved that the limiting

spectrum is given by (8).
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The calculation of corrections to the energy given by eqn. (8) can be

performed using standard perturbation theory, with powers of N‘”2 masquerading
as small coupling conmstants in a perturbing potential consisting of an infinity

of terms. We first expand the effective potential about its minimum:
Vet =V 0 + 5V, 0 (ot - ®

The. interesting variable for the Schrddinger equation is r-r,. It should be
rescaled to reflect the fact that for large N it is harder to stray from r-r.=0.
In fact the interval -r, £ (r-rJ) € @ should, in the large N limit, be mapped
onto {[-®,o] in such a way that the leading terms displayed in eqn. (%) lead

to the harmoniec oscillator spectrum (8). Thus we define
R
X=z(r-vON . : (10)

Then the full Schrddinger equation (5) can be written

R S B o el 09y

dx (mz)l

To abridge the discussion, we have assumed that Veff is infinitly differentiable

at the minimum r,, which to simplify notation we suppose occurs at unity. We
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have also used the definitions

Vo "V

e (1) ) (12)
r
and
E -
E= N~ N Venu") . (13)

It is now a straightforward exercise to apply perturbation theory to calculate

the corrections to the spectrum (8). In practice, much more powerful methods

of developing the expansion exist, which reduce the problem to the evaluation of
algebraic recursion relations, allowing one to calculate to very high order without
summing over intermediate states [4~6,9]. An analogous method 16] provides very use-

ful corresponding simplifications for ordimary coupling constant perturbation theory.

The above considerations can be phrased in an algebraic frameworki{2,3,5,6] that
maintains the explicit connection with the classical problem, and thus facilitates
the theoretical analysis, especially in the case of many particle problems,
or problems lacking spherical symmetry. Suppose that we have an n body problem
with spherical symmetry. Because of the O(N) invariance, instead of considering
the original operators x; and pi i=1,2, .c.y N ¢=1,2, ..., n), we

need only consider the rotationally invariant operators p*. p? , r”. rP, and

% (™. pt + E’- I~ ). Under commutation, these operztors form an sp(2a,R) algebra
(in the notation of {10]), which we call a "pseudospin algebra". The original
representation space is highly reducible with respect to this algebra, and

the semi-classical analysis of the quantum problem is greatly simplified if

the extra degrees of freedom are removed, which is just what we did by seperating
variables in the coordinate space treatment. The algebraic equivalent is to
employ the Holstein-Primakoff representation of sp(2n,R). To give you

a feeling for what that is, I will write it down for the case n = 1. First

we define a new basis in sp(2,R):

w

13

) _
(Pt ileperr]

+
€l

(14)
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w is a parameter that can be adjusted at our convenience. For any value of ¢s,

the operators satisfy:
- ] - - +
[kf)K]=2K ) [K"K]:-K 4 [k3,K+]=K « @15)
The Casimir operator can be calculz:2d to be:

CICK-1(KKMKK) = l'-f + "..[i’ (Uﬂ - ) ) (16)

where L2 is the squared magnitude of the N dimensional angular momentum:
PetlL. L=
=7 byl ) ij= XiP;-xi P a7

(repeated indices are always summed over). Since in N dimensions Lz has the
possible values L2 =l (t+N8-2),2=0,1,2, ..., the Casimir invariant
has the possible values:

. (18)

C=k{k-) ) k=3lae3n)=

rla
2\z
=)z

N

¢ 2’

Using eqn. (14), the Hamiltonian may be expressed in terms of £, K, K. The ;

equations of motion for these rotationally invariant operators have different
solutions oneach irreducible representation. The Holstein-Primakoff represen~
tation of these operators makes that dependence explicit. It is easy to check

that operators in the Holstein-Primakoff representation,

K*=§ [Toeg , K=JzegTs K= ke§ TS ; [54{*]:1 (19)

formally satisfies eqms. (15, 18). My last statement raises some questions

of mathematical rigor, which will be briefly discussed later.

After writing down the Holstein-Primakoff representation, the next step in the
algebraic development of the large N series is.to expand the operators in (19) about
c-numbers representing -suitable solutions to the classical eguations.of motion.

For the ground and low-lying states- (in each angular momentum sector) the suitable
solution is the stable time independent solution of lowest energy. For the one part-

icle problem we are now considering, these are the circular orbits.-In order to ob-

tain the proper limir we must first shift the creation and destruction operators by




.291‘

- o t].
f=a+ ¥t m |, [epnflst (20)

(34
where E is 2 real c—number satisfying

39( <l wer Dk; Q.U -
é—é—u (E"JE ): ‘;‘g?(z ,$ )=0 (21)

In eqn. (21) g(h(i,ifj is the effective Hamiltonian obtained by substituting
the operators of eqn. (19) into the original Hamiltonian. After performing
the shift (20), the operators (19) can be expanded in powers of x = (Zk)-1/2,

and the commutation relations (15) will hold order by order. The series for

the energy is obtained by expanding ﬂ{k , diagonalizing to lowest order (you

can probably guess that to lowest order it is a harmonic oscillator), and calcu-
lating higher order correctionms using perturbation theory. The procedure is

best illustrated in the context of a concrete problem. Since it is one of

my aims to elucidate the relationship between the large N expression for potential
problems, and the semi-classical theory of spin systems, 1 will illustrate

the method py treating a Heisenberg magnet. The similarities in formalism between
that problem and the on< just discussed are such that that change of gears

should cause no diffici .ties. Furthermore the magnet problem has the advantage

of being a little les: trivial (and hence more interesting) than the problem

of single particle i a spherically symmetric potential.

The "T/N\expansion" for spin problems is, as we will see, an expamsion
in 1/8. In 1952 Anderson ({1] obtained the first two terms in the expansion
for the ground stat energy of the Heisenberg antiferromagnet, a problem that
Bethe solved eiaccly for ¢ =s 1/2. Later in 1952 Kubo [12) used the Holstein-
Primakoff representation of SU(2) to calculate the next term. The resulcing

series apparently behaves quite well:

€4, =N [140.36357.0.0335 + 0] (22)
v

Since that time, little additional work has been dome on that).l will now describe
explicitly how the series in eqn. (12) is obtained using our methods. To make
things more interesting, we add a magnetic field, and treat the ferromagnet

in a magnetic field at the same time.
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The Hamiltonian for the Heisenberg magnet in a magnetic field is

Wik D SuSun-Ths ) S!

23

We consider for definiteness the case of even N and choose periodic boundary condi-

tions. This will allow us to treat the ferro- and antiferromagnets in a unified

way. The magnetic field is assumed to be in the -z direction.

hzO

)
and we have rescaled the second term in (7) so that for large § =

(24)

s{s + 1)

the two terms are of like order. The parameter A has the two possible values

(25)

the plus sign is appropriate for the anti-ferromagnet, and the minus sign for

the ferromagnet.

The Holstein~Primakoff representation of su(2) is:

S) = /2588, %t [1-Ti e
-t . -
S. =§st-f:§“ e ?:x [ 1-%, 5.0

where

(26)

(27)

(29)

(30)
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T
and the fn gh are canonical creation and destruction operators ({(boson opera-
J
tors):

o [g. , gj } = orn..r 31)

Equa. (31) formally implies the proper su{2) commutation relations for the
Holstein-Primakoff operators defined in eqns. (26-28):

IR 2 S S AN B P A=

and the value of the Casimir operator is now fixed, and can be computed to
be

(33)

Substitution of the Holstein-~Primakoff operators into eqn.

(7) results iao the
desired effective Hamiltonian ?(5.

We can no longer continue the discussion without some apology and explana-

3 . . 3 - - - . - o ’:a—
tion for the mathematically inclined, who, critically listening, have ccncluded
< s e eisas s : ced
that this is the work of nihilistic seducers or crapulous outlaws, seedv elements }
-2ents
existing on the frings of civilized society who dare, our of mzlfeasence or

ignorance, to equate finite dimensional matrices with unbounded operators on

an infinite dimensional Hilbert space. The following observations should (teapo-
rarily) placate the disturbed reader. Consider the lattice point n to be fixed.
The following discussion applies independently at each point, and we won't
bother to write the subscript distinguishing the points. Let 1q7> be the
normalized state in the boson Focxk space,iy , “such that

e =ala)

(34}

and let [m» be the normalized state in the represemtation space, R, of the

spin s su(2) matrices that satisfies

Q¥ Y = om |y

(35)

™
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Define é;C?by ' ¢
§:{lg7)20515255 )

Onﬁ , the square roots appearing in the definition of the Holstein~Primakoss
operators (26-28) may be defined by their power series expansion, which conver-
ges there; furthermore & is an invariant subspace under the action of those
operators. If we consider equs. (26-28) to be a correspondence of operators omn

R and & , and identify

»
lg7 = 1s-97 ;o Dtgels (37)
ther we have an isomorphism between the representations. Because of egn. 73i,,

m

the boson operators and hence the Holstein-Primakoff operators have to ilive on
the entire space? , where the interpretation of eqns. {26-28) is difficulr,
and is an open mathematical question. (Once that problem has been solved, it

would a2lso be desirable to find a dense domain on which eqns. (32) hoié). Finzliv.
note that the approximate operators obtained by truncating the series defining
eqns. (26, 27) no longer leave & iunvariant, so that when the semiclassiczl expen-
sion is carried out, the entire space is really used.

o
5 N

& R
S
e

/
’
K
s

\\u ) Ne"’je"")'
Figure 2

The expamsion is obtained by expanding the operators, given by egns. (26-28),
about the stable, time independent, minimum &nergy c-number configuration satis-

fying the classical equations of motion. That is accomplished by taking

(38)
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advantage of the fact that the only relevant property of f s fT vis a vis the
commutation relations (32) is that given by eqn. (31), which is imvariant under

the shift:

2 t 2 r @ _af
TrarS ) L=arly o 5080 E% (39)

Substituting éqns. (38, 39) into eqns. (26, 27), results in a power series expan-~

sion of the operators such that the commutation relations (32) hold order by
order in x. The boson operators then have vacuum expectation values, which will
be determined by classical equations. The cheoice of E real implies that
cf- chr Sy . R . .
5.5 =6, , and hence Sw =0 . That tnis causes no difficulties
is due to the azimuthal degeneracy of the problem. We could instead have chosen
ot . . .. t
any phase for §n ; the phase will drop out of the eguations determining '5:

Our particular selection is simplest. It leads to:

S0z (1-e)” {x, Jan-im el ] x e } o
lels: = (1 ‘“:f)i'z{u. slaf-4 11; (a,va.’)] X g “r

Z
x* S,.,

i

?( ~e(:) - o(,.(a,.ra.:}x —a‘:a.‘ng

{42)
.The substitutionof equns. (40-42) into eqn. (23) leads to an expansion of
of the form ) ‘
I
-2_ - LN + + 1
jgi 3’(5 = Z C1,n +.Cl.,(“n+“3)x + [ 3nQn @, +Ch(a,.a“fa,,'a,)+
n=1 ’ ! ’
Tt + T 2 3 43
+(,, ala) v, +C“(a,aw+qman}]x + Do)
. The

where the C coeificients are functions of the parameters B o X &g

extremum condition (gap equation)

; ,
Z Cz,n (a.ea) = O . (44)

Rzt

w

W

)

n

t
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2 i
determines the parzmeters ctn, and thus also fh = E. = %= 4 . The parameters

c?
f. thus satisfy the time-independent equatioms:

39{ 134 '3 a'Xs o «
SFE) - EE 0, enn

whereas the corresponding spin variables

(2 5]

ey - /2 2 o B 2?
S, =S -t xS (sl we
which are the leading terms in equns. (40-42), are time-independent solutions

to the classical spin equations of motion.

The appropriate solutions to egn. (24) are

o, = (-1)" s 3
47

where
=0 (ferromagnet and antiferromagnet, h > 2)
Ay
(R B8=1h (antiferromagnet, 0 ¢ h < 2) (48)
(The case h = 2 is a critical value whose significance we will not discuss
here). Using (46) and (47) to recomstruct the classical spin configurtionm,

we find

2 x " 34 ef 2
S. =EN's somd , 5,,320 ,Sn =5 coud (49)

which is the behavior we expect

A

: 2
ﬂ en
Sites \ e 8 :I‘es

Figure 3

L3>

v
X>

After we impose eqns. (47,48) the lowest order term of 9{5 becomes the clas-—
sical energy, which for the antiferromagnet in vanishing field is the first term
of egqn. (22). Diagonaliza;ion of the term of order xz dn the right-hand-side
of egn. (43) leads to a harmonic oscillator whose ground state energy yields the
next term of (22). Higher order energy corrections” are calculated using pertur-

bation theory.
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GLUON CONDENSATE_ FROM LATTICE CALCULATIONS:

SuU{3) PURE GAUGE THEGCRY

Jochen Kripfganz
Sektion Physik, Kearl-Marx-Universitét Leipzig, DDR.

~Abatrach

A short distance expansion of Wilson loops is used to define
and isolate vacuum expectation values of composite gluon ope-
rators, It is applied to available lattice Lionte Carlo data
for SU(3) pure gauge theory. The value obtained for the gluon
condensate is consistent with the ITEP estimate.

f‘ o Far

The QCD vacuum appears to be characterized by the con-
densation of quarks and gluons. Of particular interest (be-
sides of the quark condensate (m Jq) ) is the matrix element
({ ;f qﬁ, va) . Through the trace anomaly it is related to the
energy density of the vacuum, It also shows up as ‘'higher
twist'! contribution in the short distance expansion of various
current correlation functions., This provides the basis for
a phenomenological estimate of the gluon condensate. In the
framework of the ITZP sum rule aporoac{ / (now also pursued

by various other groups) one estimates

. o
%,c Jj G0 (;,.‘3) = 0,004 GeV* , (¥, = 3) (1)

The lattice lionte Carlo mpproach has opened the way for
an independent theoretical evaluation of the gluon conden-
sate, A direct comparison with the phenomenological value (1)
is still not possible because fermions cannot be handled in
an efficient way in Monte Carlo calculations yet. Cne does
not expect drastic chenges due to fermions, however. Tovikov
et al, 2 obtain the estimate
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ds a a ~ - ___ a,a
( ;1; G,tw Gpv) pure SU(3) (2-3) 3“" Gfﬂ) real world
N . (2)

In order to isolate the gluon condensate from lattice
Monte Carlo data I will closely follow the ITEP approach in its
basic strategy. The gluon condensate is essentially trezated es
a classical background field in which gauge invariant correla-
tion functions are to be calculated. Correlation functions
wost easily accessible in lattice calculations are Wilson
loops. Similar to current correlation functions ome can also -
expand Wilson loops of small size in terms of a series of lo-
cal composite gluon operators. The coefficients have a diffe-
rent power behaviour in the loop size. Therefore, vacuum matrix
elements of the correspoanding operators can be identified by
studying Wilson loops of varying size. The short distance ex-
pangion for Wilson loops has been studied by Shifman/a/ on a
purely classical level. Monte Carlo data have been analyzed in
terms of such an expansion in ref. /4/ where 1-loop guantum
corrections are included.

The analysis of ref. /4/ used SU(2) data because of ihe
better accuracy of the computef material, Of course, numericzl
reaults for SU{2) gauge theory are of a somewhat academic
value and therefore I will here provide results of an analysis
of the SU(3) computer data 516/ gvailable to me.

Data of refs. /5,6/ are given in the combination

W(I,J) W(I-1,d=1
- 100 iRty (3)

with W(I,J) the expectation value of a rectangular Wilson
loop of size IX®J (in lattice units), 4 combination of Wilson
loops like in eq. (3) has the advantage that linear divergen-
cies due to the mass remormalization of the external test
particle as well as logarithmic corner singularities drox
out. Remaining logarithmic singularities essentially trans~
form the bare coupling z(a) into the renormalized coupling
gr (L) where L stands for the loop size (in continmum units).
Following the procedure of ref. /4/ X (1,J3) is approxi-
mated by
%(1,3) = %(1,J) gR + "1 (21-1) (23-1) a* (., ,:» G,«:).

(4)

X (1,3)

1
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gRa is given in 1-100p'approximation by

1 1 ~ 2
s —— - 26, 1 I R
&t _&%°(a) . fo 208 /2 ) )

where I have chosen I = ' I-J . Ay is the (remormalization
scheme dependent) QCD A parameter, and A, is the correspon-
ding‘latti‘ce parameter associated with the bare coupling

-/:- - A
5 e &ﬁhﬁiﬂi

Ry 2 1cp, g?(a) ) a=0 (6)
where
11 e 33 [ e 2
Po =5 50 » B =55 {5 . (7)

Eq. (6) determines a as function of g(a) to be used in eq.
(4). .

In using the 1-loop renormalizedcoupling (5) in
eq. (4) leading terms of the type gzn(a) 1g® L/a have been
summed upe. This procedure is clearly effective for large
loops (in lattice units) whereas an expansion in the bars
coupling might be more appropriate for very small loops.

The 1-loop coefficients % (I,J) are calculated nume~
rically using results of ref. /7/. They are given for a typi-
cal range of (I,J) in table I. ‘

In order to translate from'lattice units to continuum
units I use the string tension 6 ag an intermédiate tool.
Monte Carlo data provide a relation between € and &, /8/ .

Xy = (0,007 % 0,002) fo _ . (3

As usual I further agsume

1
®crma (9)
with & =1 GeV"2 a universal Regge slope.
Results for the gluon condensate will be discussed in
relation to the ITEP value (eq. (1)).



s

302

1 ds ~ @ a) _ -
A ./\5_‘: 9‘" (fm, = pr % ITEP value (10

Following ref. /2/ one expects r to be of the order
2 to 3. .
In Fig. 1 I compare-Monte Carlo data’?*®/ ror X (2,2)
and X (3,3) with curves obtained from eq. (4), with r=1

and f=3, resp. For large values of 1/32(a) the perturba-
tive contribution completely dominates., In order to get a
reasonable background subtrection */A. is fitted to this
perturbative tail. It is an effective parameter 4/ as long as
2-loop terms are not included.

Going to smaller values of 1/g2(a) a more or less sudden
deviation from the perturbative tail is observed. This transi-
tion is interpreted as being caused by the non-perturbative
gluon condensate (i.e. the second term in eq. (4)) having a
much steeper dependence on gz(a) (through a™).

Unfortunately, the quality of the MNomte Carlo data is
still rather poor, and the statistical significance is diffi-
cult to estimate without errors being given. The agreement
with the curves obtained from eg. (4) is not perfect but still

-reasonable. r=1...3 certainly looks like the right order of

magnitude. No stronger conclusion can be drawn before more
accurate computer material becomes available.

The non-perturbative contribution due to the gluon con-
dengsate has also been analyzed by Di Giacomo and Rossi 8
(for SU(2)) and Banks et al./9/ using the plaguette term
[1«(1,1)] only. The signal-to-background ratio is very
small in this case but a non-perturbative signal can still
be resolved bec=urcs one gains statistics compared to bigger
loops. Howevef, the lattice comstant 2 is not particularly
small in the corresponding range of gz(a), and any systematic
study of the continuum limit appears to be very difficult
if one sticks to the plaquette term alone. One also stays
dangerously close ‘to the roughening point in this case.

I should like to emphasize that the non-perturbative
contribution found from the Monte Carlo data does not imme-~
diately yield the gluon condensate but some perturbative
coefficient function times the gluon condensate (there might
even be severe mixing problems/1°/). So far nothing is known
on the magnitude of higher order contributions to these
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coefficient functions. They might be rather different for
different correlation functions (Wilson loops). Therefore
effective values for the gluon condensate obtained from dif-
ferent correlation functions need not agree completely. This
problem, and other questions of consistency are currently
under study 1/ using high statistics SU(2) Monte Carlo data
in the relevant range of ga(a). A next order calculation for

/11/

the coefficient functions is also carried out o
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Pizure Captions

Fig. 1 Monte Carlo data of ref. /5/ (&) and ref. /6/

: (A4) analyzed in terms of expression (4).
Dashed-dotted line is perturbative contribution
alone, Pull lines.correspond to r=1 and r=3,
resp. (compare eq. (10)).

Table I

I J nq (1,3)
1 1 1/3
1 2 0.242
1 3 0.227
2 2 0. 096
2 3 0, 068
2 4 0.061
3 3 0. 035
3 4 0. 026
4 4 0.016
5 5 0.009




305

73&3

4 %(2,2)
| W
v )
P -
Vo
o
B )
\
‘kt
\
v\ g
L 4 R
v
y \'i,\ |
0.1 - ‘ \ P ]
' \1\n\.\.
L . (g
[} . ’ .
40 1.5 2.0
0.2 F
0 P
‘ )
0.05 \“\.
\.
~o.
\{1\
i L
1.9 4.5

Fl’a. 1






307

SYMMETRY BREAKING AT HIGH TEMPERATURE
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INTRODUCTION

We all know that the rotational invariance of a ferromagnet is restored when
the system is heated to a sufficiently high temperature. By analogy, it can ﬁe
(and it was) asked!?: are broken symmetries of elementary particle physies re-

stored at high temperature?

The question was answered affirmativelyl’z) ~= at least in the context of the
simplest, single Higgs model. Let me briefly describe the result. One calculates
the effective potential.at high T

\/(T) = 'iz' ("/“2 + é‘ATI) ‘:Pz"' ‘3;“' cb4 1.1

where A > 0 to ensure that the potential is bounded from below. At T = 0, the

symmetry is broken, with <¢>T=0 = /12fX. However, for T > .. <¢>T = 0, where
Tc = ¥8u2/X. In other words, there is a phase transition at T = Tc and the sys—-

tem is in the unbroken phase for large T. We illustrate the situation in Fig. 1.

If the above result is true in gemeral, it would have important implicatioms.
For example, it would rule out spontaneous symmetry breaking as the mechanism for
CP violation. Let me explain it in some detail. There is large observational

evidence that the universe is dominated by matter only, with the baryon-to-entropy

ratio . » ~ g+
_Ji = |0 ‘
) (1.2)

According to recent?®) theoretical ideas matter-antimatter asymmetry originated in
early universe through baryon number violating decays of superheavy bosons (X

bosons) of grand unified theories.
The necessary ccﬂditions for understanding Eq. (1.2), discusseda) at_length

in the literature,'include CP violatiog. Namely, when CP is a good symmetry, the

particle and antiparticle decay rates are the same, and no asymmetry could be

created through X boson decays.

On the other hand, it appears that the maturai way to understand®’ the ab-

sence of strong CP violation, induced via instantons, is to have spontaneously
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broken CP invariances). But if the symmetry is restored above Tc = Hw’ then it
would imply that at T = Mx, when the baryon excess was presumably created, the
theory would be CP conserving, hence we would have ny = 0. The global properties
of the universe seem to rule out soft (spontaneously broken) CP violation; that

is, if the symmetry restoration necessarily takes place.

Mdtivéted by the above result, Mohapatra and myselfs) have reinvestigated the
behaviour of gauge. theories at high T and found out that. the symmetries are not .
necessarily restored. We have then constructed realistic models of soft CP viola-
tion at high T. 1n this talk 1 review briefly our work and discuss further appli-
cations of symmetry breaking at high temperature: (i) resolution of the momnopole
problem in grand unified theories%and (ii) resclution of the so-called horizon

problem in the big-bang model of the universe.

This talk is then.organized as follows: in Section 2 an analysis of high T
properties of an SU(2) % U(1l) model is given and it is shown how in the case of
the extended Higgs sector, the symmetry remains broken as the témperature is in~-
creased. It is also pointed out how a realistic model of soft CP violation can
be constructed. Section 3 is devoted to the problem of superheavy monopoles andl
its possible resolution through the above mechanism. In Section 4 I present an

interesting idea of Zee7) suggested to resolve the horizon problem in the standard

cosmological- model. A summary is given in Sectiom 5.

SYMMETRY BREAKING AT HIGH TEMPERATURE

To determine the pattern of symmetry breaking we need the effective potential
for high T 122) ' ope performs a one-loop calculation, using the Fevnman rules
for T # 0. Now, at T # 0, we are, dealing with tempera;ure-dependeﬁt Green’s

functions

T, o " e Wl
G{',(xm”" X)) = ) €‘. T ¥ - 909D (2.1)

"ﬁe’fw

with B 2 1/T.
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The usual trick is to go to imaginary time formulation

-t__.n, OéiXOSﬂ;OS‘YoS/J (2.2)
Of particular interest is the two~point function DB (x~y}. It is easy to show

that the equation for DB (x-y) is teméerature independent
2 . cled
(U +/m") D/s ("“3) =-id ("’H) (2.3)

but the boundary conditions are now periodic

D',, (x-y) 1- D(s (x - -4 l (.4
X:~ "‘r‘
Therefore, the calculations are performed as at T = 0, but with the substitution
p 3
( — -7 § LB
P '-/3 m (zm)
-;{5 )

Sx = S dxo dzx (2.3)

o
4 =2
and,’ 1>“‘=w*+F‘= --—Tg_—mi-f- F.

The important property of T # 0 calculations is that no new infinities are’
t
induced, i.e. all divergences are removed by counter terms at T = 0. That is most

simply seen in the real-time formulation, where the propagator is given bys)

$ (f -~m ) (2.6)

D (x-s) —_— *

T m+ie ef’ — |
Equipped with the Feynman rules given above, ome can perform the calculation of
the temperature-induced effective potential. * Let us consider the most general

scalar potential with quantic couplings:
. !

V(o) = %/“; ¢ & -+ "“ Ze 79‘,:9 Cf’ﬂ% ¢ ¢, an

'J"/
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'

where ¢i are the set of real fields. Then, at high T (see geinberg, Ref. 2)
_r"l.
V(@) =V(o) + L [Z ‘Pi"m: + 631(1111).-}' +O(z.‘-)]é.4: (2.8)
48 wj - /]

where T are the group generators acting on ¢'s and h stands for Yukawa couplings.
We sha'” 2ssume h'<< g and ignore fermiomic contributions, for the sake of sim-
plicity. The gauge meson contribution Z TaTu is always positive, sc that the

sign of g fijkk will determine the posaggle patterns of symmetry breaking at

high T.

The model®): SU(2) X U(1) with two doubiats

The most general Higgs potential at T = 0, consistent with the symmetry

¢i -> -¢i and §; » i¢;, is given bYI
Vo) = - 476 -uiar b + 1,087+ L(eh)
+ 22 (¢/+¢/) (d’;d%) + 2 )¢ (4?(&. ) d),) (2.9)

We choose Ay < 0, so that <¢1> || <¢2> at the minimum. With positivity conditioms
2
- 2.10
420 , A, %0 ) X -(+d) o @0
one gets the pattern of symmetry breaking’

()= (\Z) , &) = (\Z) (2.1

From Eq. (2.8) we can easily write down the induced T—Pependent piece of the

\/l (T) =T* [ ‘:, Cb,qu, + 2:,_ CfJ:d)z.] ' (2.12)

| L 23+ A | 3g749""
by = 3 (2 + =% +‘:s')

with

(2.13)
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It is easily seen that the range of parameters

A, <0 L,-:O

)

Ao 4 0'% P2 D TR R PO
Dz + il Ml A < (2.14)

le 3
~ "
2, + 39 N 2 15l + 124l
b 3
(2.14)
is in accord with positivity conditions Eq. (2.10), and so
b, <o L >0 (2.15)

In other words, at high T, i.e. for T > Tc = Vug/bl

<d )DT‘: c <¢,Y == 0 (2.16)

T)Tg

since the ¢, mass term remains negative (see Fig. 2). But SU(2) x U(l);;’;;U(l)em,
2

so that the symmetry remains broken at high temperature. That is the main point

of this talk and- the rest of it will deal with the applications of the above phe-

nomenon to grand unified theories and cosmology. .

Soft CP violation at high T

L]

Once we have demonstrated that the symmetry is not nmecessarily restored, it
is only a matter of straightforward (but tedious) exercise to comstruct a soft
CP model at T = 10'® GeV, so as to have non—vani§hing baryon asymmetry of the

universe. I will only outline here a basic procedure, and refer the reader for

details to Ref. 6.

We have seen above how.ifor the case of two doublets in SU(2)L x (1), at
high T

<4>,>T=O , <4>,_>_,_ ot T (2.17)
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However, by a gauge rotation, one can always make <¢2> become real, therefore

leading to a CP-i'conserving theory. Hence, we have a theorem: we :ieed at least

three doublets in SU(Z)! X U(1) to have soft CP at high T.

We hav: constructed a realistic grand unified model which incorporates the
above feature. The minimal scheme is based on the SU(5) gauge group. The light
Higgs multiplets consist of only five-dimensional vector representations. With

three ¢'s, ¢1, ¢2 &nd $3, we achieved the following pattern of symmetry bresking

T=0 <4>;>=l=4.’>J (=123

T T <) =0 , <b,.0=xT

-with
i '4 (b' ) veol R <¢,_> ComPLex

The model has all the typical features of spontaneocusly brokens) CP theories,

with the most relevant prediction for the electric dipole moment of the neutron
d,,e = (lo-w-io—l-: ) ecCm o (2.18)
In a.ddition, one can estimate®) the non-vanishing baryon asymmetry cre;ted in the
early universe
X Mg 3 -9

-1
—_— o~ — . (2.19)
n [o] {0

for reasonable values of Yukawa couplings.

MONOPOLEA PROBLEM IN GRAND UNIFIED THEORIES

It is well known, through the work of 't Hooft and Polyakov“?), that when a
compact group G bredks down to G’ X U(1l), one obtains wonopole-like solutionms

[with respect to U(I)]. If the expectation value of the Higgs Field ¢ that breaks

G is <¢>, i.e.

G ?5? G =< U() (3.1

then the mass and the charge of the monopole are given by
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(6]

aks

&)

N |
Mp= 2 v | Sm = 2 (3.2
8 3

where g is the U(1l) coupiing.

Now, typically, simple grand unified theories are described by compact
groups: SU(S5), S0(10), .... i Let us take SU(S) as an example. It breaks down
through <¢> = Hx

SU(s) — SV x UMy x SUE) G.3)
<H= Mx
where l-l.x = 10" Gev corresponds to the masses of ‘superheavy gauge bosons that
mediate proton decay. But then we predict the existence of superheavy monopoles,

with um(x) = Hk/a =.10'6 GeV, Important questions must them¥be raised!!):

(1) What are the observational limits on the density of such superheavy monopoles

;oday?

(2) . How many monopoles were produced in the early universe at T = Mx?

(3) How many of these produced monopoles-are expected to have remained today?
I briefly discuss the answers to (1)-(3).

Answers

(1) Ve cannot unfortunately use any terrestrial measurements to put the limit on

L for the simpielreason that such superheavy objects would be pulled all the

way down to the centre of the earth, G;IBQ to the enormous gravitationél.aftraction.
However, a rather stringent limit on the density of the monopoles comes from the
cosmological observations of the matter content of the universe and the measure-
ments‘of the deacceleration parameter of the universe. It is well known that

such observations put an upper limit of asbout }0" baryons per photon. Now,

M_ = 106 Gev = 10%€ my (baryon mass), so thaé one has a limit of approximately
10~2* monopoles for 'each photon in the universe. Even if this limit is not taken

seriously, there is a constraint from the fact that at the time of the helium

synthesis (T =.1 MeV), the monopoles should not have dominated the mass demsity
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of the universe; that implies

My A - 13
—_—(T= L4
y (r=1Mev) <10 (3.4)

We will use the above comstraint seriously.

(2) The estimate of the initial density rkTi) of the monopoles produced during
the phase transition SU(5) ;; SU(Z)L X U(l)Y x SU(3)c is a non—-trivial dynamical

12)

question. It has been argued‘by Preskill'l) and others"“’/, that for the case of

second-order phase tramsition

7(T:) = |o"s (3.5)

where
Pom
() = ;;-; (Tl)

(3) Again, the lack of the knowledge of the quantum properties of the qonopole
interactions makes it difficult to predict the future of the initial monopole
density. It appears, t'at if r(Ti) < 10'l°; then the annihilation rate is negli-
gible and o from Eq. .3.5) we would conclude that grand unified theories predict

the present density f the moncpoles r(Tp) H (DM/nY)(Tp) to be
-0
r(MYxlo (3.6)

in dramatic disagreement with the observational limit in Eq. (3.4). We shall

call this a monopole problem.

Instead of enumerating various suggested resolutionsls), I would like to dis~

cuss a rather amusing scenario suggested by Léngacket and Pi‘"). Their idea is

simply the following. Imagine that the symmetry breaking takes \the following form

G —> SUB). — SUMEX xUlem
Tx Tw

In that cas:, above T = M , the U(l)  symmetry would be broken and therefore nv

superheavy mcaopoles would have been created at Tx! At first sight this idea may

sound crazy, but it appears to be a perfectly consistent possibility. Let me



Ne

describe briefly how they achieve the above result and what its consequences would
be, if any.

First, from the discussion in the previous section, one realizes immediately
that within the SU(Z)L X U(1) electroweak model, at least three doublets are needed
to get U(l)em broken at high T. Namely, in the case of two doublets one of the
vacuum expectation values always vanishes for T 2 T"; and so clearly the other
one can be rotated in the girection of <¢°>, preserving the charge symmetry. Let
us therefore imagine the existence of three doublets, i.e. three 5-dimemsional

multiplets of SU(5), ¢1, $2 and X, with the relevant part of the Higgs potential
V= -/u; o7, + A:(d7d:)" _/u; XX
!
+ -)‘x(x+x)L + J|2(¢l+¢l )(¢2-+¢1.) + )h—( d)l*d)l)(d)z-rél)‘k RS

where we choosela) A2 >.0; ut > 0; u% < 0 and u$ < 0. At T = 0 the pattern of

symmetTy breaking is then given by

<d)l)=(v?) ) <> =<K¥X)=0 (3.8

At T # 0, there will be temperature-induced mass terms for ¢i and ¥

+ -+
V, (T) =Tz[l>x &b + b, b + by X*X] (3.9
Similarly, as in the case discussed by Mohapatra and myselfs), one can achieve in

the range of the parameters of the potential

b <o kL, <o, bx>O (3.10)

2

Therefore, for T 2 '1‘w we will have

) + 0 + <) .11

and more than that, since A}z > 0, the minimum of the potential will be achieved

<)Yy = (\2) , <d’1>’= (:)’7-) (3.12)

for
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The charge assignment of the doublets is <¢> = (§:) and so <¢;> # 0. 1In other

} . - . .
words, at T ZEMW the photon becomes massive (mA = T) and electric charge is not

conserved. There will be no superheavy monopoles produced at T = Tx’ when the

SU(5) phas» transition takes over.

What are the-implications OE‘U(I)em breaking at such high temperature? Does

it lead to an electrically charged universe? Observations indicate

'MQ -if

where nQ is the charge asymmetry and ng the baryon asymmetry of the universe.

Now, for T > M., the rate of charge non-conserving interactions is

2z
[, =T (3.14)
¥
which is large compared with the expansion rate of the universe
<
H — _._.T (3.15)
Mp

Therefore, such interactions are in equilibrium and so we expect Qem = 0.
Langacker and Pi then estimate that the charge asymmetry duve to fluctuations is

negligibly small; they put the limit

m -
( == < {0 34 (3.16)
mg /TH .

which is definitely in agreement with observationms.

HORIZON PROBLEM IN THE BIG-BANG MODEL

The standard cosmolcgical model or the big-bﬁng model appears to be very
successful in its description of the development of the universels), at least up
to times of a second or so. Its most spectacular prediction is the observed
2.7 °K microwave, isotropic radiation, a relic from the big-bang. However, when
the model is extrapolated to the very eaély times, a problem appears in that the
size of causally connected domains, for sufficiently small t, was much smaller
than the effective size of the universe. It is then hard to understand the iso-

tropy and homogeneity of the universe. This is the sowcalled horizon problem.
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Let me be more precise about it. Following Rindlerls). let us imagine a
photon emitted at t = tg from r = rH' which reaches the observer at r = 0 at
time t. Now, the metric of the space-time is, in the standard model, determined

from the assumptions of isotropy and homogeneity

-~ ‘. 2 dv\' ’V\
ds = dt*— R*(®) [T:E‘+ d’Q_] .

where R(t) measures the cosmological scales and k = 0, 1 or -1 tells us whether
the universe is flat, open or closed. In any case, for di = 0, the emitted pho-~

ton sacisfies ds? = 0 and so

dv
(4.2
U 1 ~kv*

o + T (f,go)
=
) &)

V‘l—kv‘ (4.3)

dt =R®

0

°

Now, if IE [dt'/R(t')] is finite for ty *+ 0, the observer is causally connected
o .

by only a finite domain

T (o)
S dv
d’ ({'. 0) = et‘fm R 1 —kvn (4.4)
£, =0 0

since d(t,ty) = J /~ds? with dt = 0. We have, therefore, to find out the beha-
viour of Ita Edt'/R(t')] for small tg. In order to do that, we shall first de-
termine the t dependence of R(t) for the early universe. Einstein's equations

are .

Q/A\) - % Sluv R. = S]TG_I;.A\/ N €4.5)

where the energy-momentum tensor Tuv is assumed to be that of the ideal fluid

T = Phen - B (7 07)
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and p and p are pressure and density. One also needs the equation of state

p'= p(p). The above equations take the simple form
R \* ~
() =GF¥

pN dR
Fra(irf) T =

For the sufficiently small times, when the temperature was above all the particle

(4.7

masses, the density was given by p v T%; and also p= 5& p for a gas of relati-

vistic particles. Therefore, from the second of Eqs. (4.7)
?rv R,_4 (4.8)

and so from the first of Eqs. (4.7) RR = vG, vhich implies
R~ YVt (4.9)

Obviously, Ito [at’/R(t")] ~ V/t; is finite (+ 0) for to + 0. One gets

d(t,o)~1 .- (4.10)

so that the size of caus .lly connected domains is less than the size of the

universe. ;

Various resolut ons have been suggested. Owing to the brevity of space, I

)

will here discuss oaly the attempt of Zee’’ to use the phenomenon of symmetry

breaking at high tewm erature to solve the horizon problem. His idea was simply

to change the behaviour of R(cp at early times, in order to obtain
d(t,0) = o=

The ingredients in his approach are:

17)
»
(b) symmetry breaking‘) at high T.

The phenomeron of symmetry breaking at high temperature was discussed in Section 3

Let me then biiefly summarize Zee's theory of gravicy.

H
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Imagine the action which describes the coupling of a scalar field ¢ with
gravity

§=fa% @ [ LR+ £ 770009 - ve) « L ]

(4.11)

vhere € <1 and R = va éuv is the space-time curvature which should not be con~

fused with the cosmic scale R(t). When the phenomenon of symmetry breaking
occurs, i.e. <¢> = VH # 0, -then obviously the gravitational coupling constant

gets induced

, -
G = ] , (4.12)
JTeE Vy o |
so that VH is close to the Planck mass Hp = 103 Gev. Now, at high temperature

V}l - VH(T)’ so that G = G(T) is not temperature invariant. Clearly the effects

of temperature dependence of G(T) are irrelevant until temperature gets comparable
with the Planck mass: T = Hp. At T = 0, the theory ié equivalent to the conven~
tional Einstein theory. 1f, on the other hand. the symmetry breaking, as dis- '
cussed throughout this talk, persists at fiigh temperature, i.e. V(T =T, for

T> Mp’ then
|
G(r =3 (6.13)

for T > Hp. In this case, Einstein's equations become
. - .
(B_) = R (4.14)
R

or

R ~T (4.15)

at very early times (t < £, = 107*? sec).

But then

t
dt' t), 5 eo
JS;- R(t) b £.~o (4.16)

or, in other words
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TH, ’
S dv > Oo
b e & o

For a brief moment of time, all of space was causally connected. It is then rea-

sonable to expect the homogenous and isotropic universe.

In short, the spontaneously broken theory of gravity tied up with our mecha-
nism of symmetry ;on—restoration at high temperature offers automatically the so-
lution to the horizon problem, without affecting any of the successful predictionsA
of the standard theory of gravity. Admittedly, the model requires the belief that
quantum gravitational effects can be ignored for T > Mp, and so, in my opinion,

the solution is only indicative of what could happen, rather than being a complete

picture.
CONCLUSIONS ’

The behaviour of gauge theories at high temperature seems to be richer than
one could naively expect by the analogy with the ferromagnetic systems. . In the
simplest,éase, with a siAgle Higgs field, -he symmetry is always restored, as ex-—
pected, at temperature above some critical temperature which is of the order of
the mass scale that characterizes symmetry breaking at T = 0. In more complex
theories, with the extended Higgs'sector, intuitive expectations, as we have dis-
cussed throughout this paper, seem to fail. The symmetry may be partially restored

or never restored at all. | .

In this talk I have tried to summarize the iutéresting applications that the
above phenomenon offers. Firstly, if symmetry non-restoration at high T does take
place, then various interactions. which are based om the idea of symmetry breaking

remain equally operative at high T. In particular, spontaneous CP violation would

~

remain effective at enormous temperature Tx = 1033 GeV, which was presumably -
A

achieved in the very early universe {t = 1073% sec or so). This in turn makes

theories based on the above idea respectable candidates for simultaneous resolu~

tions of the so~called strong CP problem, without invoking the existence of the
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axion, and correct predictions of the amount of matter-antimatter asymmetry in
today's universe. One will have to await the improved precision of dur laboratory
experiments, in particular the measurements of the electric dipole moment of the

neutron, to see whether the idea of spontaneous CP violation is correct er not.

As we have discussed in Section 3, the so—called monopole problem in grand
unified theories, i.e. the over-abundance of superheavy monopoles (Mm = 10'% Gev), .
which were supposedly created during the phase transition in the very early umni-

verse according to the conventional idea of symmetry restoration at high T, finds

" its natural resolution in the context of the above possibility. If U(l)em sysmetry

was broken for T > Mw’ then these monopoles were never created in the first place.

Finally, if the ideas presented above are correct, the norizon probles of
the standard cosmological problem would not be a problem at all., Symmetric-brcken
theory of gravity, when tied up with the phenomenon of symmetry nop-restoraticn
at high T, forces gravity to be weaker and weaker, as T increases above the Planck
mass. .That leads to the slowing down of the expansion of the universe at the very
early times and so allows, albeit for 2 brtef pe;idﬁ of time, that all the parts

of the universe were in causal contact, enabling us to understand the observed

isotropy and homogeneity of the universe.

In short, the implications are rich and it is, in my opinion, important to
offer ways in which the phencmenon of symmetry restoratiom at high temperature

could be tested, at least indirectly.

Acknowledzements

I wish to thank the members of the Warsaw Universii; Theory Group, in par-

ticular 2. Ajduk, Jan Kalinowski, Stefan Pokorski and Tom Taylor, for their hos-

. pitality. This talk was written up at CERN and the hospitality of-the CERXN Theory

Group is gratefully acknowledged.



- o————— e~

— s grms  Fieme—

323
REFERENCES
1) D.A. Kirzhnitz and A.D. Linde, Phys. Lett. 42B, 471 (1972).

2) S. Weinberg, Phys. Rev. D 9, 3357 (1974):
L. Dolan and R. Jackiw, Phys. Rev. D 9, 2904 (1974).;
For a review and further list of references, see A.D. Linde, Rep. Prog.’

Phys. 42, 389 (1979). |

3) M. Yoshimura, Phys. Rev. Lett. 41, 381 (1978).
. A. Yu. Ignatiev, N.Y. Krasnikov, V.A. Kuzmin and A.N. Tavkhelidze, Phys.
Lett. 76B, 436 (1978).

S. Dimopoulos and L. Susskind, Phy;. Rev. D 18, 4300 (1978).
D. Touissant, S. Treiman, F. Wilczek and A. Zee, Phys. Rev. D 19, 1036 (1979).
S. ﬁeinberg, Phys. Rev. Lett, 42, 850 (1979).
J. Ellis, M.K. Gaillard and D.V. Nanopoulos, Phys. Lett. 80B, 360 (1978).
For an extensive list of references see the review of P. Langacker, SLAC

-

preprint SLAC-PUB-2544 (1980).

4) M.A.B. Beg and H.S. Tsao, 'Phys. Rev. Lett. 41, 278 (1978).
R.¥. Mohapatra and G. Senjanovi¢, Phys. Lett. 79B, 283 (1978).

H. Georgi, Hadronic J. 1, 155 (1978).

5) T.D. Lee, Phys. Rev. D 8, 1226 (1973).
For a review and references, see G. Senjanovid, tnm Proceedings of the 20:th
Int. Conf. on High-Energy Physics, Madison, 1980 (eds. L. Dutrand and

L.G. Pondrom) (AIP, N.Y., 1981).

6) R.N. Mohapatra and G. Senjanovié, Phys. Rev. Lett. 42, 1651 (1979); Phys.
Rev. D 20, 3390 (1979); “hys. Lett. 89B, 57 (1979).
An example of partial symmetry restoration was constructed before by

S. Coleman and reported by S. Weinberg, ref. 2.
7) A. Zee, Phys. Rev. Lett. 44, 703 (1980).

8) L. Dolan and R. Jackiw, Phys; Rév. D‘gg 2904 (1974).



9)

10)

11

12)

13)

14)

15)

16)

17)

324
R.N. Mohapatra and G. Senjanovié, Phys. Rev. D 21, 3470 (1980).
G. 't Hooft, Nucl. Phys. 379, 276 (1974).
A.M. Polyakov, Pis'ma Eksp. Teor. Fiz. 20, 430 (1974) EJETP Lett. 20, 194
(19747,
Ya) B. Zel'dovich and M.Y. Khlopov, Phys. Lett. 79B, 239 (1979).
J.P. Preskill, Phys. Rev. Lett. 43, 1365 (1979).

M.B. Einhorn, D.L. Stein and D. Touissant, Phys. Rev. D 21, 3295 (1980).

An incomplete list of references is
AM. Guth and S.-H. Tye, Phys. Rev. Lett. 44, 631 (1980).
F. Bais and S. Rudaz, preprint TH.2885-CERN (198C);
P. Langacker and S.~Y. Pi, Phys. Rev. Lett. 45, 1 (1980).
A. Kennedy, G. Lazarides and Q. Shafi, preprint TH.2944-CERN (15980). °
P. Langacker and 5.~Y. Pi, Ref. 13.'
i
See, for example, 5. Weinberg, Gravitaticn and Cosmology (Wiley, K.Y., 1972).

W. Rindler, Mon. Not. Roy. Astron. Sco- 116, 663 (1956); also Ref. 15.

A. Zee, Phys. Rev. Lert. 42, 417 (1979) and references therein.

Figure captions

Fig. 1 : The two different phases in the case of the single Higgs field. The

broken phase at T < T_ is shown in (a), and (b) describes the symet-

ric phase for T > Tc.

Fig. 2 : Phase diagrams for V(¢1,$2) in the case of two Higgs fields. 4s

o

shown in (a) V(¢:) indicates a phase transition with <¢1> = 0 above
Tc’ and (b) shows the existence of tHe single phase for V(¢2) (the

broken one) for all T.
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=
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Abstrace

Arguments of Coleman and Witten are general-
ized to show that the possible pattern of chiral sym-
metry breaking in QCD is SU(N.) x SU(Ng) x 0, (1) —
SUV(Nf) X Uv(ll, under reasonable assumptions. Chiral
symmetry breakdown is itself ‘assumed. The—validity.of
the -above pattern is extended to m 7A I ¥< p =

q’ QCD
Nflﬁc,<$ 1, ch.wuwith-gzNe~andmpdfixed_

| (@,w&:k{ﬂ‘ )

¥on leave from INFN, Sezione di Pisa, Pisa, Italy.
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Problem

Why is the isospin a good approximate symmetry
.of strong interactions? In the present understanding
of the subject, the goodness of the isospin is attri-

buted to the smallness of quark masses®!,

compared to the mass scale of Quantum Chromodynamics
(QCD). In fact, the Lagrangian of QCD with Nf mass-—
less quarks is invariant under global (chiral)

SU(Nf)L X SU(Nf)R x UV(I) transformations:

[(l+yg)/2}y + {exp i T2}y,

123 =
vg = ({1=vg)/2}¢ ~ {exp i T?sa}wR
and Y > (exp 1 Y)V. (2}

This might appear to-be sufficient for guaranteeing
a UV(Nf) symmetry (which, for Ne= 2, amounts to the
‘isospin plus the quark number conservation), as it
is contained in SU(Nf)L x SU(Nf)R x U,(1).

However, the chiral symmetry in QCD is be-
lieved to be broken spontaneously,.leaving light
. pions as approximéte Nambu-Goldstone pa;ticles. The

question is therefore to which subgroup the original
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SU(Nf) x SU(Nf) X thl) grcup is broken down. Or,

L R
if the surviving symmetry group is UV(Nf)' as it
seems to be realized in nature, why is that so?

This question was addressed recently by Cole-
man and Witten?), in the large N, QCD. They assume
(i) that the l/Nc expansion at fixed gch and N is
an asymptotic expansion; (ii) that the confinement
holds at N~ =: {iii) that the chiral symmetry break-
ing is characterized by non-zero vacuum expectation
values, Mijz <o'5Li$Rj§o>; {iv) that M can be ob-
tained by minimizing an effective potential Veff con-
structed in the standard way for M; (v) and that
there is no accidental degeneracy in the minima of
Vegs in the limit (i). Under these (perhaps reason-
able) assumptions, it was argued that the chiral
symmetry of QCD necessarily break down spontaneously
and that the remaining symmetry of hadronic world
(in the limit of massless quarks) was U, (Ng).

Although their conclusion is gquite encourag-
ing, the assumptions used are rather strong. In parti-
cular, the phenomenology of hadrons suggests the
dominance of planar diagrams {in the sense of the
topological expansion’)), and not necessarily of the
leading terms of the 't Hooft's limit"). (Some ex-

amples are: the exchange degeneracy., ap(t) ) aAztt):

the isospin degeneracy, m, = m; also, rhadron/mhadrcn

~0 (1)}
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We ask therefore whether the UV(Nf) symmetry
found in Ref. 2) is stable against the inclusion of
guark loopss). More formally, what is the allowed
pattern of chiral symmetry breaking of QCD, in the
limit; N+ = with gch and p = Nf/Nc fixed {(and £mall)?
Results®)

We find that the pattern of the breaking is

necessarily
SU(Nf)L X SU(Nf)R b 4 Uv(l) - SUV(Nf) b 4 UV(l), {3)

assuming (i) ~ (v) of Ref. 2) and the chiral symmetry
breaking itself. If small guark masses are introduced,
{3) is still approximately valid for

<< p = Ne/N, << 1,

mq/l\QCD

e 2 3
Nc + ®; g Nc and o flxed.~\‘ (4)

In contrast to Ref 2}, our conclusion is
based on.the aﬁgumgtion of chiral symmetry breaxdown:
as will be discussed at the end, the latter does not
necessarily follow from the triangle anomaly in the
large Nc limit. It is also interesting to note that
{(4) is precisely the limit in which the U(1l) problem
is solved in QCD®). '

It is furthermore found that the Green's func-
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tions for Py operators cannot be simply expanded in
powers of p around p = o,. but contains logarithmic
dependence upon it:

<$iwi> = Ao+ Ap + szlog P +...+ Xpnlogf°1p + O(pn)

. i-independent

+ O(milog mi),

f&b% eee T<PP(xIPY(Y)...> = G(p, log p; {mi}). {5)
Such a logarithmic dependence is due tc the infrared
divergences caused by Nambu-Goldstone bosons, and has
a similar origin as log m_.of Li and Pagels?). As is
shown in Eg. (5), the explicit breaking of chiral sym-
metry is small in the limit, {4).

Sketch of the proof

The idea is to make an expansion in p (quark
loops) while keeping planar diagrams only (Nc - o},

The effective potential has an expansion,
v =N {V +pV + 0%y, + } {6)
eff c''o . 1 2 et

Following Ref. 2}, we can write

Ng
V. =3I F_(r.), {(7)
o i=1 o 1
N
1 £
v, == ¥ F.(A.,A.), etc. {8)
1 N i,9=1 17173 '
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where an appropriate chiral transformation has been
nade so that
') = 6., A?)4 and hence M.. = § A, /2 {9}
ij ij i Tij ij "i'°%
(ignoring small effects of the 6-parameter). The func-
tions F°; Pl, etc. are independent of N_, o, and of
flavour.
To lowest order of p, EveffIBAi= © simply
gives
Ai = Ao {independent of i) {10)
where the assumption (v} has been used. Egquation (10)
shows that the original chiral symmetry is spontane-
ously broken down to UV(Nf)z). To the next order in
Pr Vors is no longer a simple sum over flavour. There-
fore, although the eguation aveff/axi = O0 remains
symmetric in flavour, the symmetry of the solution
does not‘necessarily follow.
Egpansion of the equation aveff/axi =0
arcund Ay = %+ (by setting i, = Ao + ui(o)) gives

(@]

" 3
F (A ) uglp) + 2 oacF (X, 0] +

. X = Ao

o(pz,pu.uz) = 0 {11)
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from which we conclude, if PS(AO) + o, that
ui(p) ~ 0{p), independent of i. (12)

(The possibility F;(ko) = o is excluded, since it
would -imply the presence of massless scalar - not
pseudoscalar - bosons in the large N, limit. That
would contradict our assumption that the chiral sym-
metry is realized in the Nambu-Goldstone mode).

At this'point our argument might sound some-
what trivial. However, the infrared divergences
appearing in the O(pz,pu,uz) terms of Egq. (11) make
the extension from p = o0 to p # © quite non-trivial. For
instance, the terms of order cu contain second de-
rivatives: of Fl at A = Ao. They are part of contribution to
the two-point function, [dé T<iy(x)P¥(0)>, and for
massless quarks contain a logarithmic divergence
coming from two~"pion"” loops. Higher derivatives at
A= Ao contain power divergences, ~(l/m§)n* =,

Because of these, the eguation aveff/axi = 0
cannot be expanded in powers of p around p = o. It
would appear that the expansion in p breaks down. It
might be thought that it is sufficient to keep non-
vanishing quark masses such that p <r/log(AQCD/mq),
but then it would not make much sense in talking

about a dynamical breaking of the chiral symmetry.
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Actually, the sitﬁatibn”is not as bad: the
infrare?l divergences.cancel in the sum in Eqg. (11)
although each’term is divergent. The reason is that
(a/ax)F(x,Ao)lA = A, and (a/axi)ptxi,xj) are both
some kind of one-point function and cannot be infra-
red divergent. Neither can their difference.

To see better what is happening, we expand

the difference at Ai = Ao + ui(p) rather than at XO:

(a/axi;r(xi,xj) - (B/Bx)F(x,Ao)!x =
(=]

higher n .
Z{derivatives } (- ui) (13)
at Ai= Ao+ ui

Now each term on the right-hand side is finite. The

"pion"” propagator computed at \i = Xo *ouy has a pole

not at mﬁ = o but at mgff ~ ui/AQCD'

The point is that the "pion" appearing in-
side a loop is made of one guark pair and gluons and
would be exactly massless when computed at the mini-
mum of Voo A _. (This is.the Geldstone theorem in the

o
leading order of 1/N_.) When evaluated at the new

ini .= A+ . i
minimum Al o u;, one finds

3V /3, | ~ Ofu;)

A+ u,
o 4y

and hence
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2

Moge ™ Ofu,/h) (14)

As a consequence, the logarithmic divergences
are replaced by log ui's. The right-hand side of Eq.
(13) contains. terms behaving as ~ u log u. Inserting
them. back into Eg. (11) gives

u; (p) ~ Ap + szlog o+ Olpz) (15)

which is again i-independent.

Repeating similar arguments including higher
order terms in o, one finds Eq. (5), thus proving our
claim about the pattern of chiral symmetry breaking,
Eq. (3}.

The cancellation of infrared divergences
caused by Nambu-Goldstone bosons, and the appearance
of logarithmic dependence on the expansion parameter,
seem to be a gquite general feature in models with a
spontaneously broken symmetry. For instance, a O(N)-
symmetric (g/4.')¢4 model with a negative (mass)2

term at the-tree level has the following one-loop

. 5
effective potential, )
2 2 . 2
2, _ _ oy 2 g (a2 IR 2,2
2 2 uz
1 2 2 2
+ g7 e~ 1) {log s— - 4} ¢
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2 Zo?- 12
N-1 6
» Sz ide®- v {log Eav i IE (16)
2 .
(Re .3_1‘,_1.21 = 9/12- Re(ﬁ)l = UZ/Z)
30%) " " p22 o ' 307/ p22 o )

One can easily check the absence of infrared di-
vergences and log g dependence of zero-momentum two-
point Green functions.

This phenomenon is somewhat analogous to the
one discussed recently in a class of super-renormal-
izable models®). .

Strong anomaly

Strictly speaking, Eg. (6) is not the most
general form, when the axial anomaly due to the
4
strong interactions is taken into account. There can

be a term of the form (to order p)?)

_ . +.2 (A = a positive constant
AL = A-{Tr lc: U/U} ( of dimension (mass)4) (7

in the effective Lagrangian, where U,. = ¢_ #_ . M is
1) Li Rj
given by Mij = <Uij>' This term preserves SU(Nf) X

SU(N:) x U, (1) but breaks UA(l).

Actually, this extra term does not affect the
foregoing argument and may be ignored in deciding the
pattern of the breaking. In fact, by an appropriate

chiral rotation (MM+) can be taken real and diagonal,

t 2 _ .
(MM )i: (1/4)éijli. For 6 = o, it car'then be shown
g . .
that (li = real) Mij = (1/2)6ijhi. Substituting this
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into the effective potecntial obtained from Egq. (17),

one finds
8/31i<—(A£)> = 0. (18)

Chiral symmetry breaking

The extra term, Eqg. (17), however, does imply
the chiral symmetry breaking itself'®), if not its
pattern. Ai = o would lead to an unphysical situation
(m,,T =®or P = «), which is therefore excluded.

However, a particular form of Eq. (17) depends
on the assumption that it is a o-like mescon which
saturates the strong anomaly at low energy. In princi-
ple it is possible to have some other mesonic compo-
site fields ¢ to construct AL such that <¢> * o (ioes
not break the chiral symmetry. In such a case, the
chiral symmetry breaking is not a necessary conse-
quencelll,

Coleman and Witten?) argued for the chiral
symmetry breaking using the triangle ancmaly assoc-
iated with flavour currents. Their argument seems to
fail in two respects: the d(kz) singularity found in
three~current Green functions does not necessarily
imply the presence of a massless scalar meson; it
can be due to massless fermions®?), Secondly, the

argument for excluding baryons based on the large Nc

limit is also false?!?h11) pecause a large coupling
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of raryons to currents {as Nc‘ =) may compensate the
l/Nc suppression factor;.

In view of this, it has been assumed in Ref.
5) that the chiral symmetry in QCD is brecken after
confinement. The other peossibility {that at least a
part of the chiral symmetry survives confinement)} is
cuite an interesting one from the viewpoint of compo-
site models of guarks and leptons, and is presently

under extensive study?‘’.
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Let us start by reminding Johnson s formulation [ﬁ] of
the MIT bag. The Lagrangian of the model is :

Lyue= [ 02,4 & (T 7g - 39 8]

The action principle gives in this case both equation of
motion and boundry conditions : .

;‘Zka‘fr‘ ”"i =0 ' inside
’L?U‘Lyr_q,:%
‘:5."‘}8}* (EH )-8

and on the surfsce of the bag.

The nanlinear boundary condition expressing conservation of
energy and momentum at the surface in the spherical cavity
approximation takes the form

/7
d E(R)_
ak
where E(R) is the sum of all contributions to the energy
of the bag of radius R .

The good fit to the masses @«cept that of the pion) has been

obtained by the MIT group [2] with the following set of
parameters

o045 6w d=055  Z=l84  me- 0279 G

[

o
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With these parameters fixed all static electroweak proper-
ties of hadrons can eaéily be calculatred. For nucleon whach
is our object ‘of interest in this paper, they are summarized
in the Table I

Table I
R{Ew")) 4 iy | e (G5 (1)
& —_ 1255000 | 4393 ) -1.413 | Ghurced
mode | [2] 5 1.09 19 123 13

Let us consider for the moment the QCD Lagrangian

;? Ft"’+q 7{?‘( 3&A¢)a+1m%

f
Lacp™

For m={ the QCD Lagrangian is invariant under full set

of Ca(l)fsuﬁf)transformatlons. According to a rather gene-
rally acepted view the St () x Su(z) symmetry group is sgon-
taneously broken to the subgroup S (1} of the isospin observed
in the spectrum of hadrons.,

According to Goldstone theorem, a zero mass Coldstone bosons
must exist and we identify them with pions. There is a hope
that MIT Bag Madel may somehow be obtained as an approximate
calution of the QCO. Howevsr for m=0 the bag Lagrangian is
not inwvariant under 5‘~L@7xsu(ﬁ because of the term \9(7{‘1)
that is responsible for the quark confinement. If we want to
haves pions as- Goldstone bosons and to keep at the same time

E(q1\ we can introduce the so called nonlinear realization
of the chiral symmetry., In ansalogy with effective Lagrangian
method for TN interactions {3] we introduce pion self
interactions and‘gipn quark interactions by substitutions

. k- ’1 .
Brf—" DFEE = (1* q%;z) ar%
3-89+ [ dpx ]
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The Lagrangian of the bag with nonlirear reslization of
chiral symmetry has been given in[ﬁ4] Ne want to study only
one pion emission so we shall consider the following simpli=-
fied case

L e[ £37'0,0 - K 1798+ s ]
v £ Y
L

Modified Euler Lagrange equations are given by :

-f.

L9'3.9 g Hf 91rq 8ng =0 inside

ik -
Y nfif—ﬁ on the surface of

LN e ~ yp ‘t D ntu 1 the bag
soe (59)-8- 3 Gog o)

o S
LSS MCALE 510

The value of the quark pion coupling constant f is determined
from the reguirement that the quark part of the axial vector

current takes the standard form 4'qﬁﬁ£5% j . This gives
41-%% where fo is the pion decay constant,

One should stress that taking into account interactions with

pions by this method does not introduce any new free psrameters.

The mass of the piom is introduced as in the effective Lagran-

gian by taking into account explicite symmetry breaking in

the form 7

' The equations for the pion field can be sclved using perture
batien theory and the pion field can be explicitLy expressed
in terms of the quark fields {4] . The interactions with piocns
modify most of the bag properties, Technically thess changes
are induced in two different ways. One is direct, like in sag-
nﬁtic moment, where additional terms in electromagnetic current

'51 N W, - —

T o = T 6,659
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produce contribution whkich add simply to the classical quark
value. The other way is through the change of the basic para-
meters induced by the additional term in the bag energy fit-

ted to the observed masses of selected hadrons. Having the

pidh field expressed in terms of quarks we can calculate
effectively all the necessary contributions,

They are zero for the electromagnetic charge radius and Qg {rcept
for their dependence of the radius R of the nucleon) ané
different from zero for the magnetic moment and energy

B = iegu J X X: Aj«e”‘

- 5 kg~$
'Atrﬁ.ﬁLF*,flR"’ (;ET 77&.5’.__&(14.6}3 um'uuotu
l.’)

This should be compared with [é uﬂwhere therw4%s an ackward
multiplicative correction to A gwr % A and where

the formulae for ér and AE “are different. Luckily for us
due to some additional assumptions of phenomenological charac-~
ter, the numerical value of the coeficient in [id} is nearly
identical to ours, Therefore we can take their fit to basic
parameters and radii of bag solutions and calculate all elec-
trowesk properties of nucleons with very little numerical sf-
fort. In the calculations we took into account the corrections
due to the centre of mass motion analized by Donoghue and
Johnson in [1{) . Our final results for these properties are

' ~ summarized in the Table II

-ters,

an-

Table 1I \

2d R (eevt) I dfpp | M. é<77£ x

e - 1.25%0.01 | 8393 | -1.413 | 0.84%5003

1 rent ot MCCLLL 6‘3 {,3C Qeéé ~‘f'8ﬁ chc
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The expzyimental and theoretical constraints

[¢]

n models ¢f CP vicleticn
are discussed. The predictions of

model are contrasted with these of &
spontaneously. A brief discussion

CP-violating phases that enter in kacn dacay and those that may be responsible
. 3
& : i -
for the baryon asymmetry in the :J(xlverse.
-
£

. ( :‘.?VLL‘-{. {.\,LT‘“' | .
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CP violatiocn, zlthough discovered mcre than f£ifteen years age, remains
2 rather elusive phencmehon Both experimentally and thecretically. Exzperimentally,
we have only cbserved CP violation in the kaon syster {i;. There CP viclation
can be characterized by two complex numbers € and €' vhich measure, essentizily,
the amount of AS= 2 and L S= 1 CP violation present in the system. Botk

€ and €' are small numbers and one knows that |1}

-3
ref = 2.3 X9 (:2)
" 61 Ve | '
[ c Y ~ ;;;' - (1e)

In principle there are other areas of particle physics in which some C?
viaolation shculd be cbservable. Most notably, & non zero electric ¢ipole
nmoment of the neutron would be a clear indicat}qn cf C? viclaticn. Very bezau
tiful experiments {2] have set a limit

At
- -2k .
d, ¢ 1¢ =0 ecwm (2}

One expects alsc that CP-viclating rhonomena, analogous tc these occuring
in the kaoh system, take place in p° and Bo—:esons. Unfortunately, thes
phenomena are extremely Cifficult to observe since no serarsted beans i these
particles exist, or are likely to exist. One can, however,/ {ry to measure

+ -

asymmetries in 2 e

asymuetries invclve measuring the differsnce between eg

roduction of pairs of these mesons. Tvpiczally thess

R3]

arising from the sexi-leptonic decays oI the produced m2scns. Although the

ratics N++/N+_ and N--/NT-' of egual sign dileptens to cpposite sign daileptens,
Just zeasure the amount of maess mixing between, say, & an§‘5c, their difference
w2 is a measure of CP viclation 3
ibie

3
w
&

where Re € is the eguivalent of € for tﬁese heavy mescn systems. Unfcrtunately,
although in some instances one may expect a large asymmetry, in general the
ratios N++/N;_ and/or the number of ordinary dilegtons (N+‘) expectad zre

small. Thus the likelihood.of measuring these other possible CP-viclating

parameters is poor.
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There may be a second measured number, besides € , vwhich also provides
information on CP violation. This is the cbserved ratio between the number
of baryons to photons in the universe. Although there are consideranle ob-

servational Gufficulties, one knows that nB/n7 is in the range of [4]

~{o i
Mg o~ o

. my

This number could(just reflect an initial baryon asymmetry in the universe

{4)

and thus have no connection with CP violation. Eowever, if in the big bang
the universe started in a baryon-antibaryon syrmetric state (A more natural
boundary condition?), then the result (4) must reflect the presence of CP

viplation.

It has become partirularly dlear, through recent investigaticns in unified
field theories in which baryon viclaticn is possible, that an explanaticn
for the cosmological baryon asymmetry may exist [5). To obtain such an asymmetry

it is necessary that three conditions be satisfied:

L]

(1) Baryon number must be viclated. Clearly this is necessary. I3
not, no baryon asymmetry can evclve from & baryvon-symmetric initial

condition.

{2) The baryon vieolating rrocesses ought to have been out c¢f thermal
equilibrium during the era in the universe when the asymmetry ensusd.
This is necessary since, if not, the reversed processes, being

equally probable, would erase any asymmetry.

(3) C and CP violation must accompany B violation. This last regquirement
N follows since to establish an asyrmetry, we must have that the rate
of baryon destruction and anti-baryon destructicn (barvon creatien)

are different. This is the case only if we have ¢ and ‘CP viclation.

It is because of this last point that nB/n7 may censtitute an observable
measure -of CP violation.

Our experimental baggage of CP-violating information appears therefore
rather me?ger. Two numbers &€ and ns/nx and two bounds - these on €' and
qn. Our theoretical knowledge of CP viclation may in fact De even more meager,
Although one can introduce CP violation in 2 fairly natural way in gauge theory
models of weak interactions, it is far from clear what is the correct mocel
for CP violation. The Kobayashi and Maskawa observation [6], that within

the standard SU(2)L x U(1) model [7] CP violation can occur if there are at least
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6 quarks, represents the simblest way to understand the appearance of CP viclation,

However, one should keep in mind that simplicity may not necessarily be a
guarantee of correctness. Thus it may well be that there are cther phases
besides, cr instead of, the Xobayashi-Maskawz phase which are responsible

for the observed CP violation.

Iin this talk I would like to examine the key theoretical issues at stzke
in cohstructing models for CP violation. Because it is rossible to censtruct
many different models which violate CP, it is not particulariy useiul to review
&1l opticns. Rather what I want to Go here is to focvs on twe, in some sense.
orthogonal, models which illustrate in a rather clear way thea possible spectrum
of possibilities. One of the models will be the minimal version oI the
Kobayashi-Maskawa model [6], with one doublet of Higgs, and its simplest baryen
violating extension in SU(S) with just one 5 of Higgs. Thic model is a rroto-
type hard-CP model. The second model which I will consider is one developed
recently in colleboration with Masiero and Mohapatra [ 8]. In this aodel CP

is broker softly and CP viclation is mcstly a Higgs phencmenon.

To emphasize the difference between these models it is useful to begin

our discussion by examining the so-called G-problem. This problem may ultimately

be a red herring, but if it is to be conventionally solved, one cannot countenance

the Kobavashi-Maskawa model, at least in its minimal versicn., The @ -problen
can be stated succinctly as follews [ 91, If QCD is the gauge theory of strong
interactions and if the weak and electromagnetic interacticns are alsoc described
by a gauge theory, then ope has in general an extra CP-vaclating riece in

the total Lagrangian of the form

sy W (

- 53
Jzwt
FY . :
where Fa “is the gluon field strengih and
o™
~ P
Far.f = :‘7: é‘f.-/ol(b ra. (e}

is its dual. Here g is the QCD coupling constant and O is an arbitrary para-

meter. One can think of © as being made up of two parts

é: 8 + A(BAC’*M {7
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The first term above,fa B répresents a parameter representing the vacuum state
(8 -vacua) which is the one appropriate to describe pure QCD [30]. The second
term arises as a result of diagonalizing the quark mass matrix. In so doing
one in general performs chiral U(1) transformations (transformations where
2ll quarks get rotated by the same chiral phase). These transformations change
the B -vacua to new @-vacua (i1 ] by an amount precisely equal tc the chiral

J

phase of the rotation - Arg det M.

Unless © vanishes or is extremely small, the lLagrangian (&) will give.
an unacceptably large electric dipole moment fcr the nevtron, Calculations
by Baluni {12] arnd Crewther, di Vecchia, Veneziano and Witten {13} ingicate

that if dn is to satisfy the bouné (2), then

B < job-17"

—
o
—

There appears to be only two "natural" ways tc understand why € should be

so small [14]:

© = 5, because the total theory possesses & chiral U(1) invariance.
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How ver, as Weinberg [16] and Wilczex {17, showed, beczuse of the
spcutaneous breaking of the total theory necessary tc get correctly
the weak interactions, a3 quasi-Geldstone boscn earises connected

wit +the extra chiral U(!l) invariance. This is the fanous axion.
Un_ortunately, the axicn appears to be Questicnable experimentally

7127, although some positive evidence in its favcur hés bson clzimed

by Faissner and collaboratcrs {i9:.

12} © can be made to satisfy the bpund (8) if cne assumes that O = 0,
as an outside impesition on QCL, and if the weak interaction theo
is szuch that

Prgdr M £ o o

0
N

"This solution is called the soft-CP soluticn to the preblem anc

was originally suggested by Wilczek {17 ].

If axions do not exist and the & ~problem finds no cther solutien, it

appears that one must actively contemplate that CP should only be broken softly
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in the weak interactions. Clearly if one has operstors cf dimension 4 in
the Lagrangian, whose coefficients can break CP (herd CP-breaking), one can

never hope to calculate AXg det ¥, since this gquantity will turn out to be
nfinite, Ohly if CP is broken softly, by operatcré of dimension less than

i
4 ar soontanecusly, it is possible tc contemplate Arg det M as a finite and

calculab.ie number, Many attempts to szlve the € -prcblem by ccnsidering sefr-C

medels exist in the literature (20]. Ir some of these models the C? breaking

is done by aoperators of dimension lesg than 4. In cthers, cne has spontanecus

CP breaking. I would iike to arcue here that a solution cf the @-—pzoble:
via soft CP breaking can only make sense if the CP breaking is spontaneous.
This is because the requirement that © = 0 makes sense cnly if it is part

requirement for CP conservation in the whole Lagrangian and not cnly

ry
1

c
on the QCD part.

It is perhaps worthwhile to point out that spontaneous CF breaxdown,
besides havaing 2 possibility of soiving the ¢ -problem, is a very natural
conseguencs cé supposing thet Higgs fields are fermionic bound states cf a2
new kind of gauge interactions (technicolcr?). Because gauce interacticns
preserve CP the eifective Yukawa couplings that smerge are real and thus any

CP brezkdown must occur spontanecusly [21].

The simplest wversicn of the Kcbayashi-Maskawzs model | 6., with just one

doublet of Higgs fields is by necessity a haré CP model.
rhases in the guarxk-i-.:iscon Lagrangian agpear as a result cof diegeonelizing

the quark mass matrix, This matrix, in <the mocfel, essentizlly is given by

M= My ' (10)

where r is the matrix cf the relevant Higgs Yukawa couplings
the vacuum expectation value of the diggs £ield, which can be chosen to be
real. Clearly, unless C has scme imaginary part (hard CP viclation), M can
pe diagonelized with pure orthogonal matrices andé noc pheses will ever enter
in the quark-W-boson vertices. With r complex, the gquark-W-boson vertex
will be characterized by a unitary wmatrix C of dimension Nz, where N is the
numter of generations. This matrix has N(N + 1)/2 phases. However 2N - |

o these phases can be rotated away by redefining the 2N quark fields appro-
priately. (We cannot get rid of 2N phases since one phase is just an overall
vhase.) Whence for N generaticns in the medel one has in toto 1/2(N - 2) (N -

rhases.

4

4

il
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Because of the hard CP violation the & -problem is thus & problem for
the Kobayashi-Maskawa model. Ellis and Gaillard [22] have observed that Arg
det M in the Kobayashi-Maskawa model is indeed infinite, but the £irst infinite
- graphs do not cccur until very high order, O( « 7); Thus they have suggested
that perhaps one should not worry unduly about it, since presumably the ultimate
coirect theory sho'uld take care of these "small" infinities. I tend to sym-
pathizé with this attitude but, lacking the ultimate the_ozy, still consider

it a problem.

The Kob.ayashi-uaskawa model makes some definitive statements about the
measurable CP parameters ¢ . €' and dn. For three generations, there is only
one phase and this phase, along with the extra Cabibbo angles reguixred for
the six quark case, essentially determines €. One finds [23]

lel « .'l'; sSwd €58, Su-bjs\«—s '?‘(a&, "L) (11

wherez (ez,Q) is a rather complicated, but slowly varying, fungtion of
2 2
92 and 4 o “/m "

-k

I(ez,;@; sw'e, (14 ‘z%*t} - (M4 bon)

———

(32)
Costey w + 58, - 25,806, 1 un
1~

Although (11) is an explicit formula, in no way is it a‘pre'diction for €
since the phase 5 is unknown. (The other parameters 52, 63, m_ and B
[if it exists!] could in principle be determined elsewhere.) However, cne
can nmake a prediction for ‘%! which is independent of the unknown parameter S .
The value for ‘ez![ that one obtains deéends on F{ 92 ,’YU - which does net vary
too much - and on an estimate of the direct imaginary contribution to the .
matrix element <2% I Hweak‘ k°? . This matrix element is real if one considers
only contributions involving u, @ and s quarks, but can pick up an imaginary

part when the contribution from virtual cc and tt pairs are included. These

are the, sb-called, Penguin contributions. Two recent evaluations give

)
\ Yoo = /250 (Gilman and Wise [24])
) -
e

_—
[
[#]
-

I - {Guberina and Peccei [25])
/Zfo /Soo L4
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The difference obtained above reflects different ways of trying tc evaluate
the matrix element of Hweak between a K and 27 . Ve emphasize that apart
from these uncertainties the above calculations are ameng the mest stable
that one can find when dealing with CP violation, since essentially there
are no free parameters. Thus attempts to measure I%Iito better than cne part
in 200 can really probe the validity of the simple Kokayashi-Maskawa mcdel

and would be extremely important.

The dipole moment of the neutron is found to be very small in the ¥cba-
yashi-Maskawa model. Shabalin [26] has shown that all contributions of o(,cz)
to the one-body dipole meoment {(i.e., the dipole mcment of a given cuark) vanish,
Nanopoulos, Yildiz and Cox [27] and Morel 128} have considereé two-body cen-
tributions and estimate

~-30 1!

- (du‘ );(,4 ~ lo e Cm (12)

-

well below the present bound (2). A point is worth noting, If the present
round of experiments trying to lower the limits on dn £find a positive result
{scmewhere in the range of 10-25 e-cm, which is their sensitivity), then the
Kobayashi-Maskawa model is in trouble, unless one is prepared to believe that

4 is just given by © - but then one must explain why @~00:07 10

nB/n’, is ¢f course not Eirectly calculable with the minimal Xobavashi-~
Maskawva model. However, one can ask what the simplest extension of this model,
which allows for baryon number violating interactions, will give. This ex-
tension_is baged on SU(5) with just one 5 of the Higgs (bes;des the 24).
The baryon excess occurs in the decay of the superheavy Eiggs in the 3.
However, since one must have a CP violation in the process, one is required

to go to very high order. Typically [29 one finds

e 013(”“; }é << o'

T,"‘w (13)

P

¥

where me is a typical (heavy) fermion mass of 0(1-10 GeV). In this estimate,
since it is so small, one does not even werry about the magnitude cf the CP
‘phase, or if it is the same as the Kobayashi-Maskawa phase & . 1In fact, there
are more phases in the SU(5) model. & simple calculation shows that, with
just one 5 of Higgs, the tctal number of phases which are physical for N
generations is 1/2N(N - 1) [20]130], so for three ‘generations there are an

additicnal two CP phases which have purely te dec with B-viplating interactions.
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I would like now to describe the soft-CP model developed in collaboration
with Masierc and Mchapatra [8}. This model has a number of very nice features,
which make it attractive, but it is not without some drawbacks,' I shall try
to be fair and describe both. The most interesting feature of the model is
that it provides a natural solution to the e-problem. Let me try to elaborate
on this: All previous soft-CP solutions to the & ~problem are based on the

following strategy [31]
(1) Be sufé, by construction,\that in lowest order (Arg det M)o = 0;

_{2) Construct the theory so that also (Arg det M) vanishes or is heavily

1
suppressed;

Then one in general is sure that all contributions, being of 2nd order, will

not violate the bound (9).

To achieve the above mentioned results, in general, it was necessary
to invent appropriate discrete syrmmetries that prevented the mass matrix froo
acquirﬁng phases until sufficiently high order. Now Ciscxete symmetries,
although "natural® in the technical sense, are extremely unnatural physically.
The model in Ref. {B] makes use of no such devices., Rather it turns out that
already at lovzst order (Arg det M)o # 0. chgver, its size is very smell,
essentially because of the existence of & hierarchy of symmetry breaking.
Direct calculation then shows that (Arg det M]1<< (Arg det N)o, again because

of the hierarchy, so that the result is stable.

I shall only sketch the model here and indicate scme of the results,

since the details can be found in ReZ, [8]. Ve considered as the weak gauge

group the left-right symmetric group i32] SU(2), x SU(2), x D{); .. This
crcup is broken down at 2 high scale into the usual SU(Z)L x U{1} greun, whash

[ X2
b |

eventually is broken down fo just U{1) _ - The spentaneous breakdow

elile

the model is accomplished by three types of Higgs fields: b & and .

Rl
These fields transform according to SU{Z]L b SU(Z]P x U(l)B_L as
b~ (1,0 -2) {162)
De ~ (o1, ~2) . (165
L4 o
(P"‘ (LJL.’ ) {162)

Since left (right) handed quarks and leptens transfor:m as SU(E}L (SU[Z)P)

doublets, one can think of these fields as a~wropriate lerton-lepton or lepton-
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: - —b -
antilepton condensates. Writing b, and b g 35 2 % 2 matrices (i.e., Th)

one has as non-zZero vacuum expectation values

o) s oeos (105 @052

-

(17

The Higgs potential at its minimum can eithexr have a left-right symmetric

solution V, = V, or a hierarchy must exist [33]:
T N
K . s
V Vg ~ .K , (&
Clearly since we want the sequence of breakdowns
] vir)
v ul - Suw x vf) — .
S Q) xSulw, x uu)}_ . € (19)
we want the hierarchical solution
Vp 7 K, ' >V (ig!
In general one also chocses X P ¥Y' so that one has
V i
R o~ V\V"r. (20)
K Mo,
what Masierc and Mohapatra and I investigated [ 8] was the possibility
that this model exhibited, besides a breakdown of parity ané B-L throuch & )

non-zexo VR, also a spontaneous breekdown of CP via the appearance of thases

in the vacvum expectation values. Our results can be summarized in two thecréms:
Theorem (1): With just one set of AL and b ] there is no spontaneous
CP violation.

Theorem {(Z): With more than one set of bL‘and Fad R there is CP violation

provided that the

prase {$> ~ Vi/y (21a)
2
phase (bnj ~ (VL/\/lS ) (2ib)

The phases of (b L S will in general be cf §(1). These twe theorems

can be easily understood as an applicatiorn of the decoupling thearem of
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DAppelquist and Carrazone [34].

be felt at low energy.

_These thecrexs essentially provide a rationales for 2 small arg det M

in the model. To lowest order one has (if there are enough Higgs fields)

U’\:S LW M), ~ ?Lax (e~ Y o L {‘{\_!‘_:L)Z (22)

Voo
. Va R MUJR

values of Mw Z_ 10”7 GeV are compatible with the dipole moment bound (9).
R

Higher order contributions to (Arg det M) can occur through diagrams of the

type shown below §

The CP nixing indicated by the (® in the figure is of

LR
is an (arbitrary) phase associated w:...h {b )

of the Im @Hzgqs field is of O(V ), the net contribution of the integrzl
is of O (1/\’ Thus (Axg det M}, ~ (Brxg det M) and in fact, taking znzo

. account all the various Higgs ccupling ccnstants

(Al M), <c (g da 1)

order V.V_ sin® s Wnexs

o {23
In the model we see thus that
- M 2 ) -9
8 ~ k..“"—\ £ s = 1o (24)
: M

which happens if Mw is sufficiently large. Conversely since cne can show

that here d is essem::.allv determinec by 6 , & measu:emen" of dn will then

The phazzes associated with the heavy scales
must be appropriately small so that the effect of the heavy scales cannot

2ecause, however, the mass

fix the scale mw . 1 should mention that a scale ¥, % 10 GeV, which agrees

W
R

with the dn limit, also seems to be in agreement with the present limits on
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nucleon stability [35)] and permits the generation of enough barycn nucber
at intermediate mass scales |35) to 'get a reasonable n,/n, (although the

scenario for the generation of baryon number in the model is rather complex).

There are some features of the model which, however, are net so acpealing.
First of all one needs a great many Higgs fields to achieve the spontanecus
breakdown of CP, and thus there are a variety of free parameters in the model.
In general with so many Higgs Zrelds it is difficult to prevent getting large
Ko—i ° mass mixing or preventing Higgs induced off-diagenal neutral current
processes, like K-#r-z ; from occurring. Tc suppress these processes to 2
manageable level reguires a certain tuning of parameters. Cenversely, deing
optimistic, in this model there is no reason why qu &€ shculé not hapoen

at rates just belecw the present bounds.

The parameter € is not predicted in the model, just as it was nct sredictes
in the Kobayashi-Maskewz model, However, for € to exist at all it is neces-
sary that Higgs mesons quc transforming like quark-guark concensates exist,

with masses intermediate between MW and MW . If these Higgs boscns exist -
L R
i

and one sees no reascn vwhy they should not - then one can estimate }% az
the model to be roughly
{ -S
€] £ 1o ;
[ (25)

g1 . s . - B -
Thus a measurement of Lz in the Kobayashi-Maskawa range | cf Eg. (13)! would

spell the death knell for this model.

There is a particularly clear feature of the model which is worth expha-
sizing. Nemely, there is nc connection between the phases resconsible foxr
€., ¢' and dn and those respcnsible Zer nB/n.{. This is cbvious here since
nB/njf occurs in the model at temperatures of O(VR). z%t these hich tenmperatures
one expects that the_SU(E}L % U(1) symmetry be restcreé so that the vacuux
expectation values K, ' and VL all vanish. There will still be Phases associated
with the A g vVacuum expectation values (of wnich by neceésity there pust be
at least two) but these phases now are of 0{i} and have nothing to deo with

the T = 0 phases cbtained previously.

Thas phenomenon is not only a property of models where CF is broken

spontaneously. Also in haxd~-CP medels - with sufficient number of Higgs fields -

there will be in general no connection between the phases that enter in n_/n_
U

and in the low energy CP-violatihg parameters. This “negative theorex" i

the subject of a recent short note with Masierc and Mohapatra ,30,. The
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theorem can be understood 'in its gist as follows. Renormalizaticn reguires
that if phases appear in Higgs Yukawa couplings, they must at the same time

appear in Higgs self interaction terms of the form

) _ .
o P/f.‘\- - (’7;1. WoH, + hoc. (25)

which could have been generated through fermion loops. Once the Higgs potential
is complex, one cannot prevent, in general, that the vacuum expecta.lon values
also acquire phases. All these phases (Yukawa coupling phases, Higgs potential
phases and vacwame expectation value phases) contribute to the low enexgy CP
viclation. For nB/nf : because the temperature is so high, the SU(Z)L x U(1)
group will have become normal. Thus for this case certain of the phases

associated with previoucly non~zero vacuum expectation values disappear,

In this talk I tried to point out some of the features and possible pat-
terns of C? violation arising from rathexr distinct mocdels. Some features,
like the dlfference between the phases contributing in the kacn system and
fornn /n?{ are commen. Others, like the value for li.‘ are guite distinct.
To conclude, there ere two points I wish to re-emphzsize: )

(1} Experimentally it is extremely important that one should try to
improve the bounds for l%;] angd dn' A non-zera result would be

of invaluable aid in trying to solve the riddle of CP violation

{2) Theoretically one should centirue to ask, and try to answer, some
£ the structural guestions about CP, which I just touched upon
in this talk. For instance: is soft CP breaking really ccmpatible
with cosmology?; what really happens tc CP wviolation i the Eiggs
mesons are-only aprcreximations to 2 more prefound dynamics?; is
the O -problem really important?® At the same tims, I feel that
it is also important that one should try teo refine ancé tichten ug,
as best as cne can, the calculations for some of the experimental
predictions for the simplest Kobayashi-Maskawz model. Predictions
for more sophisticated models, 21t houch very useful, in general

re too arbitrary, because there are far too many free parameters.

Acknowledcement: I would like to thank the organizers of the Kazzimierz Conference

for a very nicely run meeting. I am alsc grateful to Antcnio Masierc ancé Rabi

“chapatra for having shared wi th me some of their insights.
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4 discussion of low energy parity restoration
in siople grand unified' theories, such as
s0({10), is presented. The consistency of
phenomenological requirc;.ments ard unification
constraints is emphasized and various predict-
ions of the theory are stressed, in-particular :
substantially liéhter W and 2 ©bosorns than
in the standard model and increased stability
of the proten with 'rp=1038 years. . -,
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INTRODUCTION

Grand unified theories!) offer ys 2 possible w#y of unifying the interactions
between elementary partiéles (except for gravity). They suggest, as a by~product,
a spectacular prediction: the decay of matter, with hopefully soon measurable
proton lifetime. The basic featur;, at least of the simplest.of such theories,
appears to be the desert in energies above the mass scale of weak bosons. The
minimal model, based on the SU(5) gauge group predicts the desert all the way up to

10'* GeV. Namely, a necessary chain of symmetry breaking is

SUG) — SUlz2) X U(')T x SU@GB), — U< Suf:
Mx Mw

wheré‘nx corresponds to the mass of superheavy bosons which mediate baryon-number
violating forces and are responsible for nucleon decay. The values of low-energy
parameters G, and sin? Bu determinez) Mx = 10*“~10'S GeV. 1In turn, ome can pre-

dict the proton lifetime?) as T, = 1031*? years.

Actually, the above picture seems to be qualitatively true in many other grand
uvnified models. Namely, if the value of sin?® e“ = 0.23 * 0.02, suggested by the
standard electroweak model, and o (the QCD coupl?ng constant) a;e taken in in- .
puts, the Georgi-Quinn-Weinberg (GQW) programz). whicﬁ determines the~nass scales
b; the use of renormalization group equations, tends to suggest that the inter-
mediate mass scales have to be gquite large (2 10%-10° GeV), leading again to a

practical equivalent of the desert. If that is so, the future accelerators should

not discover any new forms of interactions, once W and Z bosons are found!(?).

In this tali I will discuss some recent work of Rizzo and myself“). which
offers a way of avoiding such a situation, by suggesting an casis in the desert,

j&éi'above Hh' Our task appeared to be twofold: first, to find an alternative to

the standard SU(2), X U(1)y model®) (in arder to change the sin® §, = 0.23 predic-

tion) with a new energy threshold above Hu; and second, to show that suck a

-

scheme is consistent with grand unification. I will now try to offer arguments

in favour of such a.low intermediate mass scale.

s,
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The first part of our program was simplified by the fact that we did not have
to search for a new candidate for a low-energy electroweak theory. A number of}
years ago, Pati, Salam, Mohapatra and myselfs) constructed a left-right symmetric
gauge theory, based on the SU(Z)L x SU(Z)R x U(I)B_L group, in order to explain

‘parity violation in weak interactions. The theory starts by being invariant under
parity conjugation and only through non invariance of the vacuum, which results in.
heavy right-handed gauge bosons, parity gets brokenm and V + A interactions become
suppressed at low e;ergies. ﬁowever, at nigher energies, above L parity is ex-
pected to gradually become a good symmetry. It is therefore important éo find
constréints, phenomenological or theoretical and preferably both, on M“R' Now,
phenomenclogical analysis which I will describe below, allows Wy to be surprisingly
light: Myp > 2 My, . The hint on its value comes, on the other hand, from unifi-
cation constraints. For example, SU(2), x SU(2)g * U(l);_, can be embedded in
S0(10). As I mentioned before, assuming sin® 6, = 0.23 gives Mg » 10% GeV, which

would eliminate the possibility of direct parity restcratiom.

Fortunately, the above is not true. The analysis of Rizzo and myself") shows
that for light W# the\theoty successfully ;;sses all the low energy tests, but for
larger values of sin? Gw: sin? 8" = 0,27-0.28. Since the existence of lew inter—
mediate mass scale tends to increase sin? Gw, it enabled us to construct an S0(10)

grand unified theory with rather low-Energy parity restoration: MWR = (Z'B)MWL-

There may be an casis in the desert!

I will only list the predictioi.. of the model and then deal with them in sub—

sequent sections:

. My = (150-250) GeV, sin® 6 = 0.27-0.28,

n

"MWL (70-72) Cev, M = (80-84) GeV,

. a rather stable protoan (in the model with minimal Higgs assignment):

tp 2 10%® years,

. appreciable lepton number violation in neutrino -—— less double £ decay7)

{not discussed here).
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The rest of this paper is then organi;ed in the following manner: in
Section 2 I review the left-right symmetric model, with spesial emeasis on the
leptonic (neutrino) sector. There I discuss the phenomenological constraints on
our model. Section 3 deals with the embedding of the model in SO(10) and unifi-
cation constraints that result from the GQW program, and also briefly touches upon
baryon creation in the early universe in this kind of theory. Finally, Section 4

summarizes the basic features discussed in this talk.

LEFT-RIGHT SYMMETRY

The minimal gauge group which incorporates left~right symmetry is
SU(Z)L x SU(Z)R x U(I)B_L. The theory is assumed to be invariant under parity

conjugation. That results in
<8 =g £ g, where g and By are SU(Z)L and SU(Z)R coupling constants;

. the fermionic sector consists of left- and right-handed doublets
(u) . (u)

where we re:irict ourselves to one generation case, the general case being

" a trivial extension;

from Eq. (2.1), electric charge is

‘ B-L
Q=1+ 139. ¥ 2, (2.2

the Higgs sector has to be fully left-right symmetric.

In the followiﬂg, I will discuss the version of the theory recently suggested
by Mohapatra and myself7) in order to understand the smallness of neutrino mass
by tying it t¢ the maximality of parity violation at low energies. The Higgs
sector complies with the primciples of.simplicity and the possibility of dynamical

symmetry-breaking, i.e. the scalar fields carry the quantum numbers of fermionic

i
~

bilinears
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43('2,:3'-‘5:10) ~ 7:. T

(2.3)

T . T
A1... (') 0, Z)"' \rl. C\h. y} Ag (o) ‘lz') ~ ﬂ’; C ’\rg
where the representation content in the brackets corresponds to SU(2)L, Su(2)

B-L, respectively. The field ¢ gives the masses to charged fermions and A's com-

) plete the syﬁmetry breaking, and as we shall see, they play a major role in the
i

question of neutrino mass.

Now, the symmetric potential allows for the asymmetric absolute minimum® ?)

(A)» <), 80 =% $42

(2.4)
B

In turn one obtains the fol-

where ¥ 1s a ratio of various Riggs self-couplings.
lowing set of gauge mesons (besides the photon)
-+
W, W, 2, 2 @)
L ) R , Ly 2
with

R A W R I

2 (2.6)
M
2 ~ ___._22-- . [vjz ~ ¢:o1259vv 2
4 Con” Ow 2

X VA
2 szew R
where we ignore tiny W -W, mixing and tan® g, = g'2/g? +g’2, so that e?=g?sin?®
as in the standard model. Therefore, besides the usual gauge bosons HL and Z, [w

{ and Z in SU(Z)L‘X U(l)], we have heavier bosons WR and 2,, whese presence could
1}

effect low-énergy predictions. 1In short, we have the following picture of sym-

metry breaking

SU(z),_x SU(2)g x Udg., — SUG), % Uh)y — Ul)e,,
) 4> =M, =M,
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Neutrinos '
——

The charged fermions get their masses in the usual way; however, the 3itua-
tion with neutrinos is worth discussing. What happens is the following7): since
A's have the right quantum numbers to couple to WICY terms, the right-handed and
left-handed neutrinos are seﬁarately :wo—@omponent Majorana massive spinors.

Actually, the right-Randed neutrino Vg £ N becomes a heavy neutral 1ept°na) with

m, = (Ar) 2100 GeV (2.7)
The left-handed neutrino (VL £ V), in turn, picks up a small Majorana masé'.
{ (2.8)
m, o4 i

Therefore, the smallness of meutrino mass gets tied up to the maximality of

observed parity: violation in weak interactions. In the V-A limit of the theory,

. : pe s ) . .
= 1% w2 .
i.e. infinite MWR’ oy (iAR)i 3 so that m, vanishes
Loyt . . ,
In the case when (AL);ls not directly contributing te neutrino mass, one

gets 2
/”Q#

m’l‘] = {2.9)

my <
when £ = electron or up quark. Therefore, we shall assume in further discussion
o

<AL>A= 0, since it appears a phenomenological necessity [in other words, I put

. '

Yy = 0 in Eq. (2.4)]. Actually v < 10™1%, to ensure small L I should add,

though, that once Y is small, the vu and v, masses are predicted by Eq. (2.9).

The ‘above result is not accidental. From Eq. (2.2), in the energy region
My < E < Mg
AQ=0 AT, =0 (2.10)
9) | ; -
AB-L) = -2 B Tsg  eaw

and so
The breaking of B-L is proportional to the amount of parity violation?’?), hence

one gets massive Majorana Vg~
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Phenomenology ) ' .
i -

i) Charged current processesf

We just demonstrated: mg = HQR. The exchange of WR does not contribute
then to p and 8 decay, and so we have no sensible limit on My, from these pro-
cesses. In other words, the world at low energies is V-A not because Hug >> HWL,

but because the right-handed neutrino is very heavy7).;

ii) Neutral current processes !

Fortunately, as is seen from Eq. (2.6}, the masses of Hh and Z; are tied up,

so that the constraints on Mz, from neutral-current data can be used te put the

l . )
limit on Myp-

There are only two relevant types of processes:
A. Neutrino interactions,

B. Parity violation in e-q scattering.

We now give the relevant effective low qz neutral current Hamiltonians, ig-

noring as before W,-W, mixing and setting (I )’* 0. For a general case the reader
L "R s LY

should consult an original work*?.

A. Neutrino scattering

HJ= —VGi-'E- -3/4(“- X;)J 15 3—‘“(3‘,-}3/*7{;—-)_#

vhere f denotes charged fermions (for leptoms, we comnsider only V_e scattering)

u
7 gu=Cr ) [T e2Qwren]
(2.12)
=T
and Y is defined through
N
- ™M )
L " ”lf’:___. , (2.13)
L -

It is easily seen from Eq. (2.12) that the effect of L™ is to increase sin?® 8'.7

relative to the standard model prediction.

.
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B. Parity-violating electron-quark scattering

In the above limit )
HPV = -HPV (s'l’o.uAmd moole l—) (2.14)

Fow, the SiAC experiment by itself (i.e. without constraints from v~hadron scat-
tering) does not restrict sin? ew very precisely. It turns out that the data are
consistently described with ng as large as 0.3'(MwR = 150 GeV), if sin? Bw's

= 0,27-0.28 {of course, as well as nR'- 0, sin® Bw = .23 % 0.0&. as in the stan—:
dard model). The large predictions for sin® Bw will turn out to be cruci;l in
achieving the consistent unificatiog conditions.

In any case, it is worth keeping in mind that independéntly of érand unifica-~
tion, the correct electroweak gauge theory may substantially differ from the stan-
dard SU(ZiL X U(l)Y model, with the differences thag would make dramatig.phangesg:
at higher energies.;

For the sake of completene#s, I have included Tabie 1 which gives the values

of gauge boson masses as functions of sin? ev and Ng.

L4

3. SO(10) AND WEAKLY BROKEN PARITY

As I emphasized before, we need unification constraints or otherwise H“R Tre-
mains an arbitrary parameter with Mg 2 150 GeV. A minimal left~right symmetric
% grand unified theory is based on the SO(10) g:oup1°). 80(10)‘h35 rank five and it-

contains the SU(2), * SU(2), * SU(4)  group of Pati and Salamx)ﬁ

Since it_also contains SU(5), we can imagine two basically different chains

of symmetry breaking:

D5000) —> SU(s) —> SUR), x Uy XSU(3) =2 Ulde,. X SUB)
MU ‘Mx ) Mw

S0(o) v SU(), * SUR), > SU(4) -l;‘—a SUf2), X SUL)XUh) X Sul
¥ ‘ ' < .

—> SU@). XUy, x'3U() = Ulewm X .30!3)(
' Pﬂg ' ‘ th:
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We now discuss the physics of both possiblilities.

i) In this case the situacion is analogous to the SU{3) model. Namely, HU > M‘

and Mx ; 10%* GeV (sce belowj. We have a desert, with the proton lifetime

Tp = (TP)SU(S) = 103! years. The only differance is in the neutrine sector,
where left-handed z2nd right-handed neutrinos are massive Majorana spinors.
Particularly intevesting is the minimal SO(10) wodel, where n, =105;GeV appears
in higher-order; in perturbation theorylx) and m,_ = 10 oV, It is amusing to
notice that 10 eV heavy neutrinos could play a major cosmolegical role by

closing up the universe and possibly explaining the dark matter in galactic

halos‘z). -

iil‘This chain of symmetry breaking is more interesting, since it allows, at least
in principle, the existence of intermédiate mass scales. The way to arrive
at their values is to follow the change of physical coupling constants with
energy EGQN programz)j. We shall set for simplicity Mc = Mx’ since, in any

\ . al2
case, Mc has to be a:tronomically 1arge’3): Mc > 1§ GeV.
The idea of the G . program is very simple: the change of coupling constants

with energy is given "y the renormalization grour equation for the SU{N)} coupling

constant
da : . 3
Y l’u N : (3.1
dt
with

j 4 y -4 T
by= =g [AN T ZHR) g Z TR

where tha first term denotes Lhe gauge meson contributions and the seccnd and

e er——

third terms stand for fermionic and Higgs comtributions, respectively. The defi-

nition of T(R) is
T Ia 1‘5 = T(R> Sak ‘ (3

where I_ are :he group generators for represeatation R. It is important to notice

i e = =

. e

¢ that TS(R) is obtained for real Higgs Fields; for complex representation the

sentributior to TS(R) should be doubled.
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Using the decoupling cheoremx“) of Appelquist and Carrazone, one can sepa-
rately treat strong coupling constant 8g» SU(Z)L coupling 8 and ﬁLi)Y coupling
gy = v5/3 g!, where

L= : + 1

‘g'z' 3z 8;1 o (3.4)

We skip the details of derivations, which can be found in Ref. 4, and give the

final expressions for physical parameters o and sin®

PRUNGRSRI

Bw at E = Mw

~

3 % (Mw) _ hd (M) [ T + 3T
- = T
L > s (M) 37T <3+ qu )‘BY'

My
Mw

o——

_(1__ T+ T T - Y)e“ Mx}

4 4 Me

| 3 4t s T-Try p M
431/h7 E?\N (’quu) = 8 3T lj.CF (', - 44 :) {L".;azz

2 <
_%(1_ Te + 3 TaL "?T?’)En My
44 Mg

(3.5)

where a(Mw) = 1/123 is the electromagnetic couplingls) at E = M and T's stand for
Higgs boson contributions to E functions (in obvious notatien) of 8 » 8y» 8pp and

:

By couplings.

The first term in both Eqs, (3.5) corresponds to the SU(5) case, i.e. the
case of no intermediate ﬁéss scales. The effect of MR < Mx is then clear: it

increases sin® 6“ and decreases o compared to the SU(5) predictions.

The procedure, commonly employed, is to take as(Mw) (obtained from experiment

via tracing energy dependence from below Mw) and sin? Bw(Mw) as inputs and then
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determine Mx and HR‘ In the SU(5) case HR"Hx’ 8o that one has a consistency check,
since it is enough to give as(Hw) and determine both M.x and sin? Bw. .The reader
should recall that the electroweak part of the Higgs sector consists of D ¢ multi~-

plets and T triplets AL (AR), with D = T = 1 in the minimal case. We then end up

with two distinct possibilities:

(a) If M 2 1 TeV (approximately), then sin’ 8_ = sin’ 'ew (standard model) =
= 0.23 * 0.02. In that case one can derive a stringeat limit!®) on My; with

possible solutions:

_ .
Sl:‘htew =0 2] Mx = MR. = ‘Om-lo G.V'

T 10
sin O =023 My =(jo - la"Ge\I) Me =[l0-fo GeVi
to By, =0.25 My =/ ‘017_“;3 GeV, Mq =(|06"’°, tev)

The first solution corresponds to the SU(5) case. All the values, including
sin? Bw = 0.25, give the situation which is practically equivaleat to a desert,

since we would never directly observe parity restoration.’ That was the basis for

132 i

the claim that there can be no low intermediate mass scales in simple grand

-

unified theories.
T3 . —_— : )
{b) L1ght'wn. MR < 250 GeV the case of interest to us /.

The lesson of the previous section is, however, that the sin?® Qw condition is
only true if ome assumes the SU(Z)i x U(l)Y model to be correct at low emergies,
i.e. if one assumes W, to be heavy M 21 TeV). On the other hand, for low My,

we have seen that sin® ew can be as large as 0.28. We should keep that in mind.

Let us now go back to our prediction for a and sin? B" in Eq. .(3.5). To

our leading log approximation, we should set HR = Hw' in which case for D ¢ multi-

NN, S

S . -
plets and T AL (AR) fields (I am assuming, wich is unclear, that these fields do

not get superheavy), TL = Tn = 2D + 4T, TBL = 18T and so we arrive atAthe follow-

ing expressions



374

eck,
1_‘_3_¢°<(Mw) _ 22«4 (Mw) (1 . S‘r-e-D)ew My
. > s (Mw) ) 22 M
1= ) LY
p . E
sl (M) 3 | 22+ 7T-D -4 oz(Mw))
{m = = T 5 - =
AW é 8 22+5T+D 3 o5 (M)
(3.6)
The strategy is the following: we will use us(Mw) as an input and determine
Hx and sin? Bw(Mw)’ to check the consistency of our results. We give the values
of us(Mw) tﬁa: should correqund to Aﬁ§ = 0.1-0.4 GeV: as(Mw) = 0.1-0.13. 1t is
Vi important to notice that the Higgs effects in Eq. (3.6) (especially due to trib—
n lets) are substantial.‘
J
Minimal model
In this case D = T = 1 and therefore
ar
L a2, My
3 T - —_—
” oAs (va) 3" MW
s (3.7)
o w a’)u) = -
) ! 4 3 g (hd\u)
15 .
X Table 2 then summarizes the predictions for Hx'and sin? Gw. ‘ The scheme is clearly
R consistent, since we predict sin? ew = 0.27-0.28, as required by experimental con-
. straints for light WR.
From Hx = 10'6~-10'® Gev, we predict for the proton lifetime
j— s 46 y
“ Tp = 10 '—lo ~ Yyears (3.9
° Expanded Higgs sector .
we

In order to see how strong our prediction for Mx is, we have given in
Table 3 the values of M and sin? Gw for.the expanded Riggs sector. Whereas the
results for sin’ 8, are gaod again, M_ clearly could be as low as 10" Gev, leading
to the usual prediction of SU(5): T, = 16"! years. However, if the extra Higgs

multiplets are superheavy, one is back to minimal model results.
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Combining our results from the previous section with this section, ve list

the set of predictions of the model (see Tables 1-3 and Ref. 4).
'(.' i) g‘l'he masses of light gauge bosons _
4 My, =(70'—?z)6ev' . Mg, =(80—a°4)&v

to be contrasted with the values in the standard model: Hw = 78 GeV,
Hz = 89 GeV (for sin? Sw = 0.23). This is one of our most clear predictions,

vhi;:h will be c;'ucia.l in choosing .bctveen the two alumiives (see Ref. 4).
ii)"’ The values of heavier gauge bosons vary in the range*)
Mw, =(so -25s0)6GV;, Mg =(24O - 400) GV
They are likely to be prodx;ud at ISABELLE energies with substantial rates.

i‘i): In the minimal Riggs model 1 > 10%* years; but if the Higgs sector is ex-

panded it is possible to obtain 'tp as low as 10° years.

Baryon production in the early universe

One of the most exc .ting predict'iong of grand l.;nified theories is the possible
explanation of the ori_in of matter-antimatter asymmetry. Recently, Masiero and
myself“) havé shown that the existence of low intermediate mass scales does not
spoil the success of arriving at a correct value of nB/n.Y- The pi'obl,em seemed to

be that the baryon a' ymmetry, prod;zced through the 2B # 0 decays of superheavy bo-

sons in the. e;rly universe, is proportiomsl to the amount of left-~right asymetry")
i i.e. _
' ng /[, 13 - ? Vi—Va 3.9)
— ={l0 -ID
fnt 'mH

where the prediction in the brackets is obtained in the conventional theories where

. e e ——

the breaking of parity is superstrong and VL’ VR and m, are the scales that cor-

respond to M“L’ ""R and superheavy bosons, respectively.

| : Since z, 2 10’5 GeV in our model and V; = Vg < 10° GeV, we would ger

Mg < !O.zi_. ‘o-', ) (3.10)

L -

‘e g r———
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which is far below the observed number of baryoms

Ny -9+
( e Yors = 10 | (3.11)

Az it appears, weak breaking of left-right symmetry is incompatible with observed
global properties of the universe, such as the baryon density. However, baryon

excess supposedly originated in this picture at temperatures of the order of

+

superheavy boson massea. But then, one should really have

\

mg /13 -;) W™ -V (T
M-r .

(3.12)
My :

where VL(T), vk('r) are the scales sssociated with symmetry breaking at high T.
Our main point is, as has Sun argued repeatedly by Mohapatra and myself 18) » that ‘;
the symmetry nmay remain broken at high tezperature. For example, one can have for
T > T, (= 300 GeV), V (T) =0, but Vo(T) =T, in which the left-right asymmetry in-

creases with temperature. In such a case, VR(T) 5 L which eliminates the

'apparent suppression in Eq. (3.12).

We have carried out a detailed analygis to show how one then obtains a rea-

sonable prediction for nB/nY; we refer the reader to Ref. 16 for the details.

In short, the amount of baryon asymmetry provides no limit on H“R' since it

only tests VR(T) at high T, which can be large.’
1

1 ha;re tried to argue ip this section that a siople and realistic grand uni- i
fied theory based on the SO(10) group gives a consistent picture according to whichl .
the proton is e;fectively stable (at least in the ninin;l Higgs model), but instead
one expécts new energy threshol,ds not far from Hv‘ The predictions of the thzory

are many and it should be not before long that such an alternative is either re-

jected or accepted.

COMMENTS AND CONCLUSIONS

Left-right symmetric theories provide an appealing alternative to the sten-

dard SU(Z)L x ll(l)Y electrowveak model by offering a mechanism %o understand parity

—— e

violation in weak interactions. The question I have tackled in this talk is
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whether we can hope to observe parity restoration in the near future. Phenomeno-
logical analysis and the use of the conditions for the unification with strong
interactions provide an affirmative answer. I shall only summarize the predic-

tions, without describing them again:

. M_ = (70-72) Gev, u,l' = (80-84) GeV;

M- (150-250) Gev, M, = (240~400) GeV;'

. T_ 2 10%% years; .
P | _

. AL # 0 with (BB)° process prediction: Ny 2 107% and Mexp < 10°%-10"5
(see Refs. 4{, 7:5,5

. B(u+ ) # 0 (how big?), FET) © (1-10)2 (see Bet. 7).

Obviously, this oasis in the suggested desert in the grand unified theories
may, after all, be only a mirage. Fortunately, we shall be able to tell, since
most of the above predictions will be tested in the near future. Could it be that
above this oasis there are ‘others, whose presence iffects low-emergy phenomenology
s0 as to be consistent with the idea of grand unification? Could it be that there

L4

is no desert, even within conventional grand unified theories.
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Table 1

Gauge boson masses for various values of
2
. MR _1+n
in2 MR _ R
sin ew and Ng [ S = ].

wo R

sin Oy f g | wy | M, | | o,
(GeV) | (GeV) | (GeV) | (GeV)

0.23 0 78 89 b L
0.23 0.1 78 87 260 420
0.25 0.2 75 84 185 295
0.28 0.2 70 81 170 290

0.28 0.3 70 80 150 240

Table 2

The values of the unification scale My and sin? ey
for the minimal model with weakly broken parity.
The values of ag(My) for corresponding Afg were
suggested to us by A. Buras and W. Marciano.

s (GeV): 0.1 0.2 0.3 0.4
o (M )] 0.101 0.113 0.121 0.127
sin? su(”u)‘f 0.276 0.273 0.272 6.270

M, (Gev): 5 x 10 1 x10Y7 2 x10'7 3x10%?
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Table 3

Again, M, and sin? 6, are plotted for
different ag(My). In this case the
Higgs sector is extended. D denotes
the number of ¢ fields and T stands
for the number of triplets 4 (4p).
There is an implicit assumption that
all of these fields remain non super-
heavy, which may not hold true (other-
wise they do not contribute to B fer—-
mions)., For D = T = 1 it is, however,
a reasonable assumption.

D |T]| A My sin? 6,(M,)
(GeV) | N(GeW)

, 0.1 |2 x 161 0.283
A §

;0.4 |9 x 107 0.278;

‘0.1 |3 x 10%* 0.270

0.4 |1 x 10%° 0.264
(0.1 |6 x 10!2
ll 3! 4 .- ruled out |
10.4 |2 x 10%?
o i0.1 |1x10™] o0.276
412 {
0.4 |5 x 10" 0.270

, ‘0.1 |5 x10'S 0.289'
3|1 { |
0.4 |3 10 0.284
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REVIEW OF PROTON LIFETIME EXPERIMENTS ' ‘§

Lo

by

Eugene ENGELS, Jr.

Département de Physique des Particules El&mentaires
CEN - SACLAY, 91191 Gif sur Yvette Cedex, France

and
University of Pittsburgh i

The goal of this talk is ts review experiments, planned or in progress,
to study the instability of the nucleon'with special emphasis on those experiments
which have yielded some preliminary results. Inué}}—no&~discn§gnggggig;inns or
experiments associated primarily with 4B = 2 transitions which would include the
neutron oscillation experiments being conducted at reactors or at accelerators
yiélding large ﬁeu;gqn fluxes. Much of what I will say has recently been presented
at the Second‘ Workshop on Grand Unification which took place at Ann AchoryMichigan,
from the 24-26 of April, 1981. ’

)
R ;
Ua L% v

e

PREDICTIONS OF NUCLEON LIFETIMES "AND BRANCHING MODES

Theories of Grand Unification (GUTS) predict massive gauge bosons X which
couple to a pair of quarks and to leptons and antiquarks as indicated in Figure la.
A consequence of this coupling alonﬁ with the requirement of, for example, SU5 that
AB = AL is that the nucleon can decay as shown in Figure Ib. Lf the mass of the

gauge boson, My, 'is much greater than other masses involved in the decay, the
Ed ‘
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amplitude for the ‘decay will contain a propagator I[Mi and the lifetime of the
nucleon will be proportional to H; or

L -lcu; . )

To estimate Tys the twofold task consists of first evaluating ¥y and then C. The
problem of extrapolating the coupling constants Ogs O and oy, to the grand unifi-
cation mass is discussed by numerous authors [1] and in particular, the extrapola-
tien of oy depends critically on the AQCD parameter. Specifically,

o = I/lu(Qzlﬂgcn) 2

vhere Q2 =« 4 times the squsre of the invariant mass of a particle mediating the

interaction, with the consequence that -

H* = hucn. 3
-Weinberg [2] has reported a dependence for Hx given by

My = 1.5z 1013 Aqep GeV- (%)

Taking a value for AQCD = 300 MeV, this value of My yielde a corresponding value
of Ty ?

L2 years. {5)

W 10
Branching ratios for the proton and neutron decay modes have been pre-

dicted using 506 quark models and bag models and the conclusions that one can
easily draw from these predictions is that for Cabibbo-favored modes, the decays
p+e’n® and n *‘e+ﬂu are dominant (35 T and 70 Z of their total rates, respec-

tively) and the proton and neutror lifetimes are about equal.

BASIC EXPERIMENTAL CONSIDERATIONS

In an experimental apparatus containing No'nucleons the observation of

AN decays in a time interval At years yields-a lifetime

N
2 )

an/ae

t(years) = A x

’

where A is a factor proportional to the decay modes to which the apparatus is
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sensitive, the efficiency of the apparatus for detecting various decayv modes and
the data loss factors due to nuclear absorption of the decay products, event
reconstruction losses, etc. If one optimistically takes A = ! and observes no
events over a period of observation of | year, then T > No, the number of nucleons
present. The current published lower limit [3] on the nucleon lifetime is 1030
years and sJ future experiments must consists of detectors with masses well in

excess of l03° nucleons (1.6 tonms).

Several considerativons will affect the lower limit which a detector can
place on the lifetime of the nucleon. Background events in the detector which are
indistinguishable from nucleon decay place a practical upper limit or the size of
the detector. Figure 2 is a plot of the achievable lower lifetime limit (in years)
as a function of detector mass (in kilotons) which can be achieved in ] year of
observation. If in a 103 ton detector there occurs 1| background event/year which
is inseparable frox a nucleon decay event, then increasing the detector mass by
another factor of 10 will yield 10 + 3 such background events/year and so one
claims that at most 3 of these events could have been nucleon decays. Hence, by
equation (6) above, the lower lifetime limit is increased only by a factor of 3
by increasing the mass by a factor of 10. The largest detectors being installed

or planned expect about | inseparable background event/year.

Backgrounds originate from two sources : 1) neutral hadrons (n, K°)
produced by cosmic ray muons in material (rock) outside of the detector enter
the volume of the detector and interact, the muon remaining undetected and 2)
neutrinos produced in the earth’'s atmosphere interact in the detector and can
simulate a proton decay. Figure 3 is a sketch of background 1). This background
can be reduced to an arbitrarily low level by performing the experiment suffi-
ciently deep beneath the earth’s surface and defining a fiducial volume within
the physical detector such that the neutral hadron will not penetrate sufficien-
tly far into the detector to enter the fiducial volume. Background 2) can only be

removed in the data analysis.

Finally, there will be .a loss of data due to the fact that such expe-
riments are performed with either water or iron as the decaying material. A pion
resulting from the decay n -+ e'1 can interact in the nucleus containing the
original decaying nucleon and the event may then be lost. Figure 4 is the result
of a Monte Carlo calculation [4] showing the fraction of events in which the
pion cmcrgcs-from the nucleus without interacting, as a function of pion momentunm.

The curves are presented for C, 0, Fe and Pb. Because of the Fermi motion of a
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nucleon within the nucleus, the momentum of a pion resulting from a 2-body nucleon
decay will not have a unique momentum but will have the range of momenta showm in
Figure 4 (340 - 590 MeV/c). Hence, the average probability of non-interaction of
the decay pion in iron is 60 % corresponding to a 40 % data loss. Actually, 40 Z
represents an over—estimate because those pions that scatter elastically within
the nucleus can emerge to produce an event which is topologically comnsistent with
a free nucleon decay. A final point here is that because of the Fermi motion of a
nucleon within a nucleus, a 2-body decay will in general not appear as an event
in which the decay particles are colinear. Instead, there will be an angle between
the pion and electron momentum vectors anywhere in the range 155° to 180°. The
principal background which can simulate a two-body decay of the nucleon is an
event in the detector corresponding to the reaction v+ p + e + ni + p where the
e and 7 momentum vectors are nearly colinear (in the range 155° to 180°). In the

largest detectors being planned there will be about 1 such event per year.

CLASSIFICATION OF EXPERIMENTS

The experiments in progress or being planned fall into two major cate-
gories ; 1) the water Cerenkov method and 2) the iron calorimeter method. In the
water Cerenkov method an array of photomultiplier tubes is positioned either on
the walls or throughout the volume of a large container filled with water. In
the iron calorimeter method créssed planes of proportional or streamer tubes are
embedded in a large volume of iron or iron oxide. The most ambitious of the irom
calorimeter experiments [13] uses layers of flashtube chambers sandwiched between -
thin (3 to 4 mm) sheets of iron with Geiger tubes providing the trigger. In
Table | we compare the most important features of this "fine-grain" experiment

with the largest of the water Cerenkov experiments [6].

»
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important Water Fine grain

Properties Cerenkov Calorimeter
Energy Resolution for
mode p + e*rn® comparable (10-20 %)
Particle Identification x
Pattern Recognition XX
Direction of Track x
Lower Pion Internal g
Reintetraction x
Low Energy Pion Detection x
Highest Ratio of Fiducial -
to Total Mass X
Ease of Constructing a
Prototype x
Speed of Construction x
Ability to Add Mass in
Stages (modularity) xx
Experience with Technique x
Cost per Kiloton of Mass x

Table 1

Comparison of water Cerenkov and fine grain calorimeter
techniques. A single x denotes an advantage. A double xx
denotes a decided advantage.

THE EXPERIMENTS

Table 2 is a tabulation of the experiments in progress or being planned.
I will comment only on the two experiments which have presented preliminary data

and then corment on the large European calorimeter experiment which will be ins-

talled in the tunnel of Fré&jus.

1. The University of Pennsylvania Experiment

-An initial result has Leen presented by the Universify of Pennsylvania
experiment [5] which is located in the Homestake mine in South Dakota. & sketch
of the experiment is shown in Figure 5. Tanks with photomultiplier tubes attached
are filled with water and are stacked on either side of the Davis solar neutrino

CCl4 tank. The fiducial mass of water equals 150 tons. Above and below the Davis

4 tank are planes of liquid scintillator counters which serve to flag events

cc



read out elcetronfically

~ 2 b & 7 @ soEoe
o " ® 2 — e e
@ a w > a -~ 9 9
n B B om owm < o 5 7
< E t x = o < o
o O v 0 < —
3 8 n B ap [l S
S ¥ NN 2 o 3
[ S - T~ S Sl ]
w o ® o DB
B &
DEPTH STATUS
TYPE COLLABORATION TOTAL MASS meters of SPECIAL FEATURES (ay, 1981)
water equiv, s
University of 4400 n Obscrves the delay coincidence Data
Seansylvanie 150 tons betucen & stopping U and its 30
2 s} Cold Nine decay e in water Cerenkov tanks T2 107 years
o
$
- Michigan~Icvine Excavation complets
w 1600 w 2048 PM tubes paper the § walls .
; Brookhaven 6.3 kilotons Salt Mine of & tank of woter installation in
& {6 progress
>
-] Hlarvacd Purdue 704 PM tubes immerscd throughout
E Wisconsin 0.8 kiloton ‘32:,' the volume of a large cylindri- 1:“::::““ in
w 7] ' ¢nl tonk of water prog
<
L
@ Tokyo 20 inch diemeter PM tubes used
;5 8] 3.4 kilotons 13,22 : to maximize the fraction of C :::i:i and under
. ¢ Y's intercepted
Bombay Osaka Iren proportionsl tubes of cross- -
Tokyo 1350 tons c:‘l)gorl:m sectionsl area 10x10 cm? sandviched n:::l;ll‘zc:vcnu'
9] between 1/2 ineh thick iron plates P
t{nnesota 1500 w Proportional tubes cabedded 1in a
Argonace 30 cons Iron Min mixture of cement and iron oxide Under test
{10} ten Hine (taconfto) wincd in same mine
n
~ Oxford 1500 m Prift chimbers with glass as active-
§ (with gbove) 1 kiloton Tron Nine rass Propoaed
=
g Milan Turin 5000 » Iems ]l cm stecamer tubes made of t d
E Frascati CERN 150 tons Tuanel of resistive materfnl ond read out by i:g‘::::;::o:“ an
t (11} Mont Dlanc external inductive Stripe )
o
o
i Tokyo 300 then 600 1000 = Flashtubes are made of sealed glass Proposed
H then 1200 tone Tunnel cylinders
o 112)
]
i)
Flashtube chanbers made of PVC nate-
soul‘y ?uhi“:“x 1.5 ¥il T::(‘)‘Oln £ rial, coch filamcnt has cross sec- Funded and under
ac n’nﬁp" . . orona Fr:‘ju: ticnal arca of 525 mal. Flashtubes design

Table 2

Nucleon lifetime experiments in progress or being planned
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in which a stopping M and its subsequent decay into an electron occuring in the
water Cerenkov tanks is accompanied by ionizing radiation traversing the liquid
scintillator. Such events are not considered as candidates for nucleon decay. The

geometric efficiencies of these covaters, used as vetos is about 50 Z.

During a run of one year, 4 events were observed which contained a depo-

sition of visible energy in the water Cerenkov tanks commensurate with the decay
. . : + . . +
of a nucleon into a final state having a B with a subsequent decay into an e ,
e.8., .
+ +
N-+u +X, pre + ¢
+ + -
+e +T 4+ T
+ +
+u e s etc.
rd

One of the four events was accompanied by a signal in the liquid scimtillator veto
counters reducing the number of candidates to 3 + 2. Since the geometric efficiency
of the veto counters is about 50 Z, one would expect that an additional event
should have been accompanied by a veto signal, or, subtracting a background of
1 + 1 from the signal of 3 + 2, one obtains a corrected signal of 2 + 2 events.
The experimenters conservatively wish to use chis number as an upper limit on the
number of decays observed. Assuming & product of the branching ratio into final

s . + . . s e
states which can yield a ¥ times the detection efficiency of the apparatus equal
to 5 %, the experimenters cbtain a lower limit on the lifetime, based on two

events, equal to

T2 1030 years .

2, Tata Institute — Osaka University Experiment

An interesting preliminary result has been presented [9] by these expe-
rimenters in which 3 events that are difficult to attribute to standard background
sources have been cobserved in their dgtector. Located in a deep mine in the Kolar
Gold Field, the cetector consists of crossed planes of proportional tubes, each
plane of which is separated from the adjacent planes by a [/2 inch thickness of
iron. The total mass is 150 tons and the fiducial mass is 100 toms. Figure 6 shows
the two views of one of these events which is consistent with the decay p - etn®
in which one of the Y's from the 7° takes practically all of the energy of the 7°.
As is the case with the other two events not shown here, one of the tracks leaves
the detector and so it is not -possible to obtain a value for the total visible

energy associated with the event. There appear to be gaps along the tracks
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corresponding to proportional tubes that did not fire. The proportional tubes
marked "X" were not operative and the remainder of the tubes that did not fire
along th2 particle paths correspond to locations along the shower development

of either the e or y in which there may have been no ionizing radiation (elec~
trons) but just y's., Since the cross~sectional area of each of the proportional
tubes is 10 x 10 cmz. and since the maximum transverse dirension of a several
hundred MeV electron shower is about 10 cm, an electron or photon in this detec-
tor will always appear as a singly~ionizing particle passing through the detector.
Although the experimenters claim to have pulse height information on each of the

proportional tubes, this information is not available at this time.

The experimenters have qualified these three events by the caveat that
if they are not nucleon decay, then they correspond to background events which
are not understood. If these events do indeed correspond to nucleon decay, the

experimenters offer the follﬁwing computation of the nucleon lifetime :

Assume that the product of the branching ratios to which the detector is
sensitive times the detection efficiency equals 0.5. Also, assume that the
pion absorption by the nucleus is offset by a "life~shortening" factor asso-
ciated with the nucleon emitting a virtual pion in the nucleus which then
scatters from an adjacent nucleon to produce a real pion (or pions). These
factors combined give a value for A in equation (6) above equal to 0.5.

With an observation time equal to 131 days, the experimenters obtain a

lifetime value

T=3.5x IO30 years.

3. The Orsay - Palaiseau - Saclay - Wuppertal Experiment [13}

This experiment is mentioned here because it is the most ambitious of
the "second generation” calorimeter experiments and represents a considerable
refinement over, for example, the Tata Institute - Osaka University experiment
discussed above. The Orsay - Palaiseau - Saclay - Wuppertal experiment is planned
for 1.5 kilotons and will be installed beginning imn 1982 in the tunnel of Fréjus,

a new alpine tunnel connecting Modane, France with Bardonecchia, Italy.

The detector will employ the plastic flashtube chamber technique [14]
in which planes of plastic flashtube material, illustrated in Figure 7, are
sandwiched between thin (3-4 mm) sheets of iron. The flashtube chamber technique

is now well understood. In short, a particle traversing a flashtube will cause a
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plasma to form in the noble gas which fills the tube by means of a high voltage
pulse applied to the entire flashtube plane lumediately after the traversal of

the ionizing particle. Each tube will be read out electronically by means of an
electrode either external (capacitive coupling) or internal to the tube. The

calorimeter trigger will be provided by the use of planes of Geiger tubes (not

shown in Figure 7).

Figure 8 shows a Monte Carlo simulation of an event of the type p -+ e+ﬂ°.
The energy determination for this decay mode will be about 10 Z. This detector is
particularly well-suited for the study of decay modes having a large number of
particles in the final state. This feature becomes important when trying te esta-
blish whether a nucleon decays by AB = AL transitions or by AB = 2 transitionms
in the nucleus. The latter kind of decay would have the characteristic appearance
of a pp annihilation. Perhaps both kinds of transitions take place in nature. In
order to relate the experiments which are studying n + n oscillations to 4B = 2
transitions in the nucleus, a détector of this sort will be very useful.

CONCLUSIONS

Both theoretical estimates and preliminary experimental results point

towards a nucleon lifetime of perhaps less than 103l years. Next year's 5th

Warsaw Symposium should be able to provide a larger number of = signs when
quoting the nucleon lifetime and fewer 3 signs as is the case this year, since

several additional experiments will become operational during the present year,

1981.



392

Nigh voltage REFERENCES
faversal of
neans of an .
be. Th [1] See, for example, T. Goldman and D.A. Ross, Phys. Letters B4B (1979) 208.
ube. e . -
:ubes {not [2] 8. Weinberg, talk presented at the 2nd Workshop on Grand Unification, Ann

Arbor, 1981.

:7pe p + e+ﬂ°- [3] J. Learned, F. Reines and A. Soni, Phys. Rev. Letters 43 (1979) 907.

E detector is ,
f{4] C. Longuemare, Th&se d'Etat Orsay, LAL, 78/4.
number of
'ving to esta- [5] M. Deakyne et al., Proceedings of the XV Rencontre de Moriond, Vol. II,
ransitions 545 (1980). . .
; Also, talk presented at the 2nd Workshop on Grand Unification by
1.c appearancz R. Steinberg.

n nature. In

s to AB = 2 [6] M. Goldhaber et al., Proposal for a Nucleon Decay Detzctor (Irvine,

Michigan, Brookhaven).

iul.
[7] J. Blandino et al., A Decay Mode Independent Search for Baryon Decay
Using a Volume Cerenkov Detector (Harvard, Purdue, Wisconsin).

[8] 5. Yamada, Communication to the XV Rencontre de Moriond (1980).
sults point .

r's 5th [9] H.R. Krishnaswahy et al., The Kolar Gold Field Baryon Stability Experiment,
s when Communication to the Erice Conference, 1980. (Tata Institute, Osaka Univer-

. sity). Also, talk presented at the 2nd Workshop on Grand Unification, Ann
ear, since Arbor, 1981, by S. Miyake.

esent year,
{10] H. Courant et al., A Dense Detector for Baryon Decay, (University of

Minnesota Internal Report).

[11] G. Battistoni et al., Proposal for an Experiment on Nucleon Stability with a
Fine Grain Detector. NUSEX : CERN - Frascati - Milano - Torino.

{12] University of Tokyo, Communication to the Erice Conference 13980.

[13] P. Bareyre et al., Proposal to Study the Instability of the Nucleon Using
a Calorimeter Detector, (1980).

[14] M. Conversi et al., Nuclear Instr. Met. 151 (1978) 93,
L. Federici et al., Nuclear Instr. Met. 151 (1978) 103.




FIGURE CAPTIONS

Fig. 1 : a) Coupling of a massive boson X te a pair of quarks and to = lepton

Fig.

Fig.

Fig.

Fig.

.

and antiquark.

bY Proton decay by means of a massive gauge Goson X. Numerous processes
in addition to the above can be sketched for various decay modes of the
nucleon.

Plot of achievable lower limit on the aucleon lifetime vs. detector
mass. When the limit corresponds to the non-remotvable background level,
further addition to the detector will increase the limit only as the

square root of the addition mass.

A cosmic ray muon interacts in the rock above the detector, producing
a neutral hadron which in turn simulates a nucleon decay event in the
dertector. The muon remains unobserved. An active shield above the de-

tector can intercept the muon and veto the event.

~

Probability of non-interaction of pions in different nuclei as a func-

tion of pilon momentum.

The Heomestake Water Cerenkov Detector. The portion of ihe detector with
a solld outline is in operation. The dashed portion has not yet been
installed. Not shown is the CCl; tank at the center of the apparatus

used in the solar neutrino experiment.

: A nucleon decay candidate in the Tata Institute-0saka University expe-

.

riment. Proportional tubes marked "X" are not functioning. Track 4 is

seen to leave the top of the detector, making an energy determination

of this event hﬂpossible.

A detail of an element of the Orsay~Palaiseau-Szclay experiment. The
flashtube chamber planes are sandwiched between thin sheets of iron. .
Also shown are the aluminum electrodes on the outside surfaces of a

plastic flashtube sheet across which the high voltage pulse is applied.

A Monte Carlo simulation of an event of the type p + e*n° in the
Orsay-Palaiseau-Saclay calorimeter. The total energy of this kind

of event can be determined to 10 Z.
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The scalar fields,necessary to realize the spontaneous sym-
metry breaiking,tend to destroy the asymptotic freedom yroperiy
of non-Abelian gauge theories.Tnis is due to the oresence of
the cuartic /d-secalar/ couplings which ean become largze at
small distances and in turn affect the behaviour of the gauge
couvling constant.

In some cases,hovever,the preéence of secalars does not pre-
vent the asymptotic freedom.One cmse of intérest comnrises
the so-called eigenvalue-type solutions(l) .isymrtotic freedom
is then vzlid »only along a single curve in the svwace of the
coupling constants; it reocuires thaft the Tuzawa counlings h
-nd the cvartic couplings A are unicuely related to the ga-
uge couvling constant 9 .aAsymptotically

?

7\=532 . h=-l:«% - i,g‘-—-wnst,%_)o

This class of solutions has some attractive features anzart
frou the asymptotic freedom.One is the extrs nredictive power
caused by the faet that N and }1 are not zrbitrary.another
is the vnossible implication~ of commositeness of the scalar
field {2).In fact if the scalar is suvposed to be 2 bound sta-
te of the fundamental fermions interacting via the gauge field
one should exnect that the A and h couplings are determined
by % .Jote that the eigenvalue-type solutions are nossible

only nrovided that there are fermion fields counled to the

scalars in ouestion.
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A possible criterion of comnpositeness of the field ¢> is
venishing of its wavefunction renormalization constant Z¢(3).
This criterion has been apnlied to the asymntoticzlly free
gauge theories in (4); the conclusion was that,in an asympto-
tically free theory,the scalar field cannot ve composite in
this sense.It is interesting that the eigenvalue-type solutions
cen avoid this conelusion.Anplying the methods of (4) to the
vublished examples (1) of the asymptotigally free eigenvalue-
tyve solutions one finds in fact that the compositeness crite-
rion for the scalérs is satisfied in all these examnles.

LAsymptotic freedom and scaler compos$ites are imoo-rtont ingre-
dients of the *tumbling” mechanism of Raby,limopoulos zui Sjuss-~
kind (3).according to this scheme,the scazlar bound stztes res-
ponsible Ior tine symmetry breaiing an-esr in the "“most zttrac-
tive channel"/:.i.C./defined as the channel in vhich the inte-
raction of fundamental fermions is the stirongest.lhere is no
obvious connection between the Tumbling mechanism and the ei-

genvalue~tyse solutions: in fact one can argue tict the scela

~

»

bound states in the tumblinz scheme can be totally disreczrce
at small dista .ces due to the ovehaviour of form Tactors,so tiai
trhey do not affect the asymntotic freedom..evertheless it is

of interest to find out whefher it is nossible t5 c¢:nstruet

the asymntatically free eizenvzlue-tyve solutions with scaliar
fields in ii.A.J. and in particular to checx the coovositeness
¢riterion for the scalars,

let the gauze field be SU(i¥) and the fermion content invalve
N=4 left-handed fermions in the fundamentzl reoresentzation [13;
and one left-handed fermion field in the renresentation fEi: .
The most attractive channel is ffiiﬁ " from ftl] xfgi vhere
T =1 ¢e. lim4 is the "flavour" index.issume that there is =
gscaler field H witk these ouantum numbers.Tne resuliing mol 2l
has one Yukawz counling h and two qpartic courlinTs A, , Ay

which differ by their flavour structure.Grzphiczlly
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Ag Az

where wavy lines carry the flavour.

[zl
The /lowest order/ renormslization 3Iroup ecuations for the
gauge counlting 9 and the Yukawa coupling h are:

fou? 52 o - (ENs+$)¢°
(= tog i)

dh 3(3N%-2N-5) 5N-11 3
twt 3 = - == 3h+ Sk

Inserting h: hg and assumingc h =¢const gives

NZ 2N- 4 3
3N 28-5) ~(8n+d)

h =

—p
N3 oo

vl

SN-11
2

The ecuztions for A4 and Ag cen ve similarly converted
_into the zlzebraic ecuatians for '7.\1 ’ ﬁz /A= -X; %z /e
For larce ¥ they teke the form
N >\1 + 3 Zz * zixz + —3’ )\1‘ ? =

N=¢

wiw

2N 5+ 65,5, + N3, -

a

A consistent assumption is that -7-\19 0 ,iz 90(1) as N>o0

The resulting solution for large K is

3B BTN

0.2 )12 zN?

>
~

"
r

n

I
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There is no solution for smell H /in particular for =5/,
Tne obvious conclusion is that the existence of eigenvalue-tyve
solutions is not a generzl feature of the most attractive chen-
nel,

Other results for larg; W are: the compositeness criterion
is not satisfied; the symumetry breakinz mattern is U(:) = 355(4)
due to the A, domination at large W.

ve conclude that it is nossible to find the eigenvelue-tyme
asymptotically free solutions with fundamental scalzrs in .40
although this is not always the case.The violation cf the 2=D
cornositeness criterion rmust be noted.

CrINOLED3ZNSn3:I an grateful to Prof.S.Fokorski for interest
in this work and =many disecussions.
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PERTURBATIVE QCD BEYOND "CLASSICAL" PROBLEMS

J. Kalinowski®, A. Para and S. Pokorski®
Department of Physics, Warsaw University, Poland

‘Abstract:
We review two topics: %ﬁ present status and prospects in
Qinrk
studying gluon properties, Qlfevént structure in the hadronic

final states, L
i ) {Jiv,_,l/l’ !'\‘J“?\’}

p
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Introduction
lihe list of reactions in which hard processes are studied
by now experimentally and theoretically is qyite impressive:

e¥*e- 5 XY LN 52! L - AT

ete- d:d'di LN =>4 Ad = WF"'

ownie  decaus. LN-al.'d'd’, Ad —= Y

¥g = X ) ¥ep—=Y Ah .-a‘”/}w”"

¥ = gobs ¥ p > gh
cts in
Usually, for eacn process a nuuber of physicazl questions is
hadronic .
considered. 1n general, quantum chromodynamics /applied with
an implicit parton model like assuuption,/ makes many distincet,
non-trivial predictions. A guide to them, on a guulitative le-
vel .at lecast, is provided by tie first order/&eading logarithm
approximation and in many cases striking support from exjperi-
ment has been found. Recent developments are mainly characteri-
zed by an attempt to control higher order corrections.
Such problems as *-
a/ next to leading order corrections
b/ renormalizution scheme dependence
¢/ power corrections
have been wigorously studied and reviewed [1], with particular
emphasize o; the deep ipclastic lh scattering and the e+e- an-
nihilation into hadrons. We shéll not discuss again those points
here.

e review problems study of which is less advanced than

those "classical®™ ones, mainly because they are mofe complex.
« TFO53P.

¥e shall discuss

1/ gluon physics

2/ event structure in the hadronic final states,
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Those problems are of basic interest and importance for QCD,

The problems we revicew have been studied in the leading
order 4Cu. ligher order corrections are not knowmsystematical-
ly if at all. It is the next important step to complete their

calculation for all processes accesible experimentally. Actual=~

.
1y some work along those lines is in progress (“]. Nevertheless

since several striking qualitative effects are expected it is
worthiwile to look for them at the forthcoming generation of
accelerators.

Ln ;iew of the PP collider startingz to operate soon the hadro-

nic collisions will be discussed on equal footing with the lep~
ton initiated processes.

1. Gluons

There is increasing evidence for the existence of quanta

hints are the following:
a, of

o -

whicit mediate the interaction between quarks.- (he most dircect

the proton momentum is carried by neutral partons

. . . : A + - - .
v/ 3=jot events have oeen observed in tiie e e annihilartion
into hadrons with

expectations.

the cross section compatible witii the (Co
c .

/ Jd-jet structure is seen in the deep inelastic le:-ton-hadron
scattering.

d/ the structure of the final state in tne T‘ decay resembles
a J-iet structure.

Two properties of gluons are of the basic importance for the

theory of strong interactions: their spin and the existence of

their self-coupling. There is at present some evidence for

gluons having spin 1 and it will be reviewed in the following.
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The question of tite gluon self-coupling, periaps lie most injure
tant one for 4T, is not yet estaplisned experimentally. an
indirect indication for its existence would wve a lozarithmic
decrease of the effective ofg with Ql when egtavlished expe-
rimentally. Present data for the deep inelastic lh scatiering
and the e’e” annihilation into hadrons do not lead to any firw
conclusion in that respect. ObLservation of more direct effects
of the gluon self—coﬁpling is also possible in prgnciple and

proposals and prospects for that will be summarized.

Spin of mluons, Uluon being a gauge woson should have spin 1,

As free :7luons cannot be observed = their spin has to e nieasn=-
red indircctly. Lff tne three-jet events are indeed due to hard
gluon Lrehuwstrahiung - their angular distribution jis sensitive
to the spin of ithe emitted onject. Suci, an analysis hus been
performed vy several groups at PrTlita i3,5,6,7], all consistent
with tiiec vector rather than scalar giuons. As an example Fisgo 1
~
shows the distribution of the Lllis-harliner [h] angle V] vet-
ween the dircction of the most energetic jet and tie line or
tlignt of the remaining two jets in tneir C.iS, wiich clearly
favours spin 4 gluon. anotlier simple ‘test is provided oy 1ue
Perkins log=log plot of moments of tiie mon-singlet structure
functions me;sured in the deep inelastic scattering. Hecent
analysis [8] of tie CDiiS data excludes scalar gluons by several
standard deviations /Fig. 2/. Joanson and wWu-ki Tung [4J.ha\e
proposed still another test, which can be performed in the
brell-Yan process at high p, . That test remains to be per-

formed but it seems that already now there is good experimental

evidence for gluons having spin 1.
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Direct triple gluon vertex effects. Gluon self-coupling should

reveal itself in the gluon momentum distribution function in
hadrons /called also the gluon structure function in the follo-

wing/%nac%he gluon fragmentation function, due to the process

of Fig. 3b. vualitatively /and on the LL level/, one expects

N .

‘a/ /v/

Pig, 3

S

marked difference between the Qz evolution of the gluon and

3a/ structure and fragmentation functions due

the quark /Fig.
to different group factors at respective vertices /(;.: % ver-~
sus C@ = 9/. As a result gluons dissipate their energy much
more efficiently tihian quarks and at large qz voth discussed
funtions should be softer for gluons then for quarks. i:igher
order corrections usually tend to diminish /to an cxtent depen-
ding on the kinematical range studied/ the stronug differcnce
Letween quark and gluon behaviour found on the Li level. i pos-

sible contribution of the higher order corrections does not

change the fact that a satisfactory test of the theory means

s

observing strong qualitative effect.

The gluon structure function can be infesred from the
dependence of the singlet structure function Fi Cﬁ,@‘) via

the Altarelli-Parisi equation:

2 As
e ac FLROR 0] ()
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Gluons are responsible for the difference bLetween the cbserved
scaling violation and the contribution of the gluon bremstran-
lung to it /Fig.4/. Recent amalysis of the CDi#S data [10] shows

that ‘
£92¢.85

x G(x, @*56eve) v (4-x)  (1+@5+4)x).

In that analysis the second order yCD corrections and target
mass corrections are-included. The e:isting data do not vyet
allow to get the uz dependence of the gluon density distribu-
tion to compare it with the quark one.

The gluon structure functions can be also studied in the
badronic co%}isions. A clean reaction is pp —» x,x with large
Py pi:otons. fhe expectea dominant dyunamics is shown in fig.5a.

/contribution of process /5b/ is small and can be neglectod

in the first approximation [111/.A couaparison of the direct plioton

/
4. ______q____{_
4
r
e m——————d NN NPy
/a8 / /o

Fig. 5

production in pp and pp collisiouns can give us the difference

between the quark and the gluon structure functions.

An toe pﬁ casc voih processes of Fig.5 contripute but they povu-

late different regions in phase space, so they can be studied

sepazrately. . -
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Yxperiawmentally, a systematic progress in studying that reaction

is observed [12] .

dnotiier interesting process which draws recently some atten~
tion [13,14] is pp(ﬁ) -3y , where two r's are the only
particles with large pt. The Uorn contribution is that of

Fig. 6a. flowever it has been argued {14]

/a/ /vf /e/

tig. 6

tisat the higher order diagram 4f Fig. 6L wmay be as important

as that of Fig. 6a /at least in some regions of piase spuce,/

because of the large number of gluons ‘n the proton. Jotice

tiwmt diazrams such as one in Fig. 6c¢ do not contribute to the

reaction cousidered sinc-: they give large Py hadrons in addi-

tion to two large p, Y‘s . bxperimental study of the two

nrompt Y production has noc¢ been started yet.

Frasmentation function /gluon jets,. The cleanest reactions [or

studying gluon jets would be heavy onia decays. tnfortunately,

for that we~need toponium, whiclh: may be seen only at LB, Gluon
jets can be also studied in principle in the ete” ~> jets and
in the lh - jets. liere we encounter, however, identificaaion
and statistics problems and the prospects are not good,eitherf
/some @ffi-ort ia this direction is reported in ref.{15,16,17]/.
w¥e believe,in the nearsst future,the important source of infor-

mation about gluons will be hadronic collisions, fheir high com-
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plexity is balanced by the presence of gluons in the initial

state.

Let us consider

e/ pP=> ¥ b/ pp —» large p, lepton pair

o/ pp(f) = large py jets /hadrons/ d/ yp(F)->2 large p, jets

with respective dominant subprocesses /neglecting A¢a contri-

bution/

a/ SE(V) - ¥ ; (") and %E PN K%’

b/ 43) = £*§(q) and  QF gty

e/ %W(‘.’;)-" 2 partons and 34(1:) -#2 partons and

38 ~» 2 partions

/final state partons are dominantly the same as the initial ones/.

o xey(q) = 39@4).

The complication for the gluon jet study in those reactions is

that both quark and gluor jets are present. ilowever situation

is not hopeless because the difference between the quark and the

gluon structure functions often allows to disentangle different
subprocesses.nFor example for large p, hadrom production there
are two interesting experimental situations:

a/ "jet" trigmer at large / ~90%/ angles [18] H

b/ large p, single particle trigger at small /% 45°/ angles

{19].

in the first case one expects very goed separation of gluon

and quark Jjets as a function of (Xikﬁx . A single particle

trigger at Ar90° is less useful because it selects mostly

quark jets.
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The situation is different at small angles. /Similar considera-
tions apply also to reactions /a/ and /b//. Consider two confi-

gurations of Fig. 7 /seen in the pp(ﬁ) center of mass/.
P 4
4

A3
A
'S

% {4

-
by
Y

ey

/a/ /b/
rig. 7

At sufficiently la;ge Py » only qq(§ )scattering contributes

in case a/ and Sq(ﬁ) scattering in case by /44 scattering is
very strongly suppressed in voih cases,/. The difference e tiveen
qq and q,% scattering stems from the fact tiiat the inmitial
montentumw distributions are oun average sywaetric and strongcly

asyummetric, respectively. in conclusion, one exbects awa) jets

to be mainly quars jets in configuration 7a and gluen jets in

case Tb, Soume evidence for two different types of jets in can-
figuration a/ and b/, studied at tne 1S5, nas been reported ut

tliis conierence [20].

2. ivent structure

vie shall discuss now sowme of the "infrared sensitive" pro-

cesses in whicn one “"counts® soft sluons. The first example is
provided by tlic average nultiplicity of qf pairs /with an inva-

2
s R, , + - s . ; .
riant mass {7/ in the e e amnihilation into hadrons. the asym-
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ptotic result /in the leading douvle logaritha appruximatign/

reads [21] H

dn s azbC /b

—_ 2y _ M2 o A [ ; i

= (&) -F(XM—'\—{ } > b= 23-28¢ (‘)
A2

The MZ dependence factorizes out and the Q2 dependence is faster
then any power of log and slower than any power of uz. The in-
frared cut-off - can be interpreted either as a mass of a heavy
qQuark /then the prediction is for tne heavy flavdur production
in e’e” only/ or as an inverse of the confinement region size
/for the hadron production in general/. Due to the factori.atiomn
mentioned tiie zctual value of Hz is irrelevant for the “z depen-
dence of the average multiplicity. The data for the chargsed had-
ron multiplic:iety in the e*e” annihilation [22} are well deseribed
by (&), vut a fit A+ @ ¢ ¢ WEQT is equallv good. :aster
than lo,aritiamic wultiplicity rise is related to the stronger
than % singularity at x=0.S0 violation of the Feynman scalins
for tie dCYHy distribution is predicted from (D,

Non-leading corrections to L}) are ol interest. Jet calcu=-
lus technique, recently extended [23} veyond the leading log
approximation can ve used to calculate those corrections.

Jet calculus and .jonte-Carlo approach can be zlso used to
study the event structure in aore detail. in particular, tne
dispersion of the multiplicity distribution can pe calculated.
Compilation of‘the recent data for the e*e” annihilation is
shown in Fig. % . The linear /Hréblewski's/ law is observed:
D= 0.935m , whereas the (CD result /sionte Carlo approaci [2&]/

is U=0.31% . It is also interesting to notice that the empiri-

’, . &> -
cal law is universal for the hadron production in the e e
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-

annihilation, WV p deep inelastic and pp annibilation /Fig. 8/,
Data for pp total inelastic exhibit also the linear 1 versus wm

dependence but with ditrferent slope. However the empirical uni-

versality is restored, if the diffractive component is subtrac-

4 .
ted from pp data [25], Fig. 9. This is suggestive of a universal
dynamics for the formation of the final state, within the under-

1ying perturbative (CD framework [26]. Such speculations can be

tested at the pp collider.
The perturbative QCD predictioms are, strictly speaking, for

the partonic final state. Their extension to the hadronic final

states is based on the assumption that they are unaltered by

the non-perturbative hadromization process. This is indeed the

case for the two approacht t& the hadronization process proposed

so far {27,28].

Sunmary
There is some, but slow, progress in studying gluon proper=-
ties. In particular the existence of the gluon scif-coupling is

far frow being settied. Un the theoretical side, the calculations

of the next to leading corrections have to be completed for all

reactious accessible experimentally. And independently, an ex-

perimental search for clear qualitative effects is of great

importance. OUne wmay hope that pp collider at Cerm will offer new
possibilities in this respect.

(CD makes several predictions for tie structure of the final
states. They are qualitatively different from those based on

the Feynman /scaling/ picture and therefore interesting. Existing

data give tliem some suppori but higher energies are necessary

for clear tests.
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Figure Céption

Fig.1. Ellis-harliner test for the gluon spin.

Fig. 2. Log-Log plot of moments of the non-singlet struc-

365 /1980,
w81/

1

ture function /CDHS data [S] / compared with theo-

) retical predictions for vector and scalar gluons.

_ Fig.3. See the text.
Liys., 8155 .
Fig.h4. Separate contribution of the two terms present in

the Altarelli-Parisi eguation (1) to the observed

Jays.
scaling violation in the singlet structure function.
Fig.5. See the text.
Fig.6, Sce the text.
/19807 -

Fig.7. Ser the text,

Fig.5. vaia for the dispersion of the multiplicity distrie
vs, Idt, : v -
‘ . butrion versus the average multiplicity for the c e
]

annibilation into nadrons, Qp deep inelastic and
Taylor,

p§ annihilation. Linear fit to the pp data azlso
shown.
nnihilation,

Fizg.9. bDispersion of the multiplicity distribution versus

the average multiplicity. "uJata" points have been

Ke jets, .
obtained by subtracting the diffractive contriibu-
tion {rom the total pp and lp inelastic scatte-
. . o . . . + =
ring [Zi} Coamparison with a fit to e e , Vi
Leth
und pp data sugests universal D(ﬁ) dependence.
13 /19807
178,
ett 9449,
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ABSTRACT

The vp collider at the CEN~3PR will soon be
ready for experimentation up to 540 GeV center—of-mass
energy. Aiming at an evaluation of the physics in this
new energy range we assemble significant results from prasent
accelerators and from cosmic-ray analyses together with the
theoretiocal interpretations . Their extrapolation to
collider energies leads to a wealth of predictions wkich A
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l. Introduction

The proton-zntiproton (pp) collider at the CERN SPSl) will soon be
operational. The systematic exploration of a new energy range up to
540 GeV center-of-mass snergy will subseguently begin by several
detector systems 2). We therefore a2im to form an opinion about the
physics to come as based on our present-day knowledge.Our main sources
of information are : observations from cosmic-ray expefiments, extrapolction
of results from existing accelerators,present theory framework of strong
and electro-weak interactions supplemented by phenomenologiczl models 3"5).

Clarification about the Centauro events is expected and the
possibility to find surprising new phenomena is again open . The large-pt
inclusive reactions ,with jets of up to 100 GeV/c transverse momentunm ,
will test the dymamical conzequences of perturbative 4CD 3 signatures of
glueballs are anticipated. The low—pt inclugive data a2re described by
severzl phenomenoclogleal models which, at collider energies, differ in
their predictions for the central plateau height and the mean multiplzcity.
The rise of the total cross section and the characteristics of the {quasi)
elastic reactions will hopefully vrovide a better understanding of
diffraction «.One of the main motivations for constructing the p§ collider
is the production of the weal bosons w¥ and 2° with the levtonic decay
modes considered bhest for their detection. Weak interzction modelling,
and the SszU1 model in particular,predict their masses around 100 GeV.
If they indeed are found,present’ weak irterzction theory ill be
certified and possibly further constrained. Two other fundamentzl
features await to be verified: the non-zbelian nzture of weak gauge
theories via Fhe coupling of three gauge bosons, aznd the Higgs-or
technicolor particles which generate the gauge boson (and quark) masses.
The processes for their verification have a low cross section zrnd
experiments with a very high statistics are needed. The curreni siudies
of the Drell-~Yan process and the production of direct photdns, ’
continued in the ps energy region, will teé& present theoreticzl concepts

at higher energies and provide more detailed information on the constituent



429

dymanice | in particular at low x values . More massive quarks zre
exy. cted manifesiing themselves by new hidden~-flavor siztes (onia) in
the lepton-pair spectrum, and by the associated production of new

open-flavor states. Once they are found,present phenomenological QCD

analyses can again be appliede. There are two principle themes irn this
4)

presentation which are repeatedly encountered : verturbative QCD
and electro-—weak gauge theory 5 .

The paper is organized as follows: Section 2 assembles the main results
from cosmic~ray experimentation, and introduces the Centaure events .
The ISR/?TAL data characteristics of the large-pt ineclusive processas
are presented in Section 3 tozethor with an overview 20out the theory-
anz2lyses and -—predictions., Section 4 covers the r2pidly develeping
experimenial znd phenomenclogiczl understanding of the small-p, reactiions,
ils of the 3 2nd Zo boson deteciion , 2nd possible subsziiaent
5 touches mo-cive

and/or opern-Tlavor
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from air shower measurcments. On the other hand,hints for new pnenomana
have emerged from cosmic ray studies at very high cnergies which nmight
be confirmed and their characteristics subszquently anzlyzed by the

CERN-SPS pp collider.

2¢1 General PFeatures of Hadronic Events Above 10 TeV .

Maltiplicities and rapidity densities for charged secondaries have

beea revorted at 20 TeV wiiich corresponds to 2 total C.iMe energy of about

200 GeV o The average miltipliocity measured in iwo experiments is found

to be 19 £ 5 7) and 25 £ 7 8) respectively « A logarithmic extrapoiation

from accelerator data yields 18 ;1 9) »The data may irndiczte zn incre=zse

of the charge multipliecity proportional to 51/4 The lorge statisticezl
errors and syctemnatic uncertainties however forbid any prezmature comclas
Tre rapidity dencity at x=0C is reporied to be 3.9 + 0.5 8) « This value
larger than that obtained 2t the ISR. The ISR values ranze fron 1.4 o
1,9 in the range 22,4 geV £ sl’/z< £2,5 gev 9).

pa
]
o
R
b
]

Aeecanse cosnic roy exneriments cannot preciscly determine the

action enerzics ovent by event ,it is not possible to nzke z very

-3
S
)

significant test of hadroaic sealing. Analvs of resulis at 20

. 3 10) ... .
and of air shorer measurements up to lO TeV ) indicate that thz data

are not concicient with zezling in the fragaeantation rezion o
11)

4 rocont study of nodronie interactions around 50 TeV has showa

t<2% many of their features can be understood in terms of convention

ol

ideas extrapolated from aceolerator enerzies JThe inclusion of z 1l-rge

fraction of noard scatiering is needed to describe the large characiaerictice
& g

=y

and the increasing mmultiplieity.Tke falling energ cpe
fized threshold in the ecxzperiments, however, faver szlection of hish-

5oL

miltiplicity eventise

The an2lysis of only 1000 cvents , generzted b” the pp colliser,
will ~uffice to cettle most of the mentioned items at ithe cems energy of
540 GeV which corresponds to a lab~energy of about 150 TeV .The eventis

can be collected within 2 few minutes,

ion.

-~

235
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2.2 Mew Long-Lived Heavy Jbjects
The presence of new long-lived (> 10—73) heavy objeocis is suggested
by experiments that study simultancously the digstrioution of energies

and delay times of hadrons near air-shower cores ), Several evenis
were observed with delays greater than 30 nsec and energies greater
than about 45 GeVs these evenis constitute a fraciion of about 3'10-4
of the events , and could indicate the produciion of relatively stable
partioles with mass % 5 GeV,/cz. Such massive stable particles could ve
seen with a tihe—of-flight system which provides sub-nanosecond

resolution over 2 path length of about 3 m

2.3 Anomalous Hadron Attenuzation
Results reporied from the very large calorimeter at Tien Shan

that the attentuaticn length of hadrons in lead increases significantly

13)

show

around 50-100 TeV « Above 100 TeV most of the events are air shower cores.
At lover energies a significant subset of events are unaccompanied hadrons
interacting in the calorimeier, Because of the small ratioc of radiation
lengzth to nuclear mean free path (1/30) the incident electromasnetic
component is in oquilibrium with the hadronic core, 2nd tﬁe rate of
energzy deposited is characterized by the nuclear absorption length.

Ir 2 normal cascade, eneééy deposition in the calorimeter is exvected

to be dominated by pions . The corresponding attenuztion len~th is
calculated to Ye A~ T00 g/cm2 o This is the value found experimentally

up- to 2bout 50 T2V . Above 100 TeV hcweverythe attenuntion leagth is

about 1100 g"cm2 -

Such an effect couli be due to copious production of unstakle particles
(including leptons) if by chance they had deczy modes and life times
aporooriate to the calorimeter.Further studies of the calorimeter wounld,
however, be useful to eliminate the possibility of énergy dependent biases.

Although the pp eollider will surpass the 100 TeV threshold,it is not
a priori clear how the anomalous hadron attennation will manifest itself.
The used calorimeters do not widely differ from the Tien Shan set up,

tmt the latter operates in the laboratory frame while ps collisions
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will be observed in their center—ef~mass frame.The fact that *he
production of the new component has to'be)exceptionally copious will

probably be the best experimental clue .

2.4 Hadron-~to=-FPhoton Ratios in Eventis Around 500 TeV,.

The large ratio between hadron and photon energies in the original

Centauro events 14) continues to defy a conventional interpretation,The
primary interaction responsible for the event happened to be close

enough to the emulsion chamber so that its height could be estimated by
triangulation. Because of the lack of photons incident from the z2trosphere,
it happens that at most one ®° s produced in the a2tmospheric inter-—
action which produced at least 49 hadrong . Correcting for hadrons not
interacting in the chamber ,one estimates 74 hadrons were produced in

the original interaction.Keeving in mind that only the electroma-nciic
portion of hndronic interactions in the chamber is seen, the interaction
enersy is estimoted to be somewhat greater than 500 Te7.

A rccent an~lrsis of the data on atmocvheric interactions of 100-10G0 TeV
cosmic rors su~~ects that there could inileed exist a larger grour of
anomalous events with very little cnergy in secondary nions 15). The
zroup compricses two of the five Centauro events from the Brazil-Jagan
experiment 2nd *hree mini=Centauros, including cne eveat from ithe Panir
experiment .2t le=2st 57 of the events around 1000 TeV 2ppear to be anomalous.

The frzction could be much higher,since Centauro interaction:z high in

the atmosphere would probably be obscured Ty subsequent atmospheric

cascading .
Two classes of explanations for Centauro cvenis can be imagined:

(2) those involving evotic cosmie projectiles such as exploding blobs

- 1 \
of ultra-dense matter IC),metastable high=-strangress states 7), or

condensed nuclei"la), and (b) those involving a new kind of interzction
of ordinary. hodrons beyond some threshold energy. Ascuming that
explanation (b) is the one to hold, Centauros could be produced =zt
the ps collider 2nd were seen by the deteﬁtprs yif their produciion

threshold is not too sharp and below the energy range of the machine.
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Their discovery would p&se uncomfortable problems since a point-like
production mechanism can already be excluded, The flux of high energy
quarks carrying 2 fraction of the primary cosmic ray energy does not
suffice %0 explain the observed number of relativistic heavy Centauro-
fireballs 9),and the absence of nautral pions from the fragmentation

of the spectator jet is too peculiar. Violent hadronic processes have to

be invoked which do not proceed via point-like constituent scattering .

3e Large-p, Physics

Uadron production at lzrge P, is consicered to prove hadronic shori-
range interzctions.The point—like constituents undergoe hard scattering
processes and subseiuently fragment into jets of hoadrons. Perturiaiive
T2 predicts the et and the particle cross sections,with scale devendent
zorentum and fra;nentation distribtutions being used.
an)

~a

Jel QCD Predictions B

Ch-racteristie features are : (1) ihe jot cross section depernds on the
parton momentun distributions an2 ithe 2ifferertizal eross cection of the
perturbztive subprocesses between tnarks mad/or sluonz, [2) =i fixed p,
the cross section increascs with sneryy, {(2) zince 527 of the hadron
:omentgm ic czrried by gluons at low x, ,their influence grows oui-
ztontizlly st ki her enersy s {2} Zue %5 the mroluction of
gluon« (+which becomes more immorizni with srowins cner~y) 2 sirple cezle
realing pattern emerres 2t fized cu.ma-ansle, {5) ot fixed P, the single
hadron yield iz 2-3 oriers of magnitude below the Jet rield; details
denond on ihe steeoness of the pt gpectrur of the ;et, and on the
frazmerntation funct1on, (€) the two-jet evenis are cshlanzr, °nd zo are
treir lezding hndronsy at higher energies the coplanarity is spoilt
by multijes production, {7) the fermi motion of the rartons nznifect
itself in the primordial iransversc momentum, {2) sluon jeis cre
different from guark jets. Sluon jet characteristics are ;3 ki her multi-
plicity due to the larger color charge, 2 soft hzdron spectrum and the

- -

uncer
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2bsence of leading fragments,the overzll compernsaziion of its 2uzntum
nuzbers, a2nd a growing jet cone with increzsing jet k, .Quark jets
hzave 2 smzller jet cone and 2 lower multiplicity, and their non-

21)

quark jeis are occasionally accomparzied by a gluon jets

vanishing !charge retention’ reflects in the mean the quark chargey

Although this picture is well defined, aprroximations are needed in .

practical applications. The comparison between theory oné experiment

23)

ne
ng

dle

+

]
2]

suffers from ambiguities due to the problems : higker order ICT corrections 5

2
uncertainties in the partoc distributions “4), nuclesr a2nd rmitiple

2 28

scattering corrections 5),hlgher twist effecis ),1 rze primordial
b}

transverse momenta_27’ .

- o
3e2 Frperimental Fcatures at FNAL and ISR Tnercies 28)

The typiczl confisuration involves two jets a2t wide angles, znd the
snall-pt forward znd backward spectator Jjets.Ore of the ﬂl;n angle jets
is cscociated with the jet trl gger particle {towards-jet),2nt ko oiher
with 4he recoiling conctituent (awey-jei) .

{1) Jets involve 2 burst of neutral ond charged hadroms {mestly rions)
which ore isotropically distributed aoround the jet axisz. Thz mean
multiplicity of the charred jet—=frasments increzses from 4 to 12 in

S GeV of the two wide éngle’jet:. The positive=to-

o+
i
1]
ﬁ
f
i
f
®
A8
f\)

negetive ¢ ;arve ratic increases with the mamentuw fraction z in pp
collisions. Among the leading jet {ra-ments pairs of ovvocite charge z2re
favored. The mearn iransverse momantum with regpect to ithe jet-xxis
is <k’c> 5 0,55 GeV/c o Jet fre-meniciion reveazls approximately scaling.
The z-Cistritutions zre well described by an exponential ferm with the
clope as in e+e- anrihilation « Identificction of the gluon jet in the
ete” planar three-jet events have sofar been poccsible on a2 statistiezl
basis orly, and no drametic differences tetween gluor and gquark jets
hnve yet been observed 29) . -
(2) The jet cross sectiorn at fixed p,. is typically two to inree orlers

of mzgnitude above the sinzle pariicle cross section, 2nd their ratio
increases with increasing T, (= Zpt/is) « Jet pionization dissipates zbout

1 GeY in mass and transverse motionm tos slow moving varticles. whi
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introdnces an uncertainty in its actual yleld of up to an order of
megnitude. fions and kaons are more efficient producerg of hig,’n-»pt
jets than protons, with R( pfw’') & R( p/K ) decreasing from 1.5
to 0.5 as pt~(g5 6 GeV/e) grows. Jéts from pions are emitted more

" forward since their constituents take 2 larger momentum fraction. The

density of opposite spectator fragments (211 with. p, ~ 100 Hev/c)

decreases with growing transverse momentum of the irigger jet.

‘ {3) Whenever triggering on 2 large p particle one is likely to select

a particular and rare configurationy the characteristies of the towards-
Jjet are severely distorted and the production eross section is greaily
reduced,

The high-pt event structure is compared to = normal inelastic event
via the ratio dnt/hni(IP) . dnt’i(ir) represents the average nuzber of
partioles per event emitted in some phase space direction - 3:..'31d3'in
a high—pt {t) or normal inelastic (i) event. One notices :{a) around
the trigger direction the ratio enhznces,(b) in the opvosite direction
the enhanceﬁent is even stronger a2nd broader,{c) at fixed azimithal 2ngle
#-the ratio decrezses with growing y3 2 sizable vzlue of thé ratio is
limited to i7l- €1 { %2) near the towards (awéy-) direction,{d) the
large ratio on the away-side is due to a substantially kigher oferall
multiplicity wkich follows from the triz-er=htias effect.

ot of the jet momentum iz 2bsorbed by 2 single pirticle with less than
107 left to the accomponying secondaries,The zscsociated momentun,
origincting *o a larze fraction 25—501 from prominant recoxances, grovs
moderately writh increasing Dye .

" Phe number of negative (positive) associates is bigrer im a tovards—
sitte jet,trigzered by a %' than ®” (R ~ ihan % *) . This compensation
becomes.more pronounced as the transverse nomentum of the cssociztes
increases, with little dependence, hoiever, on the , of the. trigger
pione The chargg'QOmpensation effect for the auey-side secondaries is
smaller and tends to die away as their transverse moméntum increases.

There is essentially ro correlation between the charge of the hig-.‘z-pt

trigger particle and the charge of the highest p, particle on the away—side.
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order of

highep Within the awvay-side system itself one finds stronz charge compensation
from 1 ; similar 4o the towards—side systems The charge correlztions for the

- '8 L] . . * - . .

od more trigger particles K 2PsD are similar,.

The particle ratios p/-:'+ ’ 5/':’- ,K‘/w- rise with increasing x, and

action, The . . +, 4
fall off agein beyond 0.2y the ratio X /X" however levels off. The large-p,

MeV/c)

iet L4 "/ « ratio is practiczally P; independent in % p collisions and
i seems to rule out the CIN mechanism 26a) § it incre=ses.in pp~ {remains
¥ to select ~]1 in -pn- ) collisions 2s expected. from hard scattering models .

* the towards-
(4)-'1‘he simultancous production af two wide-ansle iets ,preferentizlly

1 is rreaily
in an azimuthal back~to-back configuration,wzs experimentally verified.

\astic event The (away-side) particle deneity reveals a characteristic meximum around
-2ge number of the rapidity y of the away-side trigger ,where y determines its angle

S . with respect to the beam a2xis. The momentum component out of the
Dese p+d§ in : -

trigger plane gives 2 clue on the primordial k. =2nd on the non-planer
2) around igger plene gives p( ordiel k, _
gluons . Periurbative 3CD prediets P to increase with and z
e direction < P ot Py

. B which is observed for the unbiased awcy-jet.The transverse momentum
zimuthkal angle .

- rotio is imbalance heiween the two wide angle jets is roughly geussian with a
‘d) the width of about 2.4 GeV . The preduction of symmetric pion pairs is
considered o ve a2 clean itest of perturbative €D, znd the data are in

ar overzll
food agreemert with the predictions .

‘ " (5) The incluzive ¥ distritution a2t 90° end b, & 6 GeV/c is

proportisnal *o p:n(l-xt)m with n=8,m=10.6 « As P, further increzses

e yith less than

~ontum,
T NCes, ITOVS . the ptexponen*:. approaches n ®& 4 at larger x, {> 0.3) ,the value predicted
by the counting rules 30). Measurements at angles off the certral
r & towards— region reveal "radial ccaling” . Tlte angular dependence is accounied for
. . 2 2\2/2 . . :
= conmpencation tv replaging x, by - (zt + xL) ' o DJata in the lover p,-range
zzociates indicate for the incluzive production of Kt s P n=8, and for » n=12 .
o trigger (6) Some of the experimental results are ngi fully undersiood . The
daries is observed proion rield is an order of megnitude above ICD estimztes. The
2 . o
nereases. z-distribotion of the away-side ¢°ts striggered by a large-p, % s
I irhe I .
ne highepy shows a depariure from the exponential shape at low z values . The

m the away-gides
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intrinsic ura.nsverse momentum of the colliding partons makes the
observed pt dependence steeper phenomenologma.l analyses hint at a
alue of 1 GeV/e vhich is far avove the pr:.morch.a.l transverse momentum

28 determined in other processes.
A . .

3.3 Theory Analyses
The production of la.rge—pt hadrona/jets is calculated in the framework

of perturbztive 3CD. The hard-scattering process ic described by the

s Py

parton cross section usiag QGD,Feynman—mles.Gluon Z2uge invariance is

in the Feynman gouge maintained viz the ghost graphsy the a2xial gauge,
21y
23 an’ alternztive,lcads to more complie=z ated intermzdiary cxpressions - 7,

The soft-gluon radiztion causes viz-its renormalizaiion group summaiion
the scale depeadence in the momentum distribuiions and gives rise to
the rinning coupling comstant in front of the parton cross sectiosns.

arly 211 nhenonmenolszical ana s usc the leading-loz »arametrizations

where th

i normalizition is, fizeld,
3
;

srodas fierehy the

e san . X . 32)
zlara initinted processes contritute 3 simifiecnt Iroction ‘e

2,8 2 JeT/c the

foster dus to the =zezl

nadtinte pt-z-egion *he 33 223 g contrivations arc responziltle far the

corraci 22035 saction size 2ald f3ll-—off,:her

o
g.:
‘ Y
e
§=r
i
'y
'y
o
)

lI
o
14
f~
<
o
7]
)
¥

i

seztterins Ttacones aredsninnnt, The subproesss ga—P 2y, SIS 31 C3n
for 211 p,-valies imorels For o, B 4.5 857 /e the datz cre well
dzzcrived waereas for smzller p,-~values the prediciions =re ioo 1o
Y :
+3

In the above ziamle picture thiers zre several pariicalarities which

. «

We 2ow consider :
{1) The freedo-: 42 choose the &ymaziczl exnznsion viriztle 2 =—% or

2 Efﬁ/(ﬂ 2 +° ) following fron the ambigaity in a2ss factorizntion, -

influencas tne cross section size. 8,%,1 are the Zndelsianm vzrizkins

:tiom, °

iztine
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«

of the 2 42 subprocesses. The second choice leads %o smaller Q2
and a larger cross sect:.on 2\4e). .
(2) The in‘roduction of an 1nan;s1c transverse momnntum ( "kt-smearing"
1lifts the cross gection substantially in the p, S 4 GeV/c region 2nd
generates 2 steeper decrease. Fits with va.lues' <kt> ~1 geV/c,larger
than expected from other reactions, lead to aualitative zgreement with
the data. This procedure is theoretically motivated 'b_v the partons
intrinsic transverse momentum due to tieir Perm:l. motion, and by their
"effective k " from the Bremsstrzhlung of gluons; the evaluation of the
2 &3 subproces..es will partially a2ccount for the latter reason. It should
however be clearly realized that "}:_t-smearing" serves as a cut—-off for
the mass and/or infrared singular ‘perton cross sections, and the problems
in the déscription of the low-pt region still exist. The correct incluzion
of primordial {& } is unimown and different nrescriptions for smearing
1224 t5 quite different resulis 27)

The inciusiv,? cross section thus decrenses as p:S for pt,S 6 geV/e,
goes over 1o p"J { the naive pt4 of qg=-scattering plus the sczle

dependent o} Y and u(x,Q ) ) in ihe 1ntemod1ate‘rqg10n, and reaches

s
-4 =
pt‘ at lzrge p,~r2lues .

[E R

(3) Bicher—tiist mechanisms, confributing to each parion subprocess

pt ,ng,... terms (apart from the leading o 4), mizhi be another source

of the‘theory-datu dicerepancy 'bé;ow p‘,s 6 Gev/c « The gonstituent-
interchonge-model (CIM) 26a) ranges in this class of terms. Partons do
not seztter poin{-like; pairs of aiarks 2nd/for cluons from a given izdren
instezd muy joinily »orticipate in a coherent manner in the hard-
ceatiering process.7heir influence in large-pt reactions, in particula
W Wi, hos been estincted viz the subprocesses ag + Xg and 21 » K s
waich are the only 2 -2 processes giving p:5 contributions to the cross
scction. The absolute normalization ic fixed by the pion weak deexy
constant, or in terns of the pion elec+ron1me tic form factor &t large
31.‘2 «The hizher=tuwist cross section decre-ses less rapidly as x, > 1
and there is no trizger-bias supression gince the final % is broduced

. s < . -1 .
without inhe necessity of jet fragmentation . They scale as s = and they
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are quzlitatively important for v, < 6 Gev/c and It%' 0.5 » At Vs = 10 cev
the qd initisted coxmtribution is rqughly an order of nmagnitude more
important than the analogous Qg subprosess. An overall correction to

the inclusive crass section of at least 30;"5 is expected which grows

with increasing x, and even dominates alove xt> 0465 oIn *y > 1.’* K
the hizher—-twist effects cause a charge-ratio substantizlly above mity.
Spin-spin asymmetriea in p‘?) p(f) > ¥'x migrl: offer another possibility

for their detection 26% ).

The search for high-twist effects lead recently 1o 2 special cilass
of hizh=p events which might allow for the isolation of a clear hirh-
_twist signal. The entire energy of 2z incident meson is delivered into
nroduciion of a pair of large—pt jeis at wide andle excluding 2ny final
state particles along the beam axis. 4t Is = 20 GeV the predigtions
account for 3=57 of the reporied inclusive jet yield. The veto,,

xluding particles zlong the bean direction,and tkhe simple two-body

kinematios simplify the zoal oc)

(4) The exicience of the Yang~1ills three—zluon vertex has Leen denon-
2IAa

23z} . s . . 2

32) through its dominance in the order 5 17 -»'77 ~ubprocess

trated

st
{fig.l) « The single-particle cross sectiorn for oo - P2 4+ 7 wzs

comnared Yo simple Gz-scattering is inferred fron ilhe charse ratios in

theo nwny~side job ond hetveen the tar~et nnd bean soostator lets

cegomponring the highen, (pt e 2.5 geT/c) o
o

/
o . .
0°) o« Ths ratio of the ag t

I
[
*y
m
(¢}
<k
[
o
3

—
D
£o

Zhove concitionc predicted by UCD to te R A 2, in Taalitative ~rrecnent

with the ernerimental observation R¥p 1 ., The omisrion of the triple-

cluon vertex {fig.lc) chonges the ze contritution ¥ more than an order

of nagmiitude,leaving R ™ 0.1 » Different choices of the momont ond

fragmentation distritutions cin not cha this insi~ht,

(5) The lending-loz phenomenolo:¥ of the minsle particle inclucive

23)
H

processe ssumes that the nert-*o-le"thn-r cerrections from

2
] (Q ) expansion of the coefficient funection ,are c=cll o Their analrsis

3

needs conciderction of all ordér-z” 1CD graphs with real cs well as -

virtual gluon lines, anfl the resulting parton cross sectiors muct
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be evaluzted up to the constant termse The ultra-violet divergences

are renormalized, and all infrared divergences are cancelled tetween

the real- and virtual-gluon graphs 343'). The remz2ining moss singalarities
are via mass factorization 35)—absorbed in tﬁe momentum 2nd fracmentation
distributionss The resulting ‘s correction term of the coefficient
function has been determined for qg-scattering and was found to be lzrge.
In the present Q ~range the non-leading corrections therefore are large
and the leading-log approximation is without theoreticel foundation.
Hight-bte this problem wvill disappear once ithe bourd state nature of the

suarks is taken into account. The analogous g~ and gg-parts ,vhich zre

of prime imporiance at collider energies,are still missirg. e point here

algo to the problems arisihg from the non-cancellation of the higher

34p) |

oréer JCI infrared divergences
(6) Tre tuo vorticle inclusive cross section 2llows for correlztion

al
&, QCD caleculations at Py= 4 GeV/c ,V;-z 53 eV reveal the

following percer age for the trigzer-recoil corstitwents : 97 (277).,

studies

ap {453) 4 ag (113) , gz (1735) » The trigger constituent is therefore ozl
8 quark (724) and the recoil constituent is quite often 2 gluon {é27).
The ~"~"-~1"e zluons produce eaupl number of positive and negziive

hadrons, lititle variation of the away~side hzodron maltiplicity wiih growing

trigrer tronsverse momentum should occur,

The measurement of hzck-to-back larce~p events disposes ito 2 large
b
extent of the kt-smearing effects. Yeeping the troncverse momentum
rotio 2 o= pt(aw)/p+ tr) fixed (A1) , the two~pariicle inclucive
D b

cross section increcsss smoothly with growing trigser tronsverze
ticle

momentums The kt—smearing effectsystronzly felt irn the single-par
inclurive eross. section at 1ow—ﬁ*,do not influence iis shape cince the
trigrer bias, favoring the initial cuarks moving towcrds the irisger,

is removed. Thus,two-ncriicle back-to-back cross sections reflect more

closely the pt—dependence of the basic subprocesses without the
r
2dditional scale-=treaking due to kt-smeari;g “6b).

The k, -<cmezring z21lso resulis in 2 momentum component Pout of the

away-scide constituent out of the itrigger plane. <k;u;, hovever is too



44

.low and the discrepancy may be due to the 2 < 3 constituent processes
contrituting to 2 large Pout—tail which at 'higher energies is more

pronouncedZOb) .
26)

The experimentzl tests confirm these insights .

(7) Analysis of thae three~jet processes based on the 2 93

parion cross sections (with radiative gluon zraphs only) are fruit-

ful as long as the distributions differeniial in all three— .

jev momenta are considered . However , theré are

infrared singularities which iu the kinemetical region of their
dominance must be cancelled bv the virtual-gluon £raphs, and 'I:here are
mass singularities whose dominance signals the onset of confinement
effectss In all 2 =2 versus 2 - 3 comparisons their predominance is
prevented by cuts on the angle end energr-~fraction. (; »€) of the
Sterman~ifeinberg jeis anfl/or by restricting the kinemztieal varizbles,
such as for instance three~jet events in the transverse plane only.

Yith these uncerizinties in mind we summerize the main insights
from QCD three~jet analyses 37).: -

(1) Hith €~ 0.2, &' 0425 and ,(tr) R 2.5 GeV one finds
6§(33)/6(25) ~ 20-30% for the gq,a5 2nd 2z initiated parton cross
sectionss. The gg -+ 3j processes instead dre much larger than the
corresponding £g 92j contributions. There is no gqualitative cha.nge a%

higher energies if xt znd the cut—off poraneiers are kept lixed.

can by sultable cuis he enhanced or suppresszed. Cuts on the tranaverse
energy and azimmthal ccuse a suvpressiosn factor 3-10,in addition to
(1) 2boves 4 suall pt-cut (> 2 gevV/c) at fixed tronsverse energy

(EtN 10 Ge7) however exhances the rélative importance of the 3-jet
evenise Hard zluoz enission is estimated to coniritute o A~ 207
correction to the lowest orilar la.rge-pt gross sectiong. At ITR euersies
"-:1'1e main contribuiions come from the 2g,32 <»9ag subprocesses,vhereas

at collider energies gg <»ggg will dominate.

(ii) The hadron initiated 3~jst =2s coupzred to ithe 2-jei cross sectiom

(iii)
energy T
collider
contrit:
tail whi

anti-na.
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(i11) The tranyverse thrust distribution offers in the ISR
energy range little hope to find sigﬁ;tu;es of 3-jet evenis. At
collider enerzies however,the gaussian fail of the smcerad 2-jet
contridutions is 1-2 orders of magnitude below the significant 3-jet
tail which ezsentizlly results from the gg +qgg subprocess and its
anti-part JT)(flg.Z)

The P l—d:.stri‘bu tion of %° -"!? correlations c2n not be explained
by the smeared 2-jet-contritutions whereas the 3-jet carve,afier
smearing has been applié&,can fit the data 25a) (fig.3)

{iv) 4 detziled comparison of different 2 -»3 pzrien processes in
the transverse plane reveals : three-~jet events depend strongly on the
pairticular production process. Process—dependent variations make the
predictions based on "jet-uriversality" questionable,in pzriicular so
in the small-thrust rezion. The considerable variations with changing
jet ansulizr radii signal large differences in the Je&~"1dth° of auarks
and gluons., ?er.uvbatlve thres-jet configurztions a2re typically 2-4
t1mes more imporiant in hadronic production than in e e annlh-latzon.
Jeus from plu» p, hadronic processes are considerably broader ihan
those fron c'e ;nnihilntion at tae same energy, znd sharply defined
jet structures will be much iess evident,

Thus,measurable jei properties can %e lzrgely process dependent

leading to Soubis on the concept of universal uark 2nd gluon jeis

37h)

- -

Je4 Jets 2t the Collider
The inclusive 1f° spectrum as measured at the ISR is showm in figed »

The cross section iz severzl orders of megnitude abowve the naive
extrapolaiion f the exponential shape seen in.the sna11-n region.
Neverth elesé, large-pt particles are rare. Doughly one aw° at Py = 5 ze¥/e
is seen in 107 interactions in a pt-bin of 1 GeV and per steradian. The
je%-rate exceeds the single-particle rate by 2-3 orders of magnitude
{see fige5), but it is still small, Furihcermore 2ny jet trigger has to
face conciderabls difficulties. Multiplicity fluctu=tions into<the3;oiid

3
s .

angle of the jet calorimeter mzy byfar outnumder the "true" jei
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The situation at the p; collider mzy e drastisally different.lf the
Zluons continue to share 505 of. tbe momcntum fractisne.and if their
diztribution is proportional to ~ (l-x}s,then their scattering will give
rise to = large jet rates A cross section of M 2 mb is expected for
gluon ‘jets'of By= 5-10 GeV/c » No fa.ncy jet 4rigger qould be needed
an;yl'more since 2 lorge fraction of the events contains two 5-10 Gev/c

e

jets attached to ihe usuzl lonzitudinal phase space cigzrs The inclusive

jet yield at high transverse momenta iz presented in fig.6 39). Assuming

the luminosity L =1028cm-gs-1,. one may expect about 25d jets/hour with
p,(jet) 2 20 cev/c . : -

The meciiwn and large P, phaysics may be accessible in the very early
nhcses 9 collider expermentation. An event with jets of 20 GeV/ec,houwever,
does not come for free: among 104 min;i.mum—bia.s events only 1 is expected,
4 calorimeter trigger is therecfore needed. On the centrary, jets of
5-10 JeV/¢ are 2rpected o be abundent.

The zisnificant sise of the j2t yields at 1o:-f x, (€ 0.25,2t 900)
follous from the sieep rise of the gluon momen%um diztrioution. At
5 = 540 C2V ond pt= T Ge‘!,/c the percentage of the different «iuark-—gluon
processes is.esiimated as : qa w3 (21),aa »+2 (L 17), a5 + 2 {137),ag »q {25%)

Vo

sz »a (3% , zz »z (453)« The numbers vary for different sluon momentum
¢

21%3) from zluons ('!_uarks) ¢ The subprocesses are preferentizlly
initiated br sz (49%) cond by ag {437) ccattering. As , Frows the gluon-

2t yields anintain their leading rdle up %o rather-large xt-vélues .
(=< 0s3). 7luon jeis arc therefore exnected to dominate over the full
p,-range coverel b the coliider at the lu:_&inos,ity.oi‘ L=1039 cm—zs-l .

Thilst looking at the y~distribuliion at fixed D, we vary the c.me

angle , since y = - In(tan g). Over the wide cngle region |Ayl =1

clnon jots dominzite, At Toriard angles {m~ 10°) the valence auark jets are
more likely with ud d> s sea, vhereas at backward angles (~150°) the

vzlence anti-ouark jets uy &y g% sea +take over. The angle 8 is chomen

with respect to the proton beans

]
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the If quark and gluon jets are indeed produced 2s preficted :y 0D,
correlztion measuremnents cén provide detziled information ztouf the

give underlying hard scattering prpcééses. Using ~M? for inctance os tre

N : ] - trigger parficle (around 900) favors 2 u~jet. The away-jet in the foruzrd
region (“‘30-600) will origiﬁéte fron a gluon almocst z2s frequent as from

& u=querk; a2t wide angles (FJ60-1200),however,g1uon jets will domincie,

=4 . . . . . : (-}

s1ve Choosing instead: the trigger perticle in the forward cone {520 ) favors
ming in the oppesite wide (small) angle rezion the production of quark (gluon)
th ) jetse The initial and final partons in suck collizions are {clmozt) ’

the same since the gg initiated processes are negligible. Since the.

iy Pout-distrihutions are brozder for gluons than guarks one exsecis ic
ever, see such breadening effect whilst passing from the wide to the spal
. . 0

cted, angle region 4 ).

Since large p,values can be reachedyithe 3CD scaling violztion effectis

are ‘exnected to e more pronounced in toth the struciure z2nd the .

frasmentation functions, Theyr dampen the single particle 1A diztributions

by 2 faetor 0.,1-0.2 a% the highest possible p,-values .

7iuon ' The large amount of zluons initiating the lerge-p, Teactions khes

18 >q {257) three eccential consequences: (2) excessive gluon proceszes in the low
ntum ¢ region, (») likelﬁ production of glueballs, (c)hcavy flavor

seay crcation in bound and unbound form. in the following we expand on ()}
elly a2nd (%) .

DT i

3.5 Gluon Processes

In the lower x, recion moct of the subprocesces zre initiated %y gluons.
[

g

Two aspects are of particular interest : the gluon momentum distribution

and the interaction among gluons oﬂly.

The xluon momentum distrituiion can not be directly measured, Gravitons

have been suggested as a probe ;n Gedanken ezperimen%s 4}). Apart from
the fact that ~ 50% of the nucleon momentpm is carried by gluons there
is little solid information. The measurement of the jet cross sections,
in the P, region where the g}uon initiated Qubprocesses dominote,will’

hopefully give more insight. Several theoretical models have been
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suggested to describe the '::-dependence of the gluon momentum distribution.

the counting rule pzrzaeirization is in the x »1 1limit fixed by the
30) - in gz ¢ 7 th

number of constituents lefi-behind in the nucleon sy and for x =0

it is related to a Pomeron dominated Regge parcmetrization,ziving Jets 2 T~
x0¢(x) = 3 (1—:)5.,'I'he bremsstrahlung-model follows from 2 convolution collisi 8
over the q,0,g "rreducible™ distributions,ond the resulting peraaetrization és 58 Tuti:
is composed of several (lex) powers .Finally,the bag-bremsstrahlung model insight et
follows from a counting rule plus a boz-type parametrization,the latier Interes Hung
with an exponential x-devendence 19 a). The lov=1 increzse is strongest Planar 1at
for the "bag'. cond relatively flat for the "bremsstrahlung® parzaeirizotiong tze in: “onge
' ' split®a ety

the naive couniing rule form lies inbetieen o

However,thege attempts 2re of linited wvalue in the low momomium rezion.

Tt will be neceszery %o extend the QCD calenlations by inciuding = lats Tum T
realistic bound state wowe function and finzl sicte interiction effacis, ‘ e -
The influences of the coherence canc2llziions and of the uxiron size Zluons offa
Lhave been analyzad 4). in explicit derendence on the mumuver of valence reintis size
quarks was founde The coherence =ffecis in thz color zinslet bound cizte maltis viler
‘cleminiate the quark mass singularity.Such color canoellations are . inere- nd ot
impericnt for 211 x=valucss ualess tha sluon troncverse momeniun,as T p -re
compared to the inverse hzdron size,is large. rezior -5
The x-dependence of the zluon Zisiribution follows he tuxlitative ¢
rule: cofisr than ihc velence uark iisirituiions,but harder *hon ine ot ~2tive
aea-unthvlark distributions. This wisdom was recently oul fo doutt i lar~e S ine
2 negw pacnonsnoloriczl analrsis 242) £ the deep=inclaziic dz2io heore ~iuzaedo oW
sne ‘sofcr imored) chirm threshold effects were ialken inte aceruni. A enicol s ere
vory orozd {i.e. 2oamd) gluon inpui: distribution emerped,zimilzr o ke cancis Tante
one »roposed in réf. 24e o ifter the z—symptoiic freelom correciions mizht o th
have been applied, the familizr steep inerense $ounrds low x-values is, ~lzon ons
at the considered Qz-values, seen again. : . : iz e -Res 1:
The gluon fragmentation function is even less known, 2nd counting- ’ cever:
rule parametrizations are usually employed 42). '( 2) o ing-
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Strong evidence for the existence of malti-sluon couplin-s

W

2e
£ )

energed from ISR larﬂe-nt neasurements zince the luon veriex

enerzy

in gz scéetiering dominaotes at large subener—ies - o Infium

Jjets at the collider will predominantly originste from ~- 2

—ritp

collisions. Turther tects on gluon celf-interaciions,with

2s gg »(ng) sare therefore likely to become porci®le =nd to ~ive more -
’ . EEL).

insight into the color ociet dynamics of norn-cthelizh souze theooriez 777/

Intere tzng theoretical zcpects are : the voaiching of clacces of non—

i
ellztion of the in

planar sraphs 43),the {non=) canc frared singularities
44)
?

the influvence of the ozrmpiotic freedom correction the 'sluon-~

canso 145) ‘s os :
splitting?’ ™’ The irzansition from tke periurbziive 4o ke confincment
resion is morked Ty =z phase trancition whose charsctericiics are stufd
. I =\
in lattice c2lculciions 4 s a2né in ctatistical models 4".

the trhrec- ond four—-gluon ceunlinz,onc expects cascades of

gluons ir tuc -~ initiated subprocescecs which sernercie = swarm of

- slow moving ha “ir wiith overzll flavor-neutrality.The

3
o

3,6 Qlueballs

At chori dictmsnces .12 involves ceclor-octet spin=l %
lorze dindances cre expected to form color cinzlet compocites,culled
= mmper of molel

~luzebzalls

‘o« The detailcd mechanism is unimowm bdut 2 n

czlculntions hnve given hints at their properties. The

t of 2 or 3 gluons o4 pair of color—electric (or ~nzmmetic) fiel

might bind to J = 07,2 ciotes,

0 ,1%,27

facays into lowr na

whereas colior-electric nnd ~marmetic

zinons could ferm ctatess A rich specirum of excited ctoles

is expceted whick £z hadrons via 38 creztion

ceveral unkowm aspecis:
: Glueball nasses have been estimated by ceverzl methefs:
A
field theory anzlyses 49) HIT bz models 50) potentizl models with
- ot b4 3z 9

massive svin-l ‘lumps of gluons! 91), a relativictic wave ezuation witl

gluons which 2%

« ,There zre
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53)

sconnection with

a QCD motivated potent:.al 52) ;lattice calculations
55), ana

the P - trajectory 54),phenomenology of 0ZI-rmle violztion
s
partial wave analysis of the gg~channel 56) « These calculations indicate

the glueball mass spectrum.in ihe 1-2 GeV Tange.

) (‘n) Decays: The decay modes of the zlueballs depend on their masses.

Decays into the knovn low-mass hadrons and their excited states should

occur without suppression of the strange quark states, Txamples of two-
3

body decays ares R%,KK,11,B0,KR% vo ,14’ X3 M0 00,08, 668,08, ... 43)

Phase-s‘qift analyses for ihef¥- and KX-channels naizhi revezl the

++ o+t . - .

=0 ‘o';r-ly:.ng sti~tesyvhereas the 0  has the q_' juanitum nuniers

and could nix 77’. Yany of the states have the 3& ,4% ,7x decay channels
open thich offers little hope for & siznificant signal. .

{c) Jidths : Gluchall idths are either zcometrically interpolating
betueen the, C2I-rule 8llowed and suppressed hadronic doeays T'G 10 eV
or ycince ue zre prinarly dealing with 2 confinenment problem,they

ey 53)

could be &~ /3 of ihe irpical atdronic ridihs: 1"G NS0 e

Zeeslenonenalozical a.n-—"w-es are,hoveverynissing. Since

(8]

Py
i
ry
™
Q
o
3
1
|.-n

lorge~n, gluan jeois occur avundantly it mzy be 2 promising nlice o
190l Tor sluaballs i specific jet deczy mode. The =wissing miss cycies

n
2f ins ve '{“ or 1‘ production in 2 e ~maikilziion or electroproduction

couli be anolher source. The 'f" and P rodiative decars are ezpacted

2omarer
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4 low-p Fhysics

The expeciations for the total and elasitic differential cross sactions

are presented and_the attempts at an understanding of inglinsive sofi-

2dron produciion covered.There are =sse 211 1y two frameworks : laesllere-
2
&0 61 .
Regre theory ) and parton model ). Al Eou~h the descrintion of the

low--pt prenomena in the framework o perturbative QCD is lacking solid
foundation there is considerable phenomenological prozrees.

4.1 Total and Tlastic Cross Sections -

leasurements of ET and (® Re A(C)/ Im A{0) ) will decide

an
apout the dispersion hnalysis In"s=-increase ~ 7’ 2nd the common pp and

pp limit, Jimilarly the elz st;c differentizl cross sa2ciicnz shounld
merge. ill the lou- ltl slope and dip-bump structures;moving =z the

7
hrinzs,still obey seomeirical scaling 55) ? Or will <hare

s e e . €z
ne factorizaebhle eikonzl model ) ? Cnre

be several 2ips zc aredicied by t
wonders 2bout the nroton shane as measured Ty the onncity and 4oi21/
=<2 R
elzetic croog gociion ratio 77,
’

Tae conz»iucnces 9f a Pomeron vicwed 2z zn infinity of perturtztive
a20ft~zluon c:chnzses have been onalrzed in (eut-off remalzrizad)
perturbative CD « In t2e asymptotic Regge—limit strong similarities

P

to Reggeon~field-theory 68) energed 'mich leads ona o uonder thither
ti:iz lotter itheory coul”l nerhans provide informstion on the confivensns
aspect of CDjfor a lcront of this progren we refer <o ref.’7 o Q0D with
color 3U3 and 16 flavors -bo*h “icces ;ry conditions for the criticel
Pomercn~ 2wy be the eszentially wiisuez trheory givin; factorizztion
asynpitotically rlslng eross sectlons and equal particle-antiparticle
differential cross sections. The scaling functions and critical
exponents of the critical Poneron are exactly czlculible whersos ike
size of the non-leading terms is estimated with present-day data. The
total and elastic differentlal cross sections, extrapclated into ihe

PP energy range 6“0),might eventually provide tests for this scheme.



449

In phenomenclogiocal investigations the Pomeron is approzilated by.
two-gluon exchange (low~Nussinov model 9),fig.7a) swith the higher
order gluon exchanges assumed to cancel out 70). The exchanged gluons
-can interact with eaoh of the two/three hadron-quarks giving rise to
negative coherent besides of the incoherent contributions 71) {£ig.Tb)s
Immediate consequences of this picture are s'multiparticle production
follows from the separation of color and the consequent gluon radiation,
zero flavor but color quﬁntnm number exchange, interference effects
cancel infrared divergences, a constant or logarithmically increasiﬁg
total croas section due to the vector nature of ginonﬁ,generalized-quark‘
counting,sensitivity on the size of the c¢olliding bound states with s
dependence on the (keavy) guark masses . The total oross section size
is achieved at the expense of asw, 2 (3} 4 2nd the non-perturbative
effects are mostly ignored, The above insight were derived from simple
model calculations based on gluon radiation 72,71)
diffractive excitétion 732,b) predicts a far bigger cross section and

73e),

« Their extension to

mean (pf) 1f compared with traditional approachee

4.2 Inolusive Soft-Hadron Production

The stability of the longitudinal phase space and the logarithmic
increase of ihe average multiplicity, as predicted by Mueller~Regge
theory 74), are here of foremost interest, Could the rapid development

of the. ceutral rapxdity plateau and its increase with energy sigmal a
new phenomencn (see section 2. 1) and will the Py distribution still be

damped ? Correlation measurements, giving insight into the process of

cluster formation and fragmentation gare not expected to change draatically,
and similarly =-ctill bazed on ISR experience- particle ratios should vary

litile 3) .

The data of the single partigle inolusive ¢ross sectioms 75) are in
the fragmentation region parametrized as X, (dcf/dxF) =C (1--::},)n .
xp (= 2pn/f5’) is the Feynmaﬁ scaling variable and the expoment m changes

for different processes, e.g. n(p»%') =2 3, n(pex ) ¥ 4, n(p» k') =2 2,5.
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Three charactferistic observations emerge: (i) the fragmentation domain

_ depends on the gquantum numbers of the fragmenting and the produced

hadrons tut the momentum shape in the centralrregion is gquantum
number independent; the cross section size can be understood from quark
statistios, (ii) pion production in the muoleon fragaentation region
reflects the valence Quark distribution in the nucleon ,{iii) the
longitudinal,transverse and multiplicity behaviour of the produced
hadrons are similar to the e'e and deep-inelastic jets from quark
fragmentation 75). e '

Whilst exposing the existing models,we first discuss the central
and subsequently focus on the fragmeniation region.Multiparticle
production in QCB 72) ia preauﬁed to occur as a resqi¥'of color

separation « After the (Low-Nussinov) two-gluon exchange has taken
place the octet 'mesons! radiate gluons which in turﬁ ereate g pairs
and/or multi-gluonsysoft~gluone from the exchanged glupns can also
cceur (fige7c) . Ultimately these radiation'products form through nop—~
ﬁerturbative means the final state hadrons.Exzctly how much radiation
or particle production takes place and how the radiated partic1e6~are
distributed is controlled by the relative momentum of the colored
partoﬁé leaving the gluon-exchange process, Model ca2lculations for
hadron and e'e initiated processges indicate charactgristic asymptotic
featuree : for transverse momenta Q small as compared to the typical
bound state momentum C,‘ the rapidity distrilution dzn/er dqi of

the emitteé gluon -is uniform with a q:zrdecrease as in e'e annihilation.
The difference in color—charge of the radiating octet jets results in
a factor 9/4 larger hadron plateai than in e’e  annihilation. At large
q, there is a q;4 decrease due to the cancellations :mong the full
gauge invariant set of<hadronic subprocesses. The\q: ~tail in ete”
annihilation causes a logarithmically rising central rapidity plateau
di/dn with growing c.m. energy ,whereas the ceniral gluon plateau in
hadronic collisions does not increase (in this order of perturbation
theory) o The hadron/ e'e” ratio thus decreases,with estimated values
" 1,0 (v 0,5) for Y3 = 18 (30) GeV. The fall-off at larger p,-values
is essentially responsible for the energy dependence of the central.

-~
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platesu .If (q,) -~ £.¥5 ,the q;?-tail generates a logarithmic rise.
Viewing particle production as : color separation,streckhed flux tubes,
,qE creation,the plateau height is anticipated to depend exclusively on
the available energy of the separatiné color systeme Such function,as well
as the fraction f,are expected to be independent of the particular
physical process causing the color separation. As a result the "radiation"
and resulting multiplicity are exclusively determined by the color
structure and the available final-state c.me. energy. If qt4§€% the
competing contributions to dN/Hy can cause a dip near y=0 which is
absent in e+é- annihilation , The hadron gize influences ( via lt) the
plateau heighi,smaller hadrons give rise to a higher platean. QED-like
gluon radiation from separating color charges predicts the charge

multiplicity to increase as a second order poiynomial in 1n = 762) or

even stronger 76b).

At sufficiently high energies low—p_t collisions can generzte partons
with largg invariant masses vhere perturbative QCD 2gain applies.
Assuming independent and coherent gquark~quark scattering Hi{h a fixed
momentum transfer Ar~1 GeV the main features (2dditional to the above)
of such prdcesses are 77): the low-pt hadronic system arises from two
compoﬁents,the "spectators” with fixed transverse spread, and the
“gtruck” quarks (with V;zju 10 GeV) giving rise to progressively broader
hadron jets (similar to e+e_-je1;s) .ypossibly of a forked structure. The
<pi> is thus expected to rise by a factor ~ 2 as we go to collider
energies and the lopgitudinal momentum distributions should soften with
a possible violation of Feynman scaling. Gluon radiation from the
incoming quarks causes a reduced invariant mass of the fstruck:! qﬁarks
and hence smaller {p':") and (n)?'pan for events due to valence Quark
scattering . .

The dual-topological-unitarization(DTU) approach
production assumes that during hadron collision tube-like color-singlet
systems are created consisting of 3 and 3 coler charge at the two ends.

Their moving in opposite directians streches the connecting gluon flux

78) to multiparticle
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IinPs s resulting in hadron production , Since in each colliding
hadron there are minimal two quarks one may expect two (or more) such
processes simultaneously to occur.The proton in these calculations is
treated as a 3(q) and 3(qq) system ,the latter carrying most of its
vparent-hadron momentum. Practical calculations involve convoiutions
over the joint probabilitf'that the two~quark system takes fractiomns

e and z, of the incident momenta and over the ete fragmentation
functions. The Pomeron thus arises through unitarity as a reflection
of two non—interfering"chains" of particles each with its own rezpidity
spectrum as found in e+e- annihilation(at the corresponding energy) .
The two spectra can be different in shape and mtually displaced,and the
central plateaun region can consequently arise from different scenario.
At present energies the heights follow : (pp) < (%p) < (pp) where
(h1h2) indicates the two hadrons initiating the single particle soft- -
inclusive process. (pp) is the sum of heighte of two shoulders while
(pP) is the sum of two central marximas the (¥ p) case, of (pp) and (pp)
type,falis in between (fig.8 a,b) » Further characteristios are : no
spin-1 and color exchange and noc dependence on the size of the initial
hadrons,quark counting applies ,at higher energies appearance of a rapid}y
rising bump in (pp) near y=0 ,the hadronic central plateau heights
eventuzlly reach similar values about twice the eTe platean (at the
appropriately reduced energy).The partonic three-~cha2in mechanism
(figs8e) involving (g,a) chains only (as opposed to {2q,q5) and {a,a)
chains for the ?omeron) leads to a2 spectacular increase of the pB

central multiplicity height which at asymptotic energies liss a factor °
79)
L ]

80)

3/2 above the Pomeron expectations

In the valon-recombination model malti-hadron production in the

central region is due to the glue and sea of the colliding hzdrons.The
valence quarks ,on the contrary,wil recombine®with a parton from the sea
to reproduce 2 hadron at large x. Sinoce the sea parton has very smzll x,
the momentum of the final state hadron will essentially be the same =2s
that of the valence quark . In ihe further development of this model a
distinction between the constituent quark { ®tvalont ) and the cufrent
quark ( ® 'quark' ) is made with a valon momentum distribution in the

«

F P }
2
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nucleon FV/b(x) and a quark momentum distridntion in the valon Fv(z)
construoted such that their convoluiion reproduces the deep-inelastic
structure functions {fig.92) « A valon is physically interpreted as a -

- valence~quark plus its assgociated sea quarks and gluons due to the
dressing process in QCD. A lou-pt hadron-~hadron collision is then viewed
as a milti-stage process: initial hadron mvva.lons Lz-Lpartons -(—BL
valons.gél-produced had}ons » Stage (4),giving the probability of tu;
(three} valons to recombine into a final state meson {baryon) (fig.9b)},
is governed by the recombination function (2 joint multi-valon momentum
distribution) whose open parameters are fixed by phenomenological analyses.
This model describes successfully many gsingle particle inclusive distributions
in the fragmentation reglon,and its application on other processes {eage
quark fragmentation,form factors,pion decay constant) does not signal
significant inconsistencies. .

In order to understand hadron production in the fragmentation regions

a description for guark and diqﬁark fragsmentation into hadrons is needed.

Point-like QCD fragmentation 72) of quarks assumes that qa;pairs are
create& out of the vaccum by lowest order quark-zluon diagrams with
subsequent tyoréuark asgooiation into mesons . The fragmenfation functions
follow fronm folding the perturbative process (motivated br the far
off-shell mass of the quarks) with the meson bound state wave function. -
Simple analyses lead to dN/dz r~ (1-2)" shere D=2 ny + My = 1 is
specified by simple cognting Tules . np = number of ‘'point-like'
spectators to the emission and nH = number of thadronict spectaiors.

The analysis of simple graphs indicates n=1,2 . This reasoning,extended to
diquark fragmentation with higher n—vﬁlues,pérmits a gqualitative under-
standing of the data. Valon~recombination 80) instead operates with CD
evolved valon momentum distributions. Using the rules of the jet calecuius 812
a two—quark momenium distribution is defined by valonw-zluon splitiing.

The fragmentation function finally follows from a convolution over the

two meson-quarks gnvolving the recpmbination function. As a result

aN/dz ~ (l—z)s(P )41 whare ;(pz) is the standard evolution parameter in

regions
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?(x) in the AP-corrections depending via the log-log function on the intial
istie . gquark off-shell mass p2| for typi&a.l valnes the exponent is 42,
as a - " . TheA above two methods are distinct. The,(l-z) power in the first one.is due .
ie to the off=-shell 'propagator in the tree~amplitude ‘whereas it results from
: viewed - the convolution in the second one . T
El We turn to hadronic fragmentations Three models exist: (a) gluon~
’ tw;:y : exchange with point-like QCD fragmentation 72) is in practical cale~
791}, 4 culations‘viewed as a two-step process: q(\or 2g)emission from the .
smentum fragmenting protoh according to the QCD predicted momentum distritution
analyses. and subseguent QCD bremssirahlung leading to meson formatione. The overall
digtribuiions process is therefore a convolution over the probability Q(x) to find the
s {edge fragmenting parton system with momentum fiaction x and over its QCD
nal fragnenta.tioniﬁmction discussed above. Since the fragmentation process
is predominant ,its counting rule powers appear again- in the final result.
regions (b) DTU hadron formation 76) follous the same ruless The fragmentation
needed. ' function however is parametrized with an =1« 2 OCe (t) exponent as
ire " predicted by the tr:fple—Regge limite t is the squared momentum difference
©h . between the fragmenting and the inclusive hadron . (c) Valon—recombinatiohao)
functions has been discussed earlier.
B Significant differences of these é.pproaches in the fragmentation regions
ctione - are sparse. Definite conclusions about the validity of one or the other
is ’ approach,which in the ond even might merge,is premature. For a comparison
. of their pred.:.ct:.ons with the data we refer to recent revieus 75)
-5,
ended to 5. W% and 2° Production _
nder— One of the main motivations for constructing the pp-collider was the
:n 3CD experimental verification of the wea.k intermediate bosons : W% ana z° .

81) : Their discovery permits direct tests of gauge theory ‘models. In the
-alculus ’ az)
Heznberwalmn model their masses are uniquely fixed by the Weinberg-

Jinge ‘ <

. the angle sin %, - 0.23*0.015) with values : M= 77.9 GeV and m o= 88.8 geV.
The total widths,proprotional to mu z ,depend on the number of leptons
and quarks in the 1heory.Leptonzc branching ratios are : B(H‘-v-l.t'l’) ‘2284

ter in

. and B(2%¢*”) ¥ 3%. The production cross sections (see Table I) 83)
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are estimated by the pa.r'ton.mc;del whera the scale depe_ndmt momen?nn
distributions {in leading-log'appmﬁ.mation) are fixed by deep—inélastic
leptan-had.ronxaca:ttering . -

At the "reasonable" luminosity of Lel0>Jom 28 Y (vhich possibly will
be reached during the first year) one expeots to collect 5-10 .evonta
per day of the type H*-;b-l*y (fig.10) . Due to their weak coupling,
th Wt are expected to be prédncedA with polarisation which causes -
considerable asymmetry in the lepton spectra in the forward direction
(fig.11) 84) rpout. 15% of the W¥ decay into hadronic channelsy (heavy)
quark and gluon jeté are quite likely, The channel Z° -> f,"‘- is
. experimentally cleaner,btut an order of magntidue lower in cross section
(fige12) . The experimental effort is ooncentrated onm the leptonmic
decays, They are thought to be the most promising ones with respect to
signéture and background because QCD jets of large i’t will probably out-
number the gquark=jet decays of the geak bhosons. -

Weak boson production and subsequent decay into leptons is a rare
process. About one event of the type Wi-y{ivis hidden among 10° normal
hadronic events.The rérity is,hewever, comﬁensated by effectivé triggering 2). '

The discovery of the w* ana 2° will open the possibility for several

interesting investigations 83). As an example we meniion the renormalization

group summation of the pértur‘bativa QCD corrections 4). Zo' production -

offers the possibility to test its predictions at a large Qz point where
ORS(QE) is small and the next—to-leading corrections are sufficienily

dampened, The collider will start rumning at the highest possibly energ¥.

By dec?easing = (at Qz- 20) we vary T to larger values , The QJCD-corrections
manifest themselves strdngest at the amallest T -~values with substantial
sross section decrease a.s T grows. Comparing with the simple scaling
‘-pr_edictions, .where the cross section remains roughly constant,we notice

a signifioant difference (figel3) 85) -which can be verified by the

. experiment, ¢ -
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6. Drell-fan and Relatsd Processes
The study of Drell-Yan lepton—pair production
-1s limited by the (1‘/Q4) fall-off of the cross section (fig.l4). By
going to large s-values the small and smallest /T -Tange is therefore
better teated than in earlisr experiments,We further mention:the s-
dependence of the r-pa.ir average transverse momentum ,the QCD-modified

86) with the collider

_ parton distribution at smallest V"F-values,the K-factor,correlations

between 'the off=-shell photon and a jet, and the dynamical behaviour of
lou-p_t hadrons associated with a Drell-Yan tg;gger 87).

The production of heavy -narrow J3-states such as JAt ,Aywis of
high interest. Several production mechanisms contribute: QZI-rule suppressed
transitions from standard to heavy quarks , heavy quarké involved in the
structure function of the oolliding hadrons (particularly at large Qz),

two-:gluon annihilation producing a C=+1 bound state which radiatively

deca.ys inte vector mesons. The production cross seot:.ons for the presently
known states follow a phenomenological scaling law 8? ) (l—' )—1 na D‘/de -
£ s/H ,:L) « ¥ is the meson maas , \—' the partial width of the meson
decaying into ordinary hadrons, and x = ZpL/ ¥8 is the Feynman scaling -
variable . The searoh for narrow vector states is limited by the overall
production rate rather tham by the background (fig.15) « With sufficient
counti.'ng rates,correlation measuremenis between the narrow states and '

opposite jets become possible giving more infgrmation about the underlying

90)

gquark-gluon processes .
The production of open flavors 91) is more copious tham the production

-

- of massive lepton pairs.Perturbative QD calculations assume either heavy

flavor "creation" via quark/gluon annihilation or flavor "excitation" from
the sea. They suffer from several shortcomings such as the precise knouledge.
of the distritution functions,the bound state effects,the influence of the
primordial p 1;,}A-—depamlem:e etc. For an extended overview we refer to

ref.92 . The crose section for open=beauty production is eetimated

~ 10 pb (fig.16) . However, due to its chain-like decays into lower mass
hadrons,tbe experimental signatures are not clear enough to permit efficient
tnggering.lultz-lepton signatures or measurement- of dilepton correlations

might poasibly diseptangle a veauty-signal from background 93)
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The production of prompt photons 94,95) is another clean source of
information.on the constituent dyhamics.Its 0—£h order constituent
process is Q0D hard scattering (confiﬁ;ﬁent type effects are ignored)
such as qq ¥+g 298 > a+y " and q_q‘-b- a9+ § .« As we go towards
large xk-values the qx' final state is expected to dominate whereas at
low xy gy is predominant. The - ¥ /k’ ratio increuses beyond 1 as pt
reaches 3040 GeV/b « The single-photon 1ncluszve distribution decrezses
roughly exponential .The order-dh YD processeP give rise to away-side
quark/gluon jets vhereas accompanying towards-jets can only come from
the order o( Q0D graphs .Several studies come o mind sthe gluon dis-
trxbutlon can be determined, xt—scal1ng can be verified over,a wide range,
correlations with the auay-side jets permit the study of their fragmentation

functions,higher=twist effects might be isolated.

Te Higgs Particles,TechnicolngThree-Boson Couplinge.

The standard Sszﬂl model of the weak interactions describes successfully —
a wide range of phenomenological data with one single parameter sin 6,
and it provides definite information about the Wt and 2° masses. However,
there is a corner of the model that is still obscure,i.e. how the mass~
generation comes about, In the original form,the initermediate boson masses

are D,nera.ted by the fundamental scalar Higes fields 96). Three of them
° is left

are used up for the mass-generation, and a neutral Higgs boson H
as =z physical particles Though its coupling to the intermediate bosons
a2nd quarks are given by ihe model,its mass is completely'unconétrained.
Theoretical brgdjud;on favors mHo ~N 10 GeVe. )

Tstimates of the decay modes as a function of its ‘mass indicate a
predominance of Ho-r"#r, cc ’ bb 1n the mass range 4 GeV < m,0 < 12 GeV,
while for 12 GeV < M0 < 200 GeV 1t p*eferentlally decays into the
hedviest 7 {or A L ) pa;rs. This suggests that B° ~decay may contazn
prompt leptons and/or strange varticles. The cascads decay 1nvolv1ng heavy
qparks results in several final state leptons.

In hadren initiated reaciions Higgs particles can be prodnced in several
ways: (2) via two-gluon annihilation. The cross section in the collider
energy range is estimated UVHo ~ 10730 on (£ig.17) 97). A recent study
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on trilepton events 93)conclﬁagd thai.useful signatures emerge from
their dilepton mass spectrum and some newly proposed transverse momentum
variabie JAn‘overhelming background could make such attempt rather
difficult. (b) via Q2 (or z°) -~ H°+-3 with a peak in the photon

spectrums The large number of y’ resulting from 7r°-decay will form a

_considerable background problem . (¢) via Higgs~bremsstrahlung off vector

bosons (fig.l&) 98). The bremsstrahlung of the Ho by a Zo produced in
hadronic scattering shows up as a2 bump ip the di-lepton mass distribution
with a fast falleoff at Q = mzo - mHo 99). This- possibility is however

-3_, -4

-10 ' as compared to

constrained by the large suppression factor of 10
simple Zolproduction, quite apart from the.fact that the number of Zo
decaying into lepton pairs is*restrained. (a) if mHo>>.2 mb,triggering
on two hadron\jetg could offer another possibility.

The system of spinless Higgs-particles generating masses in the standard
2‘“1 theory is unsatisfactory 2 s technicolor 100) as an alternative
was' recently proposed. The essential ingrediente are : (i) 2 new set of
massless technifermions s(ii) 2 corresponding set of gause-technigluons.
which cénfine the techniguarks into technicolor singlet bound states -
similar to 4CD though at the v 1 TeV mass scale, (iii) chiral symmetry
breaking of the technicolor lLagrangian leading to 2 large number of .0
Coldstone bosons,(iv) they take over the rSle of the Higgs bosons . This
scheme predicts a wealth of new particles notably the color-singlet
bosons PO’3 with moasses 5&3 GeV , and Pt with their masses anticipated
in the 3=14 GeV range. The production of P° via two-gluon annihilation
is estimzted tc be predominante The rate lies a factor 5 above analogous
Ho-expectations o The .l+£- decay mode offers a2 possibility for P°
dzetection although under a considerable background . Similar reasoning is
applied on the {%echni-) color-ooctet etates Pg" Pg « The productiorn
rate for the neutral state,again estimated via two-gluon ammihilation,is
at the pb-levely the rates for the other states are substantially below.
The donznaat decays of PB ,1t| mass is ent1m&tod around 250 GeV,will be
into ¢g ‘and heavy Ql. A significant signal eould be : events with pairs

of heavy quark jets,
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Non—abelian gauge theories allow for tri-linear coupl1ng§ such as
H W Z or H—Wtb’ 101) The next step after the intormediate bosons are

discovered consists in an’ experimental verificaiion of their existence.

If,for the identification of these processes,ihe wéak decay modes are
used,one aims at the experimental verification of higher order weak
interaction effecta. Based on simple Drell-Yan qg annihilation'the
simultaneous production of iwo weak bosons (e.z. 1\1+H— + X) has been
estimated (figs.19,20); the cross section rates are : ' (W' )R3

& (1#2°%) v 107%n?, 612°2°) ~ 107ca® s Gy ) o 5-20Pen” .
He thus expect about 1 event in 103 WE events to contain a second gauge
-boson. In pﬁ colligions the H+ ( H-) is preferably emitted along the
proton (antiproton) initial direction j fhe z° however are emitted in both
forward and backward cones.. le have also indicated the rate for W*b"
production whick allows for the determination of the Wt 2 —factor

(/Z.M ) (ar )

chosen as the p => W

appearing in its magnetic momentum : f‘w
The angular d1str1but10n of pp - 0y ¥+ X ywith GCH
= =0,33 its size

angle ,reveals a characteristic minimum around cosecM

depends sensitively on ® . The standard SszUl model predicts & = 1 with

a vanishing cross section at the minimum point (fig.21) .

8.3umma.

#ith this paper we aimeci :to sketch the physics at the ps collider by
extrapolating from the present~day available theoretical and exper:mental
information to the soon accessibler energy range of maximum 540 GeV center-
of-mass energye. The covered fields are : (a) insights from cosmic-ray
data on.the general feaiures of hadronic events and possibly surprising

nev phenomena,(b) production of hadrons at large- and 3ma.11—pt,( ¢) experimental

verification of the weak bosons WT and zo,(d) production of massive

lepton pairg,new flavors and dixlect shotons,(e) search for Higss particles
or technicolor, and the veriification of the triple-boson couplings via
bosou-pair production. Our presentat-ion ropeatedly encountered
perturbative QCD in its various applications , and it oovered several kecy

fecatures of electromagnetic-weak unification .
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Figu_ze Captions

Figel Qrd.er—g2 QCD diagrams contributing to gg-scattering with
the tripla~gluon vertex shown in (c) .

-

Pig.2 : Trangverse thrust distribtution for the different sub~
processesjtihe dotted curves indicate the p, ~smeared
. - . t
two-jet contribution.

al,

e« Brown
et 31.’

Figed : P distribution with 2 trigger momentum p, s T7-8 GeV/c at
various x ~bins. The smeared 3-jet contribution is shown by
the dashed curves.

Fige4d Inclusive N'o production at la.rge-—pt as measured at the I3R.

Fige5 : Comparison between the jet=~ and single particle rates,

Fig.6 Predioted jet-rates at the pp collider.

FigeT 3 a.)- Two-gluon exchange in the Low=Nussinov-model for the Pomeron .

b) Four of the 16 diagrems contributing to the coherent
Low=liussinov-model jthe last two diagrams contribute
- with a negative sign. )
¢) Soft=gluon radiation in the low-lNussinov-model,

a) Two displaced chains in the DTU-model and 4he resulting-
y-distribution. )

vV b) Short~long range chains in the DTU-model and the resulting
y-distribution. . )

c) Three-chzain contribution in ps aimihilation;the resuliing
w=~distribution is ooapared with the analogous of the Pomeron.

Figs9 'z 2) Deep—inelastic scatiering in the valon-recombination model.

b) Pion generation via valon-antivalon recombination,
MigelO ¢ Pt-spectrum of leptons originating from ui,z° and Drell-Y¥an .

Fige.ll : Three dimensional distribution of the single-~lepion spectrum
in pp collisions.

Figs1l2 3+ Total cross section for z° production with (solid curves) and
without {dashed curves) QCD corrections.

Figel3l 3 The 2% and DY-prcduotion cross gectionss A and B are defined
in refs 85 . N
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Invariant mass spectrum of lepton pairs via z° sy O¥ and
heavy quarks .

a) Inclusive cross sections for J/%(.)'prcduction sand
scaled up f (A ) and Ah' (1 ) predictions .

b) Production of lepton-pairs via heavy onia:inclusive cross
section times branching ratio .

" Total cross section for bYeauty production in pE collisions.,

Inclusive Higrs-particle productior via two-gluon
annihilation at YS'= 27,560,400 GeV (fine,horizontal,vertical

shading) « .

Rate og aszociated production of Higgs mesan with Wt oor
with Z2° versus !H,expreSSed\ zs a fraction of +otal
or Z oroduction .

The tgtal cgogs section fEr pf; > TN+ K ’ PS -rir'i Z°+X,
and pp <+ 22 + X {x=sin"8 = 0.2) .

L g +, - . .
Total ceross section for vp & U H +X as a function of the

d-mass.

The differsntial cross section 46 /dcosé for p§ > ‘;'.'-bﬂ + X
and pp ¥ ¥y + X . @ is'the angle between the 4 2nd the
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JETS IN " ¢  ANNIHNILATION AND GCD v

Fernanda Barrsiro

Gesamthochachule Siegen,Siegen,Fed.Rep.Germany

Q3 Introduction )

-

Recenlly § greaf deal of atlention is being paid to lhe
study of jet farmation in hadron-hadren, leplen-hadran and leéptons
lepton {nteractjony.

In the cage of the hadronic final statas praduced in ot
annxhx;gtlans.gutdenee faor tuo Jel production was found at SPEAR and
OCRIS [1]. The conngetion beliieen The observed tuo jet slryctures gnd
the production and subsequent decay af a quark-sntiquark pyir uas
established by lcoking at the angular distribution of the jel axis
Hith respect 1o the bean |2].

Hith the advent of the high energiss available §t PERA,
evidence for a deparlure from the tng jel logology wWas found [3j.

Our current understanding of aultijel productlion jg based on JD, the
dynamical theory af quarks and veclors gluons |4}. Ip this Thecry

the originally prcoduced gquark-antiquary pair asy radiate gluans which
in turn may deyalape into ingepencent |els, in quajitative pgre-nonl
with tha data 3t PETRA energies.

A quantitative compariscn betusen dala gnd OCD predactiens
has aluays to face a serious probles. namely the presence qf non-per
turbative effects . not yet calculable.The asst popular approach
to this precblem consists in falding onlc & perturbalive GCD predic-
tion to a given order the fragaentatiaon properties of quarks and
gluans |5.6:7.8| . A mors unorthocox approach consitts {n searching
for aeasures which
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a) don’t depénd or“depe;d minimally on fragsentation sffects or
b khose dependence can be sdutately guessed uith an lhdlttycnl
parametrization-
The aiam of this lecturs iz to illusirate how these
sappraaches. uork for t;e purpase af ;
‘13 determining the strong coupling constant
4FT deterpining the spin of the gluon
iil) understanding fhe energy dependsnce of jet Reasures

I3 Deternination of the $trong coupling constant
The departyry of the tho jet topology tound at PETRA.re-
sulting in some golden gases in explicit three et svenls, see 1ig.1,
15 best established by looking al the population density in a Dalifze
like plot splgnarity vs. sphericily [ or 1thrust vs. 1Iriplicity)d or
eise by looking at the broadening of the pt distributlions with res-
pect to the jgt axli. figs 2-3~4 . I1 is commonly believed that se-
lecling events uith large sphericity and small splanarity [a}terny-
tively small thrust and large triplicily) resulls in sampling a ra-
gion rich (n three el svents ,whose number is direcily proportional
10 The strong coupling constant, Qna where the contamination from ko
jot events is ainimal.Selecting evenls with small sphericity (or lar=-
ge thrust) resulls in sampling a region rich in tko fel events wWith
& non-negl igible contaaination of threg el evenls where the enitled
gluaﬁ i{s highly collinear With respect 10 the parsnt qu-rulln orge
or Yo extract from the data a valus for the strong coupl ing constant
|S}. the strategy adopled by most of The groups working at PETRA uas
ad Get a rough estimate of g from the nusber §f jhres jei evenis
in a reglon where the contamination 7ros tua Jetl evenls is
aininal ) :
bJ Deteraine the fragssntation paraselers using a sasple doaina-
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ted by supposedly twa jet events
cJ) With the values for the fragmentatlon parameters previcusly
abtained repeatl-step a) and study the systematics

Tha'.c using this approach in the cantext af the Monte Carlo
csiculations described ¢(n ref {7] ope Is able to seperate fragmenta-
tion from perturbative effecty is bpsl exyenplified in 71g.5. Here
TASSO data an sphericily. aplanarity and jongituding} specirz at 12
Gev (fragmentation dominatedl and 30 Gev fuhepe per;urhquuq effects
are already sizeable] is shown. .

The PLUTA-group has followed & differspl #pProach jased on
the cluster algorithm Jdescribed in ref ]1Q]. The algeriiha WQrks as
folious

1) Collects particles {,} in precluslers when 9;3 -
Callects preclusters k,1 tntc clusters uhen 9""‘13

2} Order clusters according to their energy

El > Exg> ... Ey

. 33 Take minimum number which satisfies E, ¢ E,+....¢ !ﬂr E 11-€ 13
wherq E stands for the c.a. energy.

43 Identify those clusters whose energy is greater jhan 3 given
threshold E . (lypically 2 Gev] uilh jels and mejsure their

four mamenta

The parameters o, B, € which enter in the algoritha
are fixed 1o those valuss which allow an optimal reconstruction
of lhe number and directlions of hard partons generaled in typical
the and three jet Monte Carle progrems al 30 Gev c.m. energy, see
Tig 5. khen appiled 1o tha data the resulting number of jels though
doainated by n, =2 shous & non-negligible amcunt of threo:jo! suants

»is
see Tig.7. The nuaber of three el evenls can be explained neither
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by a tuc jet tonte Carle, no matter which frageentation parameters
are pul in, nor by & linear combination of 40 }el and phase spacs
evenls Wwith arbitrary admixture.It is hoyever well described by a

linear combination of tio and threa jel svents pielding 3 vajue of
ds=3.15 at 38 Geu c.n. gnergy.

Seleciing the tuo jel sample one fixag the fragmentatlion
paramelers in particular 6% to 293+20 Mev. Sclecfxng the threy jet
sample and imposing gddjtional cuts which minimjzes the contamination
from Lo jel evenls ong {s akle to reconstruct the directions and
energies of the origipgl hard partons. These ars used 1o determine
the thrust distribution ptl the partion leyel which can bs direcily
compared 1o The Tirsi order GCO prediction [12]. The resulls shoun in

.Tig. B yields )
ds =3.15 + 0.83 + (2,023
A summary of the resulls obtained by The four groups
JADE, MARK J, PLUTO and TASSO is presented in Table I. All four
determinations agree prelty well uithin quoted errors. This is no
surprise since all four groups have based their analysis on GCOD
predictions in first order and the same phenomenclogical moce: for
the descriplicn of fragmentation effeqt:. It would be desirable Ié
nave 8 ccmpiete inclusion of second order sttects in the Monte Carlo
programs which are currently used. Equally des{rable would be to in-
vestigale how sensitive This determinatin af g 1is o fragmentation
effegts described by other models than that of Fielq and Feypman.
. To really establish thatl the senaration betdesn FD and
fragmentation effects have been done preperly an extensien af curreng
tnvestigations at higher enrgies would be extrenly imporiant in par-
ticular 1o see whether qs 1s behaving Hith energy as -xpcci-d.
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10 Cetermination of the gluon spin
The camparison described at The end of section 1] between

the thrust distribution measured at the parton level and tha first
order GCO prediction not only serves lp delprying g but also can be
used to discriminate ggainst scalar gluon theoriqs. The mean thrust
expeéted in a scylyr quon theocry is 53871 in disagresnent With the
éxperlmental valye af Q.898 ¢+ 3.0QS, ges fig. B. Aclually Tthe sphe-
Focity distrinuticn g§ the parlon leus) ., fig. €. offers hptier dis-
crimination power. ’

The TASSO group has Tqllowed & qifferent approagh |13
originally suggested in ref |14}, They Juse The netﬁgd ot 'enpralgxgd
sphericity |1S] to reconstruct the dirgctions Q,.Q,P*and qnergies
x1.x2 %3 of the three jels. These are gqrdered such fhyt xlyxP>x32
aﬁd salisfy the normalization property xis+xg+*x3I=3 .’vtnts gith x1>0.8
are considered. fs lllustrated in Tig. 1pga (he suen} |3 bagsled into
the rest frame of the second and third Jel . ong uf'wﬂich pecause of
the previously discussed ordering 15 mQsl likaly the gluon Jet. In
this reference system the angle § betwepn 1he fastes} jel anc The
direction of the 2-3 axis is sensitive 1p gjuon spin. [Fig (e shous
how this angular distributicn conpares pith they QER Prpgic;ton,vector
gluunsi and with the expectalicns from & scglar glugn podn'. F&early

the spin @ assignment is distavouresd.

1113 The energy depence of jat measurss

Al Thrust

. Traditionaily the jet characler of the hadronic fTinal
states produced in e*e annihilations has baen investigetad in terms
of uariables like thrust |15 or sphericily |17]. Thrust is defined

é: I

Ts aax
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shere the sum runs cuer all partzéles in & given event and p,. stands
for the component @f the momentum of the ith particle parallsl to ihe
jel axls.Freliminery recults frpp PLUTOD are shown im fig.11. All par-
ticles charged rnd neutral have peon included in 1he analysis and co=
rrections foi- deteqter acoeplancp ang resclulicn as well as for ini-
Ti2i state radiatliue effecls have besn taken 1nto‘account.lt can be
szen hor the jhrust distiributions pecoms nerrcower as the energy ine
qrease§ Wilh the pasiticn pf thp peak shifting touards T-==1

At tha highsp energies these features of the data
are Hell described by Monte Carlg calculatiors which include GCD
effects in the first, second or leading order [6,7,8] while Fieldg
Feynmap |S| falls at describing the data above 2@ Gev. For comple~
taness e alyo show the pure GCD predictions in first |12] and lea-
ding order |18|. One can see thal even al the highest energles avai-
lable at PETRA there are large deviations belueen data and bare GCO
predictions, indicative of the imporilance of non-perturbalive effects.
A betler understanding of the interplay belueen perturbalive and non
perturbtive effects can be gained by locking, fig, 12, at the mean
<1=T> values as a funciion of ¢.m. energy. As shoun in Thig fig..s
good description cf the dala can be oplained by adding 1o the XD
prediction a non-periurbalive caontrlbution of the fora [15]

<> > )
<1 =T> - -----:E:-!f.- 23

N 2 ve

wiere <> can be extracted from our data and <p,.>m_1= Tixed 1o 202 Mew
a .
The resulting X i5 good and the values for the only fres parameter

inuolued in the i1 is o (3D Gevli= 2.16 « @.@1 in good agresment
Hilh previous estimales discussed in Secl. I.

B3 Jat cpening angle

A sinilar anmalysis cennol be made {n terns of sph.rtcity(S]
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distributions because of the infrered unstable propertiss of this var-

iable. However the quantity
E. sin’5 . ’
(32

which iz somehou related to «<5> can be gpfoij;' cylcyjated .N'l rerturbq-
tive QCD |19|. In (33 E denotps tha energy of the ifh parjicje and
5 stands for i1s angle with respect 1o jhe jet axig. The - <ata, fullg
corrected for detector and injiial state radialiue ¢ffeci: ;s shoun
in f1g. 13. It can be ell degcribed by fhe linear gup of a GCD tery

and a non-perturbativy spntriputiocn namejy

N c
cxnzf- 'E\ » rz:_r,nf . {2

shere C iz a paraseter describing the engrgy depance g he pean
charged multiplicity-as <n >='8+ C lns , The resyiting yalve for
XACF 15 1.1 and the fitted values for The two frpe parqasters invol-
ved are 4,03 GeuJ= .18 + .02 and C RpsQ-78 ¢ R12 9aip 4n good

agreesent With previous estimates..

C) Jet transverse monenta .

. As can be seen from Tig 2 one of-the mogf sjgnificant
features of e e annihilatfion final stales is the broadening of the
transusrse nomenlum distributions as & function of increasing energy.
A useful quanufy 'nihtch has been recentliy shewn to be calcu;aﬁle in
QCD perturbation theory is ‘EPT > where pp stands for thc’trnnsuer-
se nomentus of the ith particlie With respecl Tc the jei axis and 1he
sus Ls running cver all particles in a given final stite. The follow-
ing predictiion in the leading log approximatlion can be fm..nd in ref
12zl :

< ZP > h . L
wemaebuene = 1.29 8y (53
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whers o, is the strong coupling constant. Carrected velues rof the
left hand side af Eq. (5) can be found in fig. 14. Also shoun ars the
resulls of a 74T 1o the prevjously discussed prediction. The resuls
. ting e 12 for ? degraes of fregcom and thq best astimats for A
the only free paremester in the 711 jrough the relatien «fé1A)n (s/4)
is 520 + 25 Mev yielding o,(5=32 Geul = @.20 + A.Q). Noticq that
but for the points AT 12 and 13 Gey Khich are S1gh|iy higher. refing-
ting the crossing af the bBd threshold ., the datly shons & smaolh eneryy
dependence as expecleg from (S). Note howpusl thal because our datly
spans a rilctiuoiy saal} energy rangs we are naf sensitive 1q gxcludy
the presence of small ( end constant with snprgyl fragmentation cone

tributtons.
D3 Enorgy-ehorgy correajations

It has been suggested 28| 1that energy Helghted distribue
tions should be less sensitive To fragmentaticn prfe¢ts. In particue
lar this is cxpéctcd 10 be 0 in back-to-back qmrgy-o'mrg;.; correlav
tions.The PLLTY greup {21} hes measured the mrgy-cﬁ,rgy correlation

4 5 4 O
t(fim — = 2 —— T T, 392,42, (8]
4¢ a.bj § dz, 9z do ba
koere I, are tpe frccuonal‘ energies cyrriad guay py hadrops a and

b and & is the angle between their dirgctions of tught.‘ri\aso naa-
surenents have been made over 8 Hide range in ensrgies and fully co-
rrecting for detector snd initial state radiative effects. Tha data
is shown in fzg; 1S along With the expeclations from Monte’ Carlo cale
culations |5,6]| and from pure perturbative GCD predictions derived
in the LLA for the foruard and backuard regimes [22,23] and in Tirst

o
order far the central region 1.8 a SO .
It is clecr ftros this figure that while the LLA calcula-

tion in the foruard regicn snd the Tirst order prediction stay a fac-
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taor of 2 loHer than the data the LL calculation for back-to-back jets

describes roughly‘!he data atl energies abouve 20 Geu. ‘

A bejtar underatanding of the interplay betlkeen XD and
tragmentation effects |n ths cepjral reglon can be gained by looking
at the energy dgpengpnce of the lntegrttea cross section
which as shown (n fig. 16 can be KWell descrbed again by the linesr
sum of & QCO term and 3 non-gerturdative copfribution of the fors

(€61 = - grpy e i BINP 2

T VS 9in®
where th] can be calculated from first principles and C P> pp has
been previcusly discussed in comnectf{on WiTh {&).The resulting s
goud and the fol;éulng values for thes tuwo free paramaters invoived
are o,(32 Gevl= @.2¢ + 8.02 and c Proyp 1.0+ 2.2 .

IT has been suggesied thatl a clean signalure for gluon
biremstrahlung would be the observatlion of a forward-backnard assyme~
try in the energy-energy correlaticn. Pertinent daia is shosn in
fig. 17 along with Monte Carlc expectatiens. [S.5) and QUU predicitons
j24]. The following cobservations can be made

41 The assynelry distribulion seems ta be very litlle energy cdepen~
dent in the c.m. energy range 7.7 to 31.8 Gev

b) It is well described by FleldiFsynman ronte Carlq 31 low eners
yles .

¢l At high energles the xnclusiﬁn of GCD effacly iy mapeatory

d) The contribulions 1 the assymeilry due 1o fragmentation effgels
seem 10 be dying axay like 1/s .

e) At 23 Gev they are negligible thus explaining why The assymelry
data can be alTernalively well described by the pure first or=-
der QCO prediction.Thus higher stalistics data of Tais type
could in 1he fulure provide a clean Lay 1o delerzine g .KnoW-
iedge of the importance of second order effectc it highly de-

sirable.
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F) Hean charge -aultiplicity

i waulg f;hslly like tp make a-comment on the behaviour
af the mean charged gulliplicity ps & functivn of c.®. energy and
& jet measure like thrusf , cpherjcily or the jel mass.
The average charge mulliplioity for hadrons produced in
e* e annihilations rises Hith energy mych fastss ghen the simple
ln s dependence expecteq frpm loy energy data. The pnset Qf this he-
hauiour being at PETRA energies,upere quidence for gluon br'nﬁtrah-
lung has been found, leads one 1o tentatjvely assumg 3§ gorrgspon-
dance belween bolh phenomena. In this context the ‘mPartanc' gaf cq=
rrelating’ the fast increase in <n > Wilh the jai propertige pf thy
hadronic final states has been recently siresseq '25' . In fact a
distinctive feature of GCO s the expeglatjon qf § fast ingrease (n
“n., > nol only for those events uith manifest three Je; sirpcture,
characlerised by say large sphericily. but aizo for ;hg;e W;th stron-
ger lwo jel configuratlior where the effects of thq saf} quark cascade
should manifesi itself.
In order 1o 38l intc g desper unqers;qndlng 9T this parti-
culsr point we propose 1o measure <N, > &5 a fupetion nqt sply of c.a’
energy bul alsc for differant sliées in g Jeqt lqasur',ube ;' thrust
Sphericity or the jet mass. Pertinent dqlta qorrgcled fgr degjector
effects and radiatien in the initial state ars ghoxp in 119, 1% .The
following cobservations can be made
i) At & given energy the mean multiplicity N~ is larger —the uider
the jat .
413 <0, > rises faster lhan In.s depending very lillle uttﬁin our
error bars on lhe jel character of the final state
i11) the dependence af < nj > on c.h. energy and the Width af a jet
is Kell described by the ronle Carlo calculations ciscussed in
ref. |6]. The model of Field and Feynsan alsa gives a fair des-
cription of the dala but for the highesi snergies and ths small
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thrust {or else large sphericity or mass J regions{not showun)d
It has been found ihal the euvojutlicn of the peyn charged

mitiiplicity with the virtuality (mass) qQf fhe a3 pair 'EE;

<'n¢k>=a0bexp{a41n a/g\} (83

gives a goad represgntatlon of the data ;as,. It ts intaresting fo
see whether the avajutian of the multiplicity qf a singls quark let
with its virtuality (pas§) is similap |3Q]. Fig. 19 shays for the
combined 27.6 - 31.§ Jev gata the depanpdance af < an%3¢t an ilg
mass. The curve repregents the results of 3 fi} fe expression (8]
uhere ¢ has been Tiyeq ta 2.4 and A to S0a Mew, The ;:alues far § and
b resulting from the fit pre 1.8 ¢ q,1 and .01A + a'.aaps respecti-
vely nat fa~ from those abtained frog the s depmpdencs q' the event
multiplieity |29|,in suppert of ths theory of tha cqscgde gualution.

IV] Summary and concluslons,
The main results obtained at PETRA on jels and QCD can

be summarized as fallous ’

1l ALl PETRA groups have measurc.sd o, -al 32 Gew. Theg; all agree
uithin each other. They all are subject to ths same yncertainties
namely the depenéence oh a phencmenalecgical madel for descriling
the fragmentation properties of quarks and gluons.Furtherazcre
ziwey all depend on GCT calculations in first arder.]‘he importance
of second order corrections should be clearsd up. IT would be
desirable to reach higher energies sa ‘that deterpining %, as a-
funclion of ¢.a. energy would shou whether o exiracied This uay

is running or &t least walking.
i1) Early evidence for s s=t - gluon coming froa the PLUTD analysis of
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the Y decay [26] s confirmed in the analysis of three jet

events al PETRRAR.

{113 Distributions on ]Jet measures shod that GCD predictions not su-
pplemented by some knowledge qf the fragmenfaljon effecis cannot
describe the data.The energy dependence of jet paasures like <T>

ar <lsin )L> can be uell) described by
variying with enerqy and a8 fragmentation terp dying auwap like

the sum af 4 GCO Isrm,slouly

‘vs’z

Data at high energjes ano knouledge af the imporiance af second
arder correctiong would help in confirming this emnrqin' picture.
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TABLE

1

A summary of recent determinatians of dy at 30 Gev
UALLE and ERRCR

GROUP
JACE
HARK J
PLLITO
TASSD
PLUTD
PLUTO

2.18
2.18
a.1S
8.17
8.18
a.186
2.20
0.20

+*

+

»>

-*

8.02 » (9.82)
p.82 + (9.4
2.83 + (3.823
g.02 + (P.02)
e.ez
2.2
8.oi
e.e2

METHOO
Threq jeol evenis

\J

1]
Energy dep. «winy >
Enemgu dep. -7
Energy dep. <Zp. >
Energy-energy corr.
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FIGURE CAPTIONS

A three jat event from PLUTT
Triplicity vs Thrust for PLUTQ data at 3@ Gew.

Observed mean values for longitudinal and transverse

momenta as § function of ¢.=m. gnergy. The dotted ling

shous the expectations fram Figld & Feynman rMonie Carile,
the solid jipe that of poyer ot al.

TASSO data gny the « par_ :q._ and « Pa'r o0 The

. Sphericity, aplanartty ang longitudinal spectrg ag 12

and 30 Gev as measured by TASSH, The curves ShQK The ex-
pectaticns from AL et a}, Monte Carlc calculations.

The distribution in thp numnber of jets found by The sluster

algor{thm described in ref. [1Q@] spplind lo different tone

fe Carlo generaled samples
The distribution in The number of jels found by The clusler

algorithm of ref. {10} when applied To PLUTC data atl 3G Gev

The thrust distribution at the partcn level measured from
a sample of three jel evenls from PLUTG. The solid line
shous the first order GCO prediction. The dashed and da-
shed-datted line show the expectations from scalar glUon
and constituent interchange noqels:

The spherocity distribulion al the parfon jevel sessured
from a sample of three jet events fras PLUTO. The golid
line sheus the first order GCD predicticn, The dashed lzn;

shows the expectatlions from a scalar giuon made}.

12 : a) Kipemalical illustration of the Ellis-fFaplinar grgle.

b3 TASSD data on the Ellis-Karliner angle alang uith a
comparison to a model With wector (soiid linel and

scalar (dotled lxnaz‘gluans.

11 : Normalized corrected thrust distributicns measured by

FLUTO froma 7.7 1o 31.6 Gev. Al 32 Gev and to illusiratle

-

Fig.

Fig. 1’

Fig. 1

Fig. 1

Fig. %,

Fig. 1



Fig. 12 :

Fig. 13 :

‘Fig. 14

Fig. 1S :

Fig. 16 :

Fig. 17 :
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hou signiﬂcmtly different they are, the expeclations
trom the Mielq & Feynman tontle Carlo (dotted line) and

- those from Monte Carlo cajculations a ;a Hoyer et al. (so-

lid line] and Odorico (daghed-dptied line) ara shown.

The dependencs on enprgy ef'<1—T> asasureq py PLUTQ. The
solid line ripresents the results of & it to the |jnear
sum of a QCD tern (dplled line} and a phenpmenological
simple frag%enta;xan term. See text for datajls.

The dependence on energy of < siay> measured py PLUTD. The
solid lina represenis the results of a fit ty the linear
sum of & QCO terns {dotted line] and a phenampnological
simple fragmentation term. See gext fopr detpjls.

The energy dependence of < ZFT’ . The 85134 jing rtfr.-
sents the resulls of a fit 1o a QCD predqiction |n e
leading log approximation. Sse fext tor datajlg.

Fully corrected data on the enepgy-energy corrajatipns
trom 7.7 up to 31.6 Gev. The solid ling reprasgnts the
expectalions from Hdnte Carlo calculatigns. Al jow sner-
gies Field & Feynman model was used, at high enqrgies
tirst order GCD effecis a ]a Hoyer el al. Were included.
The dolted iine represents the QCD predictions of KM
(foruard region), BBEL (central reglonl and OOT (pgckiard

region ).

The dependence on energy of the integir-alad ffrom Eﬂ’to
120%3 energy energy correlalion measured by~PLUTO. The
so0lid line represents.the results of a Tit to.th; linear
sun of a GCD term (dolTed line] and a phenonenolaéical
sinple fragmentation Ierm. See text for details.

The assynetlric componeni present iﬁ the energy energy
correlation measured by PLUTD:_ThO cﬁruos shou The expec-
talions from a pure fraguentation model (Field & Feynmanl,
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K
from a model where QCO effecis zre taken into account
C Hoyer et al. ) .as well as the results of the dbars I
first order GCO predictions by SBEL. ’ '

Fig. 18 : The mean charged particle aultipllcity as a fJunctiun of
c.@. energy and thy width of a Jet ( measursd by thrust
sphparieity or its inuariant sass 3l
Fig. 19 : The masp charged mujtiplicily of quark jeis produceq §n I
e’.l' eppihilagions 4T 2.6 - 31.5 Gev as & fungllon qf .
the jet jnuariant m3ss.
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