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ASPECTS OF EXPERIMENTAL HIGH T8AHSVERSE MOMENTUM PHYSICS
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New results froa experinents looking for large transverse momentum

processes in hadron interactions are discussed. Multiparticle final states

associated with a single high pT 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 pT phenomena. Evidence for multijet production is briefly

presented. Data from calorimeter experiments, which aim *t a detection of

the total jet energy, do not show jet structure. ,' • s , \
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1. INTRODUCTION

The goal of experiments dealing with high transverse momentum

phenomena is to probe the parton structure of hadrons by measurements of

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 q carrying

fractions x of the 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 collision at large angles to the

beam and opposite in azimuth carry colour and therefore fragment into

jet» of hadrons roughly preserving the parton direction. According to

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

momentum ia transferred 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 diagram below ahows a short-hand notation used here for these

processes and the expected coplanar 4-jet event structure in the scattering

plane (transverse momentum (p_) - rapidity (y) plane).
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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]:

| , Q»E g(T) * I / q i ( X l > Q«)qtíxii

: = J(q, , qj, •£, D^) .

The scale-breaking structure functions qix, Q2)(Q* = Bpi, B * 1...4) as
T

well as the fragmertation functions D (z, Q2) are derived.from deep

inelastic lepton s attering experiments [2]; the differential cross sections

da/dt. for the vr ions QCD subprocesses contain the strong coupling

constant a (Q*) jnd t is the four-momentum transfer at the parton level. As

an example con ribvtions of various subprocesses to high PT ** production

are shown in fig. 1 [31• Agreement of theory and data is reasonably good

for pT > 5 GeV/c. Note the gluon contributions for pT % 5 GeV/c.

Experimentally one finds for the range of very large p_: E -r- t- pZs,

whereas E — *<> p" for p_ = 3 GeV/c. There is no unique theoretical

solution of the problem at p. < 5 GeV/c as yet. The most important

subprocesses are sketched below ( : quarks, OTT): gluons).
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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 pT experiments can now be rephrased by saying that

one triec to disentangle the QCD subprocesses and to eventually contribute

to a determination of gluon properties and to a 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 (i 5) production are

collected in sect. 7.

The intention is to convey an intuitive understanding of high PT

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 14].

(1

CALORIMETER EXPERIMENTS

-j D )Measuring*the differential cross section j(qi, qj, g-j-, D ) for single

particle production at high PT means recording only that fraction of jet

events where the triggering particle T carries «oat of the quark-jet's

momentum (e.g. z * 0.6 [5]). This cross section is expected to be small

compared to the cross «ection J(qi, qt, j£, 6(1 - z)> for observing the

total jet (i.e. parton) momentum:



i. q», if. «(1 "

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 not unambiguous. Here only the

latest results of the BKLMN Collaboration [8] are presented. The

experiment was performed with i~ and p beams of 300 GeV/c hitting a

hydrogen target. The target was surrounded by a streamer chamber to

measure charged multiplicities and to reconstruct tracks. The special

feature of the experiment was the use of a segmented combined hadron/photon

calorimeter covering the. full azimuth (A* •= 2») for iyl < 0.75-

The idea of extending the azimuthal coverage to 2» was to minimize

possible containment problems; since, however, the rapidity range covered

is small, only those jet events are recorded in which both high p_ jets

are produced at the same polar angle of * 90* (sect. 5). This is why

present experiments of this type detect only a small number of all jet

events produced (calorimeter bias).

Fig. 2 shows preliminary results for the non-invariant cross sections

integrated over y and A# as functions of Che transverse momentum Ip_

deposited in a "single calorimeter arm" (A* « */2), in a "double arm" (two

trigger arms of A* « 2», 180* apart in •) and in the full calorimeter

(A* * 2T)). The data are not corrected as yet for acceptance and energy

resolution.
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The single *xm data are compatible with earlier results from other

experiments (71. For IpT - 2 (6) GeV/c Che single ara cross sección is

about 10(2000) times larger Chan Che inclusive particle yield (o(single

particle) • 3o(»') + 2a(t* + K~) + 2ir(p) + 2o(p), [9]). A ratio much

larger than one is usually explained by the trigger bias.
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The cross section obtained fren the two ara data is ever, larger at

given EPf' This is expected fres production of two high p. jets and, core

generally, from momentum conservation. If <>i(£pT •= ¿i) is the cross

section for producing a multiparticle system (or jet) with Zp- in one a m

and a fraction r of Z¡ is compensated by a nultiparticle system in the

other ana, a cross section at(.Zpj
 m Zt + rii) « o»(Ii) for depositing

(1 + r)I, > Ii in two arms must be found. Finally the 2» trigger yields a

much larger cross section than the two ara trigger at given IpT- This is

equivalent to the experimental finding (not shown) 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 p. jets» The interesting fact is now 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 were 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 «'

[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 •»> 95Z of the inelastic

cross section. Vertex tracks with lyl < .75 were used to simulate the

three calorimeter triggers. The resulting cross sections are shown in

fig. 3 [11] exhibiting slightly stronger transverse aoaentua 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 »*.

A preliminary planarity analysis of the energy deposited in the

calorimeter (not shown, [8]) give* no evidence for jet structure in

agreement with the cluster model»

(*) It should-be pointed out Chat • 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 * p interactions is displayed in figr 4 as function of

Zp_ for Zn trigger data. Again one finds that the data (reaching

nch i. 25 * 3
<nch

> for ZpT > 8 GeV/c at /s * 24 GeV) can be reproduced by

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

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

easily explained on the basis of 4-jet structure:

2 spectator jets 2 high Pj. jets

Inserting multiplicities measured in e e interactions [12] and keeping in

mind that 2E. « £p for real jet events detected in the calorimeter one

roughly verifies the QCD prediction of fig. 4.

Since the QCD prediction is not borne out by the calorimeter data it

is worthwhile noting that in a 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 6 = 52° in pp collisions at /i « 63 GeV [11].' The

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

independent of T. The relatively small values of <" c h
> and its

independence - r p_ 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 tn
Ejet * «Pjttrigger), -6 « a < .9, [51.

E. £)> * 1/2 <nch(2E-et)> + 2 and

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

that present calorimeter experiments, which trigger on multiparticle

systems, yield 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 caloriaeter experiments to high

PT jet physics, »vec 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 PT jets and the unknown

relative energy dependence of high PT jet production and of topological

cross sections (e.g. for n . • 3<n .>).
en ch

3. INCLUSIVE SPECTRA AND PARTICLE BATIOS

Measurements of inclusive high Py »* spectra at 8 * 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

8 * 50°-54* were obtained by the CCDHW Collaboration [11] with the SFM

(fig. 7). The cross sections were measured over about 7 orders of

magnitude from p_ « 3 GeV/c up to " 11.5 GeV/c. For comparison a

»* spectrum from the CCOR Collaboration [IS] is also given. All spectra

show a flattening toward larger transverse momenta.

Some of the reasons to perform a high p-, experiment by triggering at

forward angles are:

(a) A measurement of the 6-dependence of particle production at high

transverse momentum puts constraints on models describing hard

subprocesses: fig. 7 shows e.g. that the ratio o(pp • t'X,

8 " 90*)/o(pp * *~, 8 « 52*) gets larger with increasing Pj.. Such a

trend was already found earlier [16].

(b) High pT 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 momenta:
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dN
dx

= 2 GeV/c

6=20°
dN
dx

pT = 6 GeV/c

0=90°

It is clear that at B * 90* only for p T > 6 GeV/c nesons are due to

partons from the valence region (x > .3). On the other hand at a trigger

angle of 20° mainly valence partons are involved in the hard process even

for p_ « 2 GeV/c. This indicates that probing the valence quark region

requires either very high transverse noaenta at 6 • 90* (however,

dc/dpT (pT • 6 GeV/c) « do/dpT (pj. • 2 GeV/c) * 10"* at e - 90* and

I'S " 63 GeV) or smaller polar angles for the lower p_ range (here, dc/dpj

(8 « 20°) • do/dp_(90*) * 0.5 at pT « 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 prelininary results [11] show a rise vith increasing

transverse momentum of the relative r and » cross sections

("T It -ratio"). The cross sections were measured at slightly different

polar angles, therefore these data need some further saall upward

corrections. Since single particle triggers carry most of the original

(valence)<parton aonentun (z > .6) and e.g. 0 (z) » D (i) for z > .6
*• — u "

[1], a naive prediction for the * /* ratio is
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pT = 6 GeV/c

= 90°

ons are due to

d at a trigger

rd process even

quark region

owever,

90* and

e (here, do/dpj

eV.'). Choosing

ower transverse

increasing

.s

tly different

upward

the original

' for z > .6

using D (z) * D (z). This ratio is also expected to rise with p_,
u c X

since u(x)/d(x) i> (1 - x)* 1 [18] rises with x and since pT and <x> are

closely related (diagram p.17). The experimental ratio is, however, stcailer

than 2 for p_ < 8 GeV/c not in agreement with the simple ansatz. A way out

is to assume a substantial contribution of gluons (see also fig' 1) to píen

production at lower p-,:

J(8(x)> q(x)- j b Dg ?
* J(g(x), q(x), |2-, D* ) + J(d(x), <,(*), |2-, D* )

Now the ratio turns out to be much smaller than 2 at intermediate p_ due

to the additional gluon terms • It increases at larger values of the

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

it approaches the values predicted by the previous relation.

Fig. 9 shows the fraction of * among negative secondaries as function

of PT- Since p-production is negligible in this kinematic range F19* and

assuming that all K (= sü) are due to gluon fragmentation, one has

negatives +K

fJ(g(x), q(x), |2-, D* J(d(x), q(x), j|.

),^-, D

From a dominance of gluon terms and from D (z) « 1/2 D*(z) Í31 one expects

(« /negatives) < 1 at pT < 4 GeV/c, whereas the d-quark terms are supposed

to dominate at higher values of PT yielding an asymptotic value of

l« /negatives) " 1. This is in good agreement wirh the data.

The argument that e.g. • * at large p- is predominantly due to a

fragmenting ur.quark holds, of course, only if vector mesons like o, u ...

úo not contribute significantly to pion production at large transverse

momenta via the chain 't)* e • \ * • Even if one find relatively large

values for the relative * end vector meson cross sections, e.g. »*/** « 0.8

(20] at pT > 5 GeV/c, only about 3-5Z of the particles at a given value

(*) Sea (anti)-quarks would also give a ratio of about 1; their
contribution should be nail, since they contribute only little to the
structure function for x > 0.3 f2J.



of tr«mver«e mooentua are due Co vector meson 'decay. This is a reflection

of sort of a trigger biac: only in rare very asyaaetric vector-meson

decays moat of the resonance aoaentua is transferred to a single particle.

s
Apart frea that, resonance production at high PT is interesting in

itself since it may lead to a deteraination of fragaentation functions of

quarks and gluons into resonances. Good data on this subject are rather

scarce so far.

An important prediction of QCD i* the existence of single photon

production at high pT nainl; due to the. process ug • YU:

A precise measurement of the cross suction would bear on a detailed

knowledge of the gluon structure function. Unfortunately the experiments

are difficult.due to the abundance of background from «', TI and *i'

decays.

Soae aeasureaents of y/i' 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

J(q(x), q(x), |2.

one concludes that the small value of yh* at small ^ it i reflection of

the ratio a Q m/ o > i*L<y) * o ^ a , «nd £§<«•> % «*). The increase with

PT of y/n* indicates that the v* is due to parton fragmentation ~

(D (r)) whereas the photon carries all the energy (8(1 - «)) transferred

at the upper vertex in the above diagram. In other words: the increase

with p_ of y It* is a measure of the trigger bias (sect. 2).

The diag

accompanied c

away jets she

First exper'

TOWARD JETS

Addicio

trigger parti

shows the no

eaitted into

«* and K~ tri

features of t"

(a) There is

taken as

(b) The dis

expected

due to t

with an

fragaent

(c) The rati

(excludi

expected



.flection

on

rticle.

g in

one of

atber

20

The diagram above implies, that single photons are not frequently

accompanied close in phase space by other1 particles and that most of the

away jets should be due to u-quarks (T couple to electric charges).

First experimental results are compatible with this picture 123].

4. romsD JETS
Additional particles alongside the trigger (toward jet) and the -

trigger particle are supposed to originate from the same parton. Fig. 11

•hows the normalized rapidity distributions for particles with PT > 1 GeV/c

emitted into an azimuthal wedge of ± 25" around the direction (• * 0) of

«+ and K" triggers with PT > 4 GeV/c and pj > 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.

iments

n [21]

dings

(b) The distributions are centred at the trigger rapidity. This is

expected, if the trigger momentum is nearly 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 * triggers, as

expected qualitatively from u-quark fragmentation:

ion of

ith

ferred

reate
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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 Mentioned that vector mesons decays can be

neglected, therefore they cannot be made responsible for this charge

asymmetry.

In fig. ll(b) the charge ratio for K triggers is equal to 3, larger

than the corresponding ratio for * triggers. This means that the sum of

the charges of the K and the second fastest particle in the jet is more

often neutral than for * triggers, suggesting that K are fragments of

neutral parton. i.e. gluons. A pictorial representation of this

explanation is given below:

The diagram also suggests that K* should frequently be produced in the

toward jet. Actually, preliminary results based upon reconstructed K°

[11] show that the yield of K° correlated with X~ triggers is about

a factor 2 higher than the corresponding value for triggering w . This

is certainly very indicative of gluons dominating high P T K~ production.

Most of the previous high pj experiments (ave evidence for toward

jets [4]. The recent experiment performed by the CCOHV Collaboration

allows now for. the first time to analyre in detail the quantum number

(charge, strangeness atrf baryon number) -content and phase space structure

of toward jets for different triggering particles (w , K*} at very high

transverse momenta. Cluon effects have already shown up. It should be

possible to determine quantitatively the relative contributions of various

partons from the valence region to jet production. Also an experimental

evaluation of the trigger bias, predicted to be p^ dependent [5J, seems

to become feasible.

5. AWAV
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5. 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 (• « 180s) to the trigger particle

(• * 0°). Away jets have been found in most of the previous experiments

and it has been shown that the effects seen are not just á consequence of

momentum conservation [4]. One example of recent results on away jets

obtained by the CCDHW Collaboration is given in fig. 12 for * triggers at

6 • 50s- It shows the normalized rapidity distributions of secondaries with

PT > 1 GeV/c at • « 180* ± 25
s for two values of the * transverse

momentum. The dominant characteristics of the data are:

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

- considered as a proof for jet structure.

uced in the

strueted Kc

is about

ng it . This

production.

for to*»ra

laboration

turn number

ace structure

at very high

it should be

ions of various

experimental

t 15], seem* .

(b) The distribution is wider (FWHM > 2.0 unit of rapidity) than that

for the toward jets. This can be explained by a 8 dependence for,

away jet production such, that the observed distribution is a

superposition of narrow structures similar'to those given in fig. 11.

It should be mentioned here that so far calorimeter experiments were

only sensitive to away jet fragments with Iyl < 1.

(c) For * triggers with transverse momenta above 6 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:

\

It illustrates that the quark-quark rest system coincides on the

average with the proton-proton centre of mats 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-quark scattering the

gluon-quark rest system moves along the quark line of flight. Triggering

on a valence quark fragment (here * ) one should find the away jet (due

to a gluon) mainly in the rapidity hemisphere of the trigger particle

(back-to-antiback). This holds if the gluon structure function has a

stronger x dependence than the quark structure functions [1]. In this case

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 * qg, 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 Xg • (pT (away jet fragm.) * PT(trigger))/ipT(trigger)i,

i.e. the fraction of the trigger's transverse momentum compensated by an

away jet fragment. Asymptotically, for pj(trigger) « ¡^(toward jet) «

p_ (away jet), x_ is equivalent to z (sect. 1) thus x_ distributions are

closely related to fragmentation functions D (z). In fig. 13 the Xg

distribution for particles with y > 0 and + * 180° ± 25* (baclc-to-antiback)

in events with * triggers with pT > A GeV/c is steeper than the

corresponding distribution for j < 0, as expected from gluon
(**)

fragmentation and quark fragmentation, respectively.
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If both quarks and gluons 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 14), i.e. the

independence of dc/dXg, sunned over both rapidity hemispheres, of the

transverse momentum of the trigger and of Vs.

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

(**) This is not expected from sea (anti)-quarksi
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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 a liquid argon calorimeter (** detection). Work along these

.lines is in progress.

6. 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 PT * is detected 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 PT » , when

triggering off 90°. The diagram below shows that there is no net

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

iback)
T-TT +

nd on

o

Among the ud fragments the same number of » and T should be found, but

not many A (" uuu). A * trigger signals that a remaining uu system

fiagoents producing mainly » , little * and a substantial number of

A [17,24). 'The experimental results obtained so far [24,25] can be

summarized by stating compatibility with the simple picture outline above.

Correlation studies of this type require a forward spectrometer covering

y > 3.0. This is why up to now only a few experiments were able to measure

these correlations.
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Measurements of cpectator fragüente are not only useful to gain a acre

complete picture if QCD subprocesses, they aleo .yield insight into di-quark

framgentation processes» like

ud * * , » , K , K*, p, A or uu • i , K , p, A ...

More work in this field is necessary, also with different be*» particles,

as well as a comparison with target fragmentation in deep inelastic lepton

scattering and with spectator fragmentation in Drell-Yan processes 126].

One difficulty has to be mentioned here: The total diquark energy /*

and its fractional momentum z has to be known in order to determine the

diquark fragmentation function Dnn*zoo'* s i n c e e v e n £ o r • ^i**"1 value of

the transverse mooentim of the trigger particle the fractional momenta x of

both active partons are not uniquely defined (diagram p.17), z is not

known exactly for a given event, either. Thus the extraction of diquarlc

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 single particle at

high transverse momentum means selecting preferentially those

configurations in which the transverse momenta kj of the active- partons

point toward the trigger:

5SC~ffl ~Od

Hence the spectator jets recoil causing asymmetries in both the polar angle

and «zimuthal distributions of jet fragments. A study of this effect by

the CCHK Collaboration 127) gave evidence, for Che first time for rather

large values of kj. It was also shown that large parton transverse

momenta can make experimental and theoretical inclusive spectra

(fig. 1) agree for pj ( 4 GeV/c [27].

Sic
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The moat recent measurements of asymmetric distributions from

spectator fragments (protons of x > 0.4) are shown in fig. 14 for trigger

pions at fl « 30* with transverse momenta up to 5 CeV/c produced in pp

collisions at •'I * 63 GeV [28]. The increase 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. [291.

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

as given in the diagram below:

•
:

Ma s

F

hi x. d*-

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'sinultaneous analysis of all 4 jets is

desireable.

7. MULTLJETS?

Leaving the safer ground of 4-jet physics one might now venture into

the question of aultijet (£ 5) production in high Pj. reactions. Theoretical

estimates suggest {30} that these processes «ay occur more frequently than

3-jet production ia e e~ annihilations.

. The first experimental indication for these processes is due to the CS

Collaboration [31]. Fig. IS shows the spectrua of particles produced at

4 " 90" i IS* in association with triggering T* at • « 0* and pj. > 5 GeV/c

normalised to the inclusive spectrum. The-inclusive spectrum is not

proportional to e"^T which is taken at evidence for hard processes.

Since two spectra exhibit the tame shape, also the spectrum at • » 90*
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could include contributions from hard scattering by the same arguments.

Fig. 16 shows Che average value of the transverse momentum component Vout

perpendicular to the scattering plane as function of x- for opposite side

i f in events with a triggering »' at large transverse momentum. The

experiment was performed by the A'BC Collaboration. The relevant

quantities are defined in the diagram:

</>-plane

toward jet away jet

The magnitude of p reflects effects of parton transverse momenta

ttp which cause an acoplanarity of the two high p_ jets and of the

transverse momenta JT of jet fragments relative to the jet axis:

<p* > * <j¿> + xi(<ki> + <j*>)
• • out , -T £ T x

The sudden increase of <fcy> from *>> 1.0 GeV/c (dashed lines) to

<kj.> 1-1.7 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 a gluon jet along the away jet.

The most recent hint for multijet production comes from a cluster

analysis [32} of CCOR data; »° with p T > 6 GeV/c were used for triggering.

It is claimed that about 30Z of all events contain a third jet with

<n . > *»• 3, total transverse momentua of t» 2.2 GeV/c and which are confined

by the the detector acceptance to lyl < .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 Pj, 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 momentum determination for

the few particles which are responsible for the effects mentioned above.
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:. 8. SUMMARY AND COHCLOSIOHS

'out It was tried to give a simple but comprehensive review of recent

¿ d e experimental activities in the field of high transverse momentum phenomena.

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 p T experiments,

should yield rich information on parton-parton subprocesses in the very
nta near future. One hopes to find direct experimental evidence for the

three-gluon vertex and to determine gluon properties.

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

the covering large solid angles.
N

V

' More experimental effort should be devoted to triggering on single

particles at forward angles; symmetrical configurations contain less

information.
r

ring
. It was demonstrated that in single particle high Pj experiments the

so-called trigger bias helps to "tag" special QCD subprocesses and to

eventually study diquark fragmentation.

y jet .

n The trigger bias is to some extent avoided by calorimeter

to experiments. Present experiments of this type suffer from serious signal

a o l £ d (jet)-to-background problems. One way out may be offered by higher

a £or energies where the jet yield at very large transverse momentum should he

much larger [33].
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The success in the field of high p-, physics 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 (nen jj

But already at ISR energies a number of interesting new questions in

addition to those discussed above deserve further consideration» To list

just a few subjects: «ultijet production, high Pj. (anti)-baryon

production, nuclear effects at large transverse momentum.

So, after nearly 10 years of high Pj physics at the IS», there

remains a rich field for further-and more ambitious experimentation.

REFERE

11]

[2]

[3]

[4]

15]

[6]

[7]

18]

~-

S

í

C

í

s

H

•

Acknowledgements

This was an opportunity to present part of the recent results of the

CCDHW Collaboration. I thank my colleagues for their contributions and

particularly Dr. B.G. Fischer, Dr- K. Pretzl, Dr. P. Seyboth and Prof.

R. Sosnowski for discussions. I am grateful for the hospitality of our

Polish colleagues and friends.

[9]

fió]

111]

[123

[13]

114]

115)

[16]

U7)



calorimeter

nee of jet cross

us for

ev questions in

ation. To list

baryon

SR, there

Dtation.

results of the

ributions and

th and Prof,

tality of our

REFERENCES

I I ] E. Reya, Phys. Rep. 69 (1981) 197. • J

[2] See e . g . IUJ. Lubat t i , CERN/EP 81 -64 .

[3 ] J . F . Owens, E . Reya and M. Gltick, Phys. Rev. D18 (1978) 1501.

{4] ( a ) M. Jacob, Proceedings of the I n t . Conf._ on High Energy P h y s . ,
Geneva, 1979, p . 473;

(b) R. Stroynovski, Proceedings of Suaner Institute on Particle
Physics, SLAC-224, p. 93.

(c) L. Di Leila, CERN/EP 79-145.

(d) P. Barriulat, CERN/EP 80-16.

[5] S.D. El l i s and M.B. Kislinger, Phys. Rev. D9 (1974) 2027.

[6] M. Jacob and P.V. Landshoff, Nucí. Phys. B113 (1976) 395.

[7] H. Selove, Proceedings of the Moriond Meeting, Les Arcs (1979).

18] Bari-Krakow-Liverpool-MPI Munich-Nijaegen Collaboration, presented
by K.P. Pretzl at the XVI Rencontre de Moriond, 1981.

[9] H.J. Frisch, Proceedings of the Sunnier Institute on Particle Physics,
SLAC-224, p. 461.

[10] K.P. Pretzl and P. Seyboth, private ccamunication.

[11] CERK-Collége de France-DorOtund-Heidelberg-Warsaw Collaboration,
preliminary results.

[12] See e.g. P. Duinlter, DESY 81-012.

[13] Unknown author, due to A. Wrtfblewski

[14] British-Scandinavian Collaboration, B. Alper et a l . , Phys. Lett.
44B (1973) 521;

Saclay-Strasbourg Collaboration, H. Banner et a l . , Phys. Lett.
44B (1973) 537;

CERH-Columbia-Rockefeller Collaboration, F.W. Busser et a l . , Phys.
Lett. 46B (1973) 471.

115] CERH-ColuBbia-Oxford-Rockefeller Collaboration, A.L.S. Angelis
et a l . , Phys. Lett. 79B (1978) 505.

[16) Stony-Brook-Pisa Collaboration, D. Lloyd Oven et a l . , Phys. Rev.
Lett. 45 (1980) 89.

[17] H.G. Fischer, talk at the Third Warsaw Synposiun, Jodlowy Dwor,
Poland, 1980, CERN/EF 80-6»published i n Nukleonika 26 1981 .



31

REFERENCES (Cont'd)

[18} Aachen-Bonn-CEHJMiunieh-Oxford Collaboration, F. Allen et al.,
Phys. Lett. 103B (1981) 71.

[19] British-Scandinavian Collaboration, B. Alper et al., Nucí. Phys. B100
(1975Í 237.

[20] Athens-Brookhaven-CERN Collaboration, M. Diakonou et al., Phys. Lett.
89B (1980) 432.

[21] Athens-Brookhaven-CERN Collaboration, M. Diakonou et al., CERK/EP 80-2•

[22] CERN-Columbia-Oxford-Rockefeller Collaboration, A.L.S. Angelis et al.,
Phys. Lett. 98B (1981) 115.

[23] Athens-Brookhavetr-CERN-Copenhagen-Lund-Rutherford-Tel Aviv
Collaboration, M. Diakonou et al., CERN/EP 80-3 and [22].

[24] CERN-College de France-Heidelberg-Karlsruhe Collaboration, Nucl. Phys.
B156 (1979) 309.

[25] Aachen-CERS-Harvard-Munich Dniv.-Northwestern-Riverside Collaboration,
D. Hanna et al., Phys. Rev. Lett. 46 (1981) 398.

[26] B. Pietrzyk, Properties of Hadrons Associated with Lepton-Pair
Production, presented at the Moriond Workshop on Lepton-Pair
Production, Les Arcs, France, January 1981.

[27] CERN-Collége de Franee-Heidelberg-Karlsruhe Collaboration,
M. Delia Negra et al., Nucí. Phys. B127 (1977) 1.

[28] Aachen-CERN-Harvard-Munich Univ.-Northwestern-Riverside Collaboration,
D. Hanna et al., submitted to the XXth International Conference on
High Energy Physics, Madison, U.S.A. July 1980.

[29] Caltech-Los Angeles-Feroilab-Chicago-Indiana Collaboration,
C. Bromberg'et al., CALT-68-761.

[30] T. Gottschalk, E. Honsay. and D. Sivers, Phys. Rev. D21 (1980) 1799.

[31] Athens-BrookhavenrCERN-Syracuse Collaboration, C. Kourkouaelis et
al., Phys. Rev. Lett. 45 (1981) 966.

[32] CERH-Saclay Collaboration, A'.G. Clark et al., Nucí. Phys. B160 (1979)
397.

t

[33] J.S. Wallace-Hadrill, Ph.D. Thesis, Corpus Christi College, 1981.

[34] R. Horgan, quoted by M. Jacob [4(a)].

FIGURE

Fig. I

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

CAPTION.

Inva:

cale

the

Non—i

as ob

trans

calot

predi

Prel"

lyi <

funct

the v

line

ass -

Total

the í

Dncor

trans

A4-j

scatt

the v

Invar

angle

Colla

Prel-

funct

BIO

Lett

? 80

c al

Phy

3CÍO1

atioi

e on

t

1979]

Fig. 9 Fract



32

B100

Lett.

P 80-2.

t al.,

FIGURE CAPTIOUS

Fig. 1 Invariant *' cross section as function of pT; a theoretical

calculation of various QCD subprocesses is given in addition to

the experimental data (see [3)).,

Fig. 2 Non-invariant cross sections'integrated over lyl £ .75 and At

as obtained by 'the BKLMN Collaboration as function of the total

transverse momentum IpT deposited in the sectors of the

calorimeter used for 3 different triggering nodes. Hodel

Predictions »re also given.

Phys-

ation,

Fig. 3 Preliminary non-invariant cross sections integrated over

lyi < .75 and A+ for the production of charged particles as

function of their total transverse nomentum Zp— contained in

the various ^-regions indicated. For ¿+ * 2* the solid

line includes corrections for charged particle losses and for an

assumed 332 contribution of neutrals to the energy produced.

Fig'. 4 Total charged event multiplicity as function of IpT deposited in

the full calorimeter and model predictions. ' V

ation,
e on

Fig. 5 Uncorrected charged event multiplicities as function of the

transverse mcnentum of a single particle emitted it e * (52 ± 2}°

99.

t

1979)

Fig. 6 A 4-jet event as reconstructed in the SFM and projected onto the

scattering plane. It is superimposed on a schematic top view of

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

Fig. 7 Invariant w and w cross sections as function of pf for polar

angles 6 •> 52*. »' cross aections at 6 - 90° from the CCOR

Collaboration are also given-

Fig. 8 Preliminary * h ratio measured by the CCDHW Collaboration as

function, of pj for • • 52* and /i »*63 GeV/c.

Fig. 9 Fraction of * among negative secondaries as function of

• « 54* and /• « 63 GeV/c.

for
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FIGURE CAPTIOUS (Cont'd)

Fig. 10 y/w* ratio *a function of PT as measured by the A*BC

Collaboration at" three IS! energies.

Fig. 11 Preliminary, normalized rapidity distributions for secondaries

with pj > 1 GeV/c emitted into a • wedge of ±25° around the

trigger direction for triggering * (ll(a)) and K~ (ll(b)) with

transverse momenta above 4 GeV/c and 6 GeV/c. The rapidity of

the'trigger particle is indicated; dashed lines correspond tc

inclusive distributions. Charge ratios are also given.

Fig. 12 Preliminary» normalized rapidity distributions for secondaries

with p_ > 1 CeV/c in a • wedge of ± 25Z around 160* for

triggering * at • * 0* and with.transverse momenta above 4 GeV/c

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

lines correspond to inclusive distributions. Charge ratios are

also given.

Fig. 13 Preliminary distributions of the quantity x* defined in the

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

« triggers at y > 0 and with P T > 4 CeF/c.

Fig. 14 Distributions in azimuth A* relative to the azimuth of the

trigger from secondaries associated with triggering * at

• * 30" and /s - 63 GeV. (a) Pj (*+) < 0.5 GeV/c;

(b) PT(ir*) > 1 GeV/c; (c) Pji**) > 2 GeV/c.

trig|
Fig. 15 Cross section for particles produced at 90* in events triggered

by a *• with Pj > 6 Ge?/c af • * 0 (/* • 63 GeV)

normalised to the inclusive cross section as function of Pj- ^

the
Fig. 16 Average transverse momentum component perpendicular te- the

scattering plane versus Xg for t* associated with triggering

** at /s • 63 GeV/c for vario»» transverse momenta of the

triggering **. Dashed and dotted linea correspond to mo*el

prediction* based upon two Gaussian widths assmmed for the kj

distributioa:
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EXPERIMENTAL REVIEW OF SOME PREDICTIONS OF THE

DRELL YAN MODEL IN HADROPRODUCTION OF DIMUONS

to co l l

probler

reported by G. BDRGUN

Departement de Physique des Farticules Eliaentaires
CEN-Saday, 91191 Gif sur Yvette Cedex, France

X. Tan
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I - INTRODUCTION

During the past 10 years, the analysis of dimuons produced in

collisions between incident hadrons and nuclear targets have shed such light

on the knowledge of fundamental constituents of particles and on the mechanisms

involved in their interactions.

Several excellent recent papers have reported on the situation of

hadroproduction of dileptons (ref. 1].

The first kind of experiments (the so called deep inelastic scattering

D.I.S. of leptons experiments) have reached part of this goal in probing nuclear

natter with incident point-like particles (e, p, v ) . This type of probe enables

us to obtain a precise idea about the constitution of nucleón*. Onfortunatly

this kind of method cannot be used for unstable particles. In that case, the

most natural and unique way is to look at hadron-hadron collisions.
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One can hope that the study of the outgoing particles will allow us

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

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

In 1970, in the frame work of the quark-parton model, S. Drell and

T. Tan [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 :

t for target) ;
1* ~ annihilation into a virtual photon (i for incident,

- decay of the photon into two leptons of opposite charge.

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

q,i q (q^ qt) 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 sane flavour.

The differential cross-section is then given by the following formula

where : •

xjx2
(1)

is the point-like electromagnetic annihilation cross-section
x l x 2 r at an equivalent energy of Mr ;

• -j is the .colour factor ;

• Qj .is the quark electric charge Cj or -?) ;

• X] and «2 are the fraction of moaentua taken by the quark*, respecti-

vely, in hadron hj or hadron h¿ »

• * i* the probability for a quark to carry the fraction x of the

available energy /s/2 ;

the summation 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/ Notice that f and g are called the structure functions respectively of the

incident hadron hj and the target nucleón h2- 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
• 2

are obtained by two different methods. In that case, the space-like Q variable

in D.I.S. corresponds to the time-like Mr .

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 nucleón of the target)' is known

(from D.I.S. experiment for example), the Drell-Yan formula enables us to de-

termine the structure function of unstable incident hadrons such as pions or

kaons. '

c/ In the Drell-Yan model, the transverse momentum of lepton pairs is due only

to the transverse momentum of the quarks which annihilate. 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.

II -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 it expected, i.e. if the cross section is parametrised as

A (where A is the atomic number of the target) a • I is predicted by the Drell-

Yan model.
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2. Scaling behaviour

The Drell-Yan formula should be written as :

d2a 87TO2 q?

dMdX
H<x,, (2)

with r

1 * *

- XjXjS

H(Xj,X2> « product of beam x target structure functions.

This relation can be rewritten as :

MJ

dMdX
C F x2) - C F (—, X)

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 s and to be only a function "of the scaling variable /F « X//s.

3. Beam dependence

The Drell-Yan cross section 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 incident particles containing valence ü or d

than for protons, especially at high masses where valence quarks dominate.

The Drell-Yan formula allows us to make some predictions on the relative

yield of dileptons produced with various beam particles.

rk-
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=s of

For

with"
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Drell-

4. Angular distribution

In our case, dimuons are produced after the decay of a virtual photon

which was created by the annihilation of two quarks of spin 1/2. A transverse

polarisation is then expected for the muons and their angular distribution in

the dilepton rest frame should be :

1 + cos 8



where 8 ir. Uie polar angle of emission of a nuon with respect to the qq line

of flight. The determination of this direction is complicated by the fact that

the dimuSn and hence the original qq system has a transverse momentum. In order

to approach this polarization axis, the lines of flight of the pion and of the

proton are used.

These 1

5. Absolute cross-section

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-

ticles are known, the Drell-Yan cross-section can be exactly computed. Proton-

proton and antiproton-proton collisions are well suited for testing this pre-

diction.

To conclude this chapter, it is now clear that the study of hadro-

production of dileptons is a mine of information concerning the behaviour of

fundamental constituents in collisions and it is thus the only way to determine

the structure functions of unstable particles.

Ill - DIFFICULTIES WITH THE DRELL-YAN MODEL

1. Introduction of gluon effects

The Drell-Yan model seems to be relevant for describing hadrons

collisions, but infortunatly nature is much more complicated ! As soon as high

statistics of dilepton data became available, two main problems arose :

i) The dimuon transverse momentum was found to be larger than expected : clearly

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

ii) The experimental dimuon cross section was found to be much larger than that

computed in the Drell-Yan frame work.

The problem arising with these experimental results is to,find the

origin of the discrepancy between experiment and the simple Drell-Yan model.

A solution is clearly that gluons do exist in nature and the Drell-Yan process

is the lowest order diagram of the general QCD theory which itself is the leading

candidate for the theory of strong interactions [3]. Due to the fact that gluons

are present in the particles,' their emission or absorption are responsible for

. new graphs which ressemble QED diagrams used for calculating radiative corrections.
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2. Some qualitative comments on dilepton transverse momentum

The quark-parton model can be easily extended by assigning a trans-

verse momentum to the quarks. But the experimental results show that P ^

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 P ^ is the sum of the "primordial" transverse momentum

k_ of constituents inside the hadrons and of terms arising from gluon effects

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

In the QCD frame work [ref. 4] the annihilation and Compton graphs

which should allow the calculation of the P^U distribution at large P^, give

the following prediction for the average value of P_ :

< PT > - C + as(!J
2).f(T).»'S'

where : • C is a constant, independent of the incident energy of the hadrons

which should be equal to the intrinsec transverse momentum.

• f(T) is a function of x, positive but not monotonic, which has a

maximum around /P* 0.3 - 0.4 and falls to 0 at T * 0 and T « 1 [5].

A more general study has led Dokshitzer et al. [6] to perturbative

calculations in the "leading logarithm approximation" taking into account all

terms in log <P?/M2). The result of their work has been to find better agree-

ment in the shape of the P^U distribution with data than with the simple order

in a( 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 diauon data :

• It allows for large dilepton transverse momentum.

• It explains the change expected in the angular distribution.

• It predicts a different value of the cross section than that of the naive

Drell-ian aodel (See chap. 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 aodel, by the

so-called "educated" Drell-Yan model developed within the QCD framework.

IV - SOME EXPERIMENTAL COMMENTS OH HADROPRODUCTION OF DIMUONS

1. Main experimental features

In a hadroproduction of diauons experiment, we need only the inclusive

detection in the final state of two muoni of opposite charge. We have to make

sure that the 2 muons are not decay products of ir or E aesons. In addition, the

leptons have to be produced "promptly" (i.e. within ( 10 sec.) in the primary

interaction; Due to the low cross-section of dilepton production, the use of

high intensity and high energy beaas is strongly advisad. But, in that case,

t.igh multiplicity of secondary particles is expected. A good way to get rid of

this problem is then to perfora a duap experiment in which secondary badrons

are largely killed, feut 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 aoatnta and angles of the muons.

Clearly a compromise has to be found between all these paraaeters in order to

get the best experimental conditions possible. Finally 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

Fro» the measurements of the momentum of the muons, one can compute

Che dimuon mass il_. The total energy J& is known and the following relations

are derived :

2 PL
(3)

where : • P, is the longitudinal momentum of the dinuon in the total center of

aass energy system.

• ij and %2 are defined in chapter I (see relation (1)).

From the set of equations (3), one can calculate :

Note that in the naive Drell-Tan model the P™ of the dinmons is neglected.
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3. Kinematical mass range

Three regions in mass are useful1 for testing the Drell-Yan model.

This region between the p, u, <f> resonances and the ¥ family is pro-

blematic because other possible mechanisms than the Drell-Yar. process are com-

petitive [ref.']]. In addition there are some difficulties in separating the

Drell-Yan events from the arounding bumps due essentially to the poor experi-

mental resolution.

ii) *, V < < T family

These region is well suited for testing the Drell-Yan model and a

large amount of data is now available.

iii) T family < M ^ < new bump ?

This third region would be very interesting in order to- test the

•ass dependence of the structure functions but the data currently available

are statistically very limited.
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The figure t shows the mass spectrum of the

NA3 collaboration [8]. Between the J/Y and T

resonances, for masses from 4 GeV to 8.5 GeV,

the large number of dimions events for several

kinds of incident hadrons (ir~, t~, p and p) at

several energies allows a good analysis of the

Drell-Yan model. In order to test the Drell-Yan

process many other experiments have brought data

which have been reported in the table 1. This

table also gives the characteristic features of

each experiment.
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V-EXPERIMENTAL RESPLTS

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" Bust then be converted into the cross section "per nucleón"

in order to be able to compare results on different high density targets. The

cross section is parametrised as A a where A is the atomic number. Table 2 sum-

marizes the results of a for several experiments.

- Table 2 -

Experiment

CFS

CIP

NA3

NA10

Targets

Ft, Be

Cu,C,W

Pt,H2

C.W.Cu

Beam (GeV)

proton
200-300-400

ir" 225

n~ 200

T* 200

(7T-1T+) 200

T~ 150

TT" 280

IT" 280

Result

1.007+0.018+0.028

1.12+0.05

1.02+0.03

0.95+0.04

1.03+0.05

1.00+0.02

1.00+0.02

0.97+0.02+0.02

Ref

[11]

[12]

[18-19]

• [17]

With the exception of the CIP result for a, all the results are

compatible with a * 1 as expected by the Drell-Yan model. The 2.5 standard

deviation from, 1 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 (7r~ - TT+) data.

Indeed, in that case, the possible contribution of hadroñic processes to

auon pair production disappears in the difference as it is the same for 7T

and if .

Figures-2 and 3 show that no dependence of a is observed with

and M for incident protons at 400 GeV.
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.5

CFS
(proton 400 G*V)

1 2
PT(G»Wc)

Fig. 2

1.5

.5

CFS
(proton 400 G«V>

0
3 4 10

Fig. 3

£For incident IT'S, no obvious p£ and Xj, dependences have been observed in the

CIP experiment or in the NA10 experiment for 7^V. The NA3 analysis of pion data

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

ously shows that tht ratio of the cross section is in good agreement with the

Drell-Yan prediction within a 10 Z error which is mainly due to systems tics. Va-

riation of this ratio with the diouon mass, Zj and x2 is also in good agreement

and no variation with the transverse momentum is observed as shown in figure 4.

2. Scali

be a fur.

400 GeV)

electron

the pres

the expe

10-»

A a(Tr~ H2 •* V*V~)

O(TT~ P t -*• p+u~)

(ir~ a t 150 GeV)

— Drell-Yan model
prediction

1.4 S I

i l l I
1 I I

M l .

vaina 1.47

mm , t

Fig. 4
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If scaling invariance is assumed (see chap. XI.2) M3

be a function only of T -

dMdX
should

(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 /? (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.

the

data
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he
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t

A comparison between the TT~ data of the NA3

experiment and the SI results [15] are presented

in fig. 7. Although the Cl data seem to show a

small systematic deviation relative to the NA3

data, this is not a clear manifestation of Q2

dependence of the structure function as observed

in D.I.S. of leptons. Indeed, we have to be very

carefull in our conclusions because the scaling

violation should be of the order of magnitude of

the systematical errors. However, the experimental

problems such as normalisation between different

Fig. 7
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experiments and the small span in the center of mas* energy of presently available

data, are crucial considerations before one can draw any conclusions- The most

conservative approach is to state that within present experimental accuracy (at

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

by the naive Drell-Yan model.

3. Beam dependence

The Drell-Yan formula (1) shows that the

differential cross section is directly propor-

tional to all possible q-q arrangements between

projectile and targets constituents of the same

flavour. The yield of dileptons produced should

be different because the quark contents of the

incident hadrons are different.

Figure 8 shows the ratio of dimuons pro-

duced by ir~'s and p's at 225 GeV. This ratio is

in rather good agreement with a prediction

[ref. la] given by a naive quark counting rule

and represented by the dashed line.

io*

The 71 /it" ratio is shown

in figure 9 provided by the NA3

collaboration. This ratio de-

creases with 1^ to limits given

by several models {8] for both

platinuum and hydrogen targets.

The T region clearly shows a

different behaviour which con-

firms that its production is

not due only to. quark fusion

processes. The Drell-Yan predic-

tion is represented respectively

by the solid line for the plati-

nuum target and the dashed line

for the hydrogen target.

this exp

for M .

The err

results

model.

4. An ui

of 2 qua

distribu

where 6

of the

L be der

Because

and we p

Jig. 9
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as. The most

accuracy (at

tion as expected

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

- Table 3 -

»s that the

actly propor-

sments between

cs of the same

oduced should

-.tents of the

dimuons pro-

This ratio is

ediction

ounting rule

Ratio

TT+/TT~

K+/V-

Valence quark
contents

us
üd
üü3
üd

Üd
us
üd

uud
üd

Naive
prediction

1

.1

0.4 - 0.5

small

small

Experimental
result

0.98 + 0.1

1.07 ± 0.2

0.51 + 0.01

0.23 *_ 0.02

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.

io is shown

d by the NA3

ratio de-

limits given

8] for both

gen targets..

y shows a

which con-

uction is

rk fusion

1-Yan predic-

respectively

or the plati-

dashed line

rget.

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 \i angular

distribution can be written as follows :

dN

dcos 6
1 + X cos¿6 with X • 1 expected by the Drell-Yan model

where 6 is the angle between one p and the qq line of flight (L) in the c.m.s.

of the dimuon.

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

L be determined ?

• if Pj^ is 0, then L coincides with the beam axis

• if T~ is not 0, then L becomes more complicated.

Because experimentally PJj! is not equal to zero, one must choose an V direction

and we present 3 possibilities (see figure 10).

\
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Fig. 10

In the case of up collisions :

i) L « ir : we are in the t-channel

frame also called Gottfried-Jackson

(G-J) frame.

In that case, P^U is given by the

target nucleón.

ii) L this is the u-chatrael

frame and P~ is given by the IT.

iii) L is the external bissectrice

between IT and p directions (Collins-

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

mediate situation where P™ is given

by the proton and the pion.

b) More accurate

el

The g kson

where the W's ar

Sever

i) One pion ez

he

el

a) Experimental measurement of A

Figures 11 and 12 show the experimental data for incident IT'S and

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

The data are in" good agreement with X » 1 within the experimental accuracy.

2 -
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el

kson

--he

el

rice

Ilins-

inter-

given

and

•í frame.

v.

b) More, accurate analysis of_the angular distribution

The general form of the angular distribution can be written :

WT(l+cos
26) W¿sin26cos(|> + WMsin20cos2<|>

where the W's are functions of M
, and

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

i) One pion exchange (OFE) model of K.V.L. Sanaa [21]. The diagram is the following

This graph gives rise to a sin 8 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 P_ of the dimuon was provided by 1st order QCD corrections of the

annihilation graphs (see chap. III.l).

iii) C. Lam and Wu Ki Tung [ref. 23] assumed that P^ y was due to the primordial

momentum of the quarks and predicted $ terms for the angular distribution in the

C-S and G-J frames.

tions

In summary, all these type of calculations give the following predic-

- a longitudinal term of order P^/tr

- a sin6 cos<|> term of order P̂ /M

- a sin26 cos2<ji term of order ^ T^/ir

The HA3 experiment has analysed its data in the following way [ref. 19]. The

angular distribution is written as :

W(6,W (l*co«26) + A sin26 + B sin26 cos* • C sin2e cos2<J>

«here A is related to the previous X parameter .by : A • - — . The parameters A,

B, C have been determined in the 3 different frames and we have studied their

PT/M dependence (for 0.4 < Xj < 0.8 and 4.5 < M ^ < 8.5 GeV).
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* O S frame

• X % 0.6

• B i ( - 0 . 6 t 0.2) PT/M

• C t (1.5 • 0.5) P|/M2

Figure 13 shows the V^/H dependence of X,

B anc C. Curves are sketched using a linear

(for B) and quadratic (for C) dependence of

PT/M.

* G-J frame

(-1.4 +0.2) PT/M• B

• C •»- (2 • 0.5) P2/M2

Either in the C-S or G-J frames the relative

magnitudes of the B and C terms may sinply

result from the choice of the reference

frame.

Fig. 13
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Figure 14 shows the results of B, C.

> in the u-channel fraae.

• C -u (1 • 0.5) P^/M2.

If one makes the assumption that the true

physical angular distribution is 1 •+ cos r

with the line of flight of quarks as

the L axis, then the «ean axis of quarks

should be the «-channel frame where B and

C are small. Moreover, no Xj dependence of

X, B and C is observed in the u-channel

frase.
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c) Higher 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 Xj (xj > 0.7). The graphs are :

adence of A,

ing « linear

dependence of

os the relative

may siaply

reference

alts of fi, C.

chat the true

3 it I 4 COS 6

of quarks as

is of quarks

where B and

dependence of

e u-channel

The corresponding cross section is then :

2 2

where :

quark.

""4* 2 3
— ¿ - sin r • ¿

is the average of the square of the transverse momentum of the

í I I

CIP

T-22S GeV

A t-ch»»i»«l asís

O -Collins.Sepcraais

.2 .4 .8

The main ideas of this model *re :

i) it works only for xj greater than 0.7 ;

ii) the first term shows a structure function

of the " which behaves as (!-x,)~ anc a

transverse polarization is expected ;

iii) the second tens predicts a longitudinal

polarization with the presence of a scale

breaking tens (due to the \!v." factor) ;

iv) the third term shows the existence cf an

interference term.

In order to test this model, a good

acceptance for x. close to 1 is needed.

The figure 15 shows tbe result of the CIP

experiment for r~ at 225 GeV at Fermi lab.

The data are in good agreement with the

Berger and Brodsky andel which corres-

ponds to the solid line in the figure.

Fig. 15
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5. Absolute cro»8 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

or antiproton-proton collisions, the check of the model is possible as, 'in that

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

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

In that case, no valence-valence terms are present. Only valence-sea,

sea-valencé and sea-sea terms contribute in the calculation of the cross section.

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

be wrong !

D) Antiproton-nucleon (úüd) x (uud - ddu)

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

do exist.

c) (p - nucleón) - (p - nucleón)

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 desagreenent observed gave rise to

the now well-known K factor :

d2o

dx, dxjexp

d20

<3x] di2- D-Y

Many other experiments have now measured the E factor in several experimental

conditions. Table 4 summarize* the results :

Exp Be

NA3

NA3

NA3

NA3

NA3

Cp-P
150

-i-

IT
200

IT

200

n
200

(if-T

NA3

NA3

12

n

n

;ISI

CFS

p
200

P
150

TT"

40

It"

40

("~
40

TT

150

P
200-4

MNTW p

In conclusion,

matic due to ab

still

that

tal



tion for

-proton

in that

tons.

nce-sea,

> section,

-ion could

still

chat

on has

ult with

se to

Exp

NA3

NA3

HA3

NA3

NA3

NA3

NA3

a

a

n

SISI

CFS

MNTW

Beam

(p-p) Pt
150 GeV

7T+Pt
200 GeV

ir" Pt
200 GeV

ir" He
200 GeV

if-ir+) Pt

P Pt .
200 GeV

P Pt
150 GeV

iT w
40 GeV

Vw
40 GeV

40 GeV

ir" C
150 GeV

200-400 GeV

p Fe

2.3+0.4

2.4 ± 0.4

2.2 + 0.3

2.4 +_0.4

2.2 + 0.4

2.2 *_ 0.4

2.3 _+ 0.4

2.45 + 0.42

2.52 + 0.49

2.22 +_ 0.41

2.8 ± 0.6

<x- 1.5 ~

1.6 + 0.3

Comments

Poor knowledge of the sea distribution
cannot explain K as only valence-valence
terms are present.

Nuclear dependence is excluded to explain
K factor.

This result excludes explaining K as due
to contamination events like TT decays ;
indeed such events cancel in the difference
as they act in the same way for ir+ and n~.

ntal

In conclusion, 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 IE factor 1

Calculations performed in the QCD framework by many theorists have

led to the following conclusions :

- Scaling violation in DIS of leptons is a direct consequence of QCD effects.

In the leading log approximation, these same QCD effects should be responsible

for scaling violations in the structure function derived in the framework of

the Drell-Yan model.

- Calculations in 1st order of QCD (25) have shown that the-non leading log terms

(NLL) give a large correction to the Drell-Yan cross section :

°DY,QCD,first order " °°DY

K is quasi constant and equal to 1.8 and is about the same for incident it's or p's.

The most important contribution to this K factor corresponds to the

vertex corrections shown in the graph :

•I*

- In addition Paris! has conjectured [ref. 26] that all higher order terms of

this kind can be exponentiated.

The agreement between the experimental K factor and the theoretical

calculation to 1st order of QCD seems satisfactory. But this might not be the

end of the story as higher order terms have still not been calculated and some

crucial questions remain open : does the K factor depend of M , PÍr or/and x ?

To

A de?

Beam á

Sc

An
disrr

Abs
cross

culate t'

400 GeV o

vely, wir

better un

VI - CONCLUSIOKS

In order to summarize the actual situation concerning the Drell-Yan

modal, some assertions of T.M. Tan given at the last 1981 Morion» Workshop on

Lepton Fair Production at Les Arcs, are appropriate :

and

PARK» MODEL - (QCD)*

SEAL WORLD •- PARTO* MODEL + QCD CO*RICTIORS

collabora

yielded

of partic

which ar

The comparison between the experimental data on hadroproduction -of

dimuons and the "naive" Drell-Yan model are presented i* table 5. In addition,

the predictions of the "educated" Drell-Yan modal arc also shown.

kind hose



65

- Table 5 -

ists have

effects.

esponsible

work of

ing log terms

ent IT'S or p's.

ads to the

terms of

heoretical

ot be the

d and soae

o r / a n d x
w

; Drell-Yan

irkshop on

Topics

A dependence

Beam dependence

Scaling

Angular
distribution

Absolute
cross section

"Naive" Drell-Yan
model

O.K.

O.K.

O.K. But ...

O.K. But ...

No !

"Educated" Drell-Yan
model

O.K.

O.K.

• Violation is predicted but higher
dilepton masses and more accurate
experiments are needed.

• Problem vith high P-j still not
resolved

• Shape of the distribution not clear
at xj close to 1.

• Theoretical calculation of K factor
seems satisfactory but is it acci-
dental ? The question is still open
(higher orders).

A clear success of the Drell-Yan model is that it allows us to cal-

culate the structure functions of unstable hadrons.

The experimental situation for the future is the following :

- KA3 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.

- NA10 and MNTW are performing high statistic experiments, respecti-

vely, with Tt , n" and protons. The data should soon be available.

- The new CIP collaboration has proposed a specific experiment for a

better understanding of the angular distribution at X| close to 1.

- Finally, at the Ferailab tevatron a new experiment (CFS extended

collaboration) at high masses has been announced.

In conclusion, the study of hadroproduction of dileptons has already

yielded many interesting results about the knowledge of fundamental constituents

of particles and the future experiments will shed more light on the problems

which «re still not clearly resolved.

uction of

addition.
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HYPERON POLARIZATION IK INCLUSIVE AND EXCLUSIVE PROCESSES

J. Sztved

Institute for Computer Science,Jagellonian University,Cracow,Poland

Hyperon polarization in inclusive and exclusive processes is

explained by multiple scattering of the strange quark» Energy,

Feynmann x and transverse momentum dependence is discussed, rela-

tions between polarizations of different hyperons in various pro-

cesses -ts- given. The charmed and bottom baryons are predicted to

be analogically polarized. /

I would like to report in the idea which explains qualitatively

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 (/Q °f "tbe A , polarization

which is essentially independent of energy and decreases from zero

with increasing transverse momentum (Pig. 1). Similarly behaves the

polarization of w , the 2Ü 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 _> —>

where pp and p H are the c m . momenta of the incoming proton and

the hyperon, respectively. Similar measurements showed no sign of

polarization for the protons and A . To summarize the experimen-

tal facts one can say that there exists quite a complete set of •

informationr At the same time we have no convincing explanation of

this phenomenon. The data were a surprise - many people did not

expect
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expect important spin effects at high energies, the tsore at higher

transverse momentum where a real, hard amplitude dorinaíec.

Let me start to present the model with the A polarization.

Here the situation is the clearest. The A wave function consists

of tid diquark in spin zero state so the spin projection of the A

is entirely given by that of the s-quark and consequently their pola-

rizations are equal: ? (A) s'Jfs).

Looking into the proton hemisphere one already has an ud] _c

diquark originating from the proton. The source of the s~quar>s

which are needed to recombine into the A are twofold: they either

come from the proton sea or are produced in the interaction region

"by gluons in the subprocess g —>ss. In both cases its energy in the

cm. system is low. The A energy is essentially given by that of -

the ud-diquark.

Looting for the A *s with a given transverse momentum p , one '

automatically chooses states in which the s-quark has considerable

transverse momentum k x • pointing in most cases in the direction of

p x . Our main assumption is that the s-quark gets its required k.

by multiple scattering off quarks and gluons. Many diagrams contri-

bute to this process and there is no clear suming technique due to

rather low momentum transfers* We. approximate the procedure by as-

suming the scattering off external gluonic field

>*(€)=
g is the quark-gluoK coupling constant, "q* - the momentum transfer

and Ia, a = 1,...t8 is the vector representing the external field.

Polarization appears already in the second order of perturbation

theory and reads then jj2j

(1)
jfcjc E z (A- f-I si^0A)'cos 9/2.
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where ni, k, S and 9 are the mass, momentum^ energy and scattering

angle of the quark. The unit vector V= — • — T points in the

direction perpendicular to the scattering plane. The colour factor

C = 2-(dabcIaIl3Ic)/(Ia)2. For positive C the expression multiplying

V is negative, thus the polarization is opposite to v» (Pig. 2).

•Another Ray of calculating T (q) is to solve the Birac equation in

external field. The exact answer £$] looks then qualitatively the

same as in Fig. 2. Many required features follow immediately. In-

creasing k , means increasing 6 between O°and 90° - one sees that

the polarization- increases then in magnitude with p¿ • 2he polariza-

tion increases with the quark mass* We thus expect stronger polari-

zation of baryons containing charmed and bottom quarks (e.g. A e )

if the c- or b-quark sea is not much different from the s-quark sea.

This is also the reason why we do not expect the protons to be pola-

rized.

Because x¿ comes predominately from the x^ there is no strong x^

dependence of polarization. This statement concerns however directly

produced A 's, the total sample which contains A *s "being resonance

decay products may show some increase of !? (A) with x A .

Once the mechanism of the quark polarization is fixed many re-

lations among polarizations of different hyperons are given by their

spin-flavour wave functions. So one expects e.g. 3* (23) = - 1/3 3( A )

a relation which holds experimentally £4] 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. Shis is the reason why A is not

polarized in proton induced reactions, for its finite x r one needs

finite x-. I
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g finite x-« It can be however polarized in the 3T induced reactions

in the 3f hemisphere. . ..

tor Our idea can be easily implemented in exclusive processes.

^ Strong A and 2 polarizations analogical to these in inclusive

2\ production was observed in p p - * A A and pp —> 2 1 X {jQ. An in-

j_n teresting effect appears «hen comparing two processes

the W"f -> W* A"* p ^ i (2a)

n- . K p ~> A + p»Ort-S (2b)
at

In both cases one loóles at the A polarization in the proton hemi-
.2*1.23""*

sphere. In the first process the kaon scatters predominately by a

small angle so the A gets the s-quark in the usual way from the

c/ , proton - one expects thus no difference as comparing to inclusive

production. In the second case however the s-quark turns by a large
po a~ angle to form the A in the proton hemisphere (Pj_ = 0 corresponds

to the scattering by 180°). increasing Pj_ means again an increase
x/t in 3 ( A ) , but the question is with 2'espect to which axis. Looting

at V ~ t X kf one sees that it changes sign when going from the

process (2a) to (2b) because l^ changes itE direction. Consequently

one expects in both processes analogical behaviour of polarization

but of opposite sign. This is in fact what is seen experimentally £s}

To summarize, we have shown how a single idea is able to account

qualitatively for all known facts of hyperon polarization. It would

be interesting to check the predictions which were made in this talk.

It is worth noting that this idea can be easily implemented in

the known models of low and intermediate p x . A quantitative descrip-

tion requires only the knowledge of the quark structure functions.

I would like to thank II. Erawczyk, W. Ochs and 1. Stodolsky for

discussions.
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Figure' captions

?ig. 1. Polarization as a function of the transverse momentum

p x (from Reí. DÜ)«

Fig. 2. Polarization of the quark in external gltzonic field

(arbitrary normalization)•

Pig. 3. A polarization in the process K~p —> SZA + pi one

(cricles) and STp —s> A + pions (squares) at 4-2 GeV/c

(from Hef.
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PROMPT SIKCLE MUOH PRODUCTION BY PROTONS OS IRON

A. Bodek, R. Breedón, R.K- Colcman, ". Karsh, S. Olsen, and J.L. Ritchie
University of Rochester, Rochester, New York 14627
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F.S. Merrxtt
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G. Donaldson and S.G. Wojcicki
Stanford University, Stanford, California 94305

presented by S. G. Wojcicki

A new experiment has been performed at Fermilab to measure the had-
xoaic production of prompt single nuons. A preliminary analysis of a
sample of Che data indicates approximately equal production of prompt
single p+ls and p~*s in 350 GeV p-Fe interactions. The observed momentum
distributions of prompt single u + is and u~'s can satisfactorily be fit by
the hypothesis of central production of D mesons with a cross section of
16 ± 4 yb/nuclcon. „' j ;

1. Alfred P. Sloan Foundation Fellow» •
2. Present address: Columbia University, Mew York, NY 10027
3. P-esent address: Brookhaven National Laboratory, Upton, NY
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Ritchie

We have performed an experiment at Fermilab to measure the production

of prompt single unions in hadronic interactions. Data were taken with

both 350 GeV protons and 280 GeV ir~s incident on an iron "beam dur.p"

instrumented with scintillation counters^ The density extrapolation tech-

nique was employed to separate prompt nuons from non-prompt nuons origi-

nating from decays of long-lived particles such as ir's, k's, and hyperons.

Prompt dimuons were identified with a very large acceptance nuon iden-

tifier.

Data were taken in two different triggering configurations. One

required only that the produced muon have momentum greater than 8 GeV.

This corresponds,- for the 350 GeV proton data, to most of the forward hemi-

sphere, allowing a fairly nodel-ináspeñdent determination of the charn

cross section, if prompt single nuons are interpreted as the products of

the semi-leptonic decays of charmed hadrons. The other triggering con-

figuration was more restrictive. It required a minimum muon monentu^ of

20 GeV.

Results are reported here only for the proton data taken with the 20

GeV trigger. (We have analyzed about one-half of this data sample.)

Results from the full data set will i) extend the prompt single r.uon dis-

tributions to lower p, ii) reduce the size of the errors, which are

dominated by statistics, and iii) allow a comparison between proton

induced and pion induced cham production.

The detector consisted of a beamline spectrometer to measure 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 1.

The carget-calorimeter consisted of 49 steel plates with a scintil-

lation counter .on the downstream face of each. The plates vere mounted

independently on rails so that the spacing between the plates could be

varied. Of the 2.4 meters of steel comprising the target-calorimeter,

the density of the upstreaa most 1.7 meters was varied. Data were taken

at three different effective densities, p, in the ratio ls2/3:l/2. The

most compact density of the target-calorimeter was about 3/4 that of

steel.
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BEAM

MUON IDENTIFIER
-RANGE DETECTOR

TARGET
CALORIMETER

IRON TOROiD
SPECTROMETER

12 m

Figure 1. Plan view of the apparatus.

The nuon 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 spectrometer, composed of 24 magnetized iron disks of

radius 3.6 meters and interspersed with scintillation'counters and spark

chambers, allowed a determination of moon sign ani nomentirs (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 siuons.

Each event was required to pass selection criteria which consisted

of a beamline PWC requirement of one and only one incoming hadron -with

monentun within 2% of beam momentum, a hadronic interaction in the

upstream 25cm of the calorimeter, a requirement that auons originate in

the target-calorimeter (to remove triggers from halo tnuons in time with

hadrons) and a requirement that the triggering nuon traverse the entire

toroid system.

Events passing these selection criteria were placed in one of four

categories: (i) a single triggering u , (ii) a single triggering M~, (iii)

dimuon with a triggering V , and (iv) dinuon with a triggering V~ (note

that an event with two auons of opposite sign both of which trigger will

fall into both iii and iv). Figure 2 shows the trigger rates of these

types of events versus density. The intercepts at 1/p * 0 of the lines '

drawn through the single V and V rates are the prompt single 1* and U~

signals, respectively. The difference in the slopes of these two lines is

a result of norc * 's than n~'s being produced in proton interactions.
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I/Density

Figure 2. Event rates versus I/density.

There was * contamination in the single muon sample from highly asym-

metric dimuon events because nuons of momentum less than 5 CeV 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 V \ and V~ events. The efficiency corrected prompt single

muon rates for p > 20 GeV/c are {12.2 ¿ 3.8)xlÓ w*s per interacting

proton and (10.1 ± 2.6) x 10~ V~'s per interacting proton.

A possible source of additional background has not been subtracted

in this preliminary analysis. Decays from non-prompt sources which take

place in the unexpended region of the target-calorimeter {recall that 10

interaction lengths are expanded), or in the drift space following the

calorimeter, would result in a false prompt single «uon signal. In an

earlier experiment3' with a significantly smaller target-calorimeter,

«his 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

dJ0 (1 - *>° «-
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Figure 3. Prompt single inuon rates versus momentum for p (a) and u (b).
The rates are not corrected for trigger efficiency. The dashed
line is the efficiency. It can be greater 1.0 because it
includes resolution smearing effects. The solid line is from
the bost fit DD production model A (sec text).
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In model 3, cc pairs were produced with e nass m according to

^ d3a 2 ,, ,O -3o -Yn>
E T7— = —3 (1 - x) e T c -

and the conpop te cc systems decayed into DD pairs. For both models, ve

have assumed ;hat the seni-lcptonic decay nodes of the D are D •* Kuu (60*)

and D •+ K pv (4ÍH) . Both of those models adequately fit the data. The

best fit vith nodel A was achieved with a = 4.7 i 1.0 and 6 = 2.5 (S was

kept fixed). The best fit with model B was achieved with a = 2 i 1.2,

S = 2.5, and y = 15 C3 and Y were kept fixed).

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

momentum D greater than p . . This plot. Figure 4, was obtained by cor-
mxn

recting the data in Figure 3 for efficiency and adding the U and v

rates. The corresponding curves calculated from models A and B, discussed

above, are similar (the curve for model A is sho-.-n in Figure 4 ) . The

intercept of these curves at p . =0 is sisoly the total prompt single muon
ru.n .

rate. For model A this rate is (1.9 i 0.4) x 10 and iron model B it is
-4

(1.8 ± 0.6} x 10 . If we assume an 81 average branching ratio and

linear A-dependence, these rates correspond to total charra production

cross sections of 16 ± 4 Vb/nucleon and 15 ± 5 pb/nucleon, respectively.

Here the errors are only statistical, and mainly cone from the uncertainty

in a.

Figure 4. Tc
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Also shown in Figure 4 is a measurement of the total pror.pt r.uon

production rate above 8 GeV frora an early test run of this experiment .

When our new low momentum data is analyzed, it vill provide a substan-

tial improvement in this region.

In conclusion the data indicate approximately equal production of

prompt p 's and y 'sin 350 GeV p-Fe interactions. The data do not con-

firm results from beam dunp experiments which indicate unequal pror-pt

V and v rates. The momentum distribution are adequately described by

a central DD production siodel with a cross section of 16 ± 4 pb/nucleon.

The data dojje^not indicate a large diffractive chara production cross

dsections of the magnitude reported by ISR experiments = 60 GeV) .

• this exp.
^eorly test run —

(Ritchie eta l . ) -

20 40 60 60 100
P^lGeV/c)

Figure 4. Total pror.pt single V rates In + V ) with p greater than p
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WHAT CAN WE LEARN FROM STRUCTURE FUNCTIONS MEASURED

IN NEUTRINO INTERACTIONS f
F. Eisele

Abteilung Physik,Universitat Dortaund.Fed. Rep. Senany

The new measurements of structure functions by the CDHS-collaboration are substan-
tially improved compared to published 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 presence
of non perturbative contributions is required at large x (x % .5) and low Q 2

only. Their shape and magnitude agree well with popular models of diquark con-
tributions. The analysis results in a value of A—- * .2 1 .1. r}iStjL«v v̂ -">

I The experimental data

¿._l_ T_he measurement^ of t^t¿l_cro¿s^S£C£ion£:_experimental_ jjroblem £r_hint

tor_ iiew j>hv_slcs_ _?_

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

Table I [j]: a/K - 1O38 cm2/GeV

Experiment

GGM 73
CTFR 77
CDHS 78
GGM 79

BEBC 77

CFRR (79)
CFRR (80)

CHARM (80)
BEBC (prel.)
GGM (SPS)(80)

Ev
2-10

45-205
30-200

3
9

60-260
40-225

20-200
20-200
10-150

V

.28+.02

.291.015

.301.02

.29+.03

.3761.019

.3011.018

.2991.016
.291.04

V

.741.05

.611.03

.621.03
-69±.O5
.611.06
.631.05

.701.038
.7191.036

.604+.032

.634+.029
.611.08

v/v

•3S1.O2
.481.02
.481.02

.5231.03

.4981.019

.4721.019

.4751.09

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: ? 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 is 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 measurements may.not 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 antinautrinos affects the
structure functions only as an absolute scale error but does not change their
shape.

T2*

i •>;•-*-

Fig.3-
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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:

F2V (x,Q2) = x(u+d+s+c+u+d+s+c)«»»' dc
dx~

xF3(x,Q2) - q w l m e (x,Q2) da

dx
vN

x(u+d+2s) at high y

The measurements of F2 are shown in figure 1 together with the result of a
QCD 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 rest Its 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.

10

•. _»—,

. Z . . a. _ .

Fig.l: F2V (x,Q2) as measured by the Fig.2: q (x,Q2) as measured by the
CDHS collaboration CDHS collaboration
A value of R « OX/OT • •• was assumed. The solid lines are the results
of the" leading order QCD-fit described in sect. III.l.



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 functions.

Important new information is contributed by the new measurement of the antiquark
distribution in the nucleón which is based on ̂  150000 events vll+N-»-M

+ + X
from wide band beam and t< 25000 everlts from narrow band beam exposures. The ex-
traction of q(x,Q2) is illustrated in figure 3, where the differential cross
section davli/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.

uN —
Fig.3: fl.a ' /áx for 2 energy bins and several Fig.4: q(x,Ejj)

bins in y. Also shown is davN/dx»(l-y)2 (A value of R«.l was
which measures the cross section for assumed.)
the scattering off quarks

The measured antiquark distribution (assuming a value R * oL/aT « .1) is shown
in fig.2 versus Q^ and in figure 4 for fixed v - EH-bins. Evidently the anti-
quark distribution rises substantially with Q2. The most important f..~t however
is, that there are no antiquaries above x - .45. This poses a severe '•• imitation
OQ 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 1/3 (s,3) above x » .45. unfortunately no bound can be given on the pre-
sence of cc and bB quarks at large x since antineutrinos cannot scatter off a c
or B-quark.

The determination of F2 and q is affected by uncertainties in the value of
R » Oí/o? and in the effect of charm-threshold. Bow such these uncertainties
affect the analysis of structure functions will be discussed in section III..

II. Anal sis o
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II. Analysis of moments

It has been very popular (and still is) to interpret the Q2-evoiution of struc-
ture functions by using their (Nachtmann) moments at fixed Q2: <Fj.(Q2)>n

 =

¿/•xnFi(x,Q2)dx.it is certainly true that we have a lot of arguments in favour
or moments from a theoretical point of view:

- simple predictions for their Q2-evolution
- second order corrections for non-singlet and singlet structure functions
are available

- target mass corrections are straight forward
, - QCD ingredients can be tested separately

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 United
Q2-range, provided that correlations are correctly included in the analysis.

-•—•—i—r-

2 4 t 6 10

Fig.5a: Structure functions F2 and 2q
weighted by powers of x. The
arrows on top give the average
value of x for the indicated moments.

Fig.5h: Ratio_of moments of xF3
and 2q relative to F2 as a
function of n.

Figure 5a 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 ¡neasurements
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 noaent only. This is further illustrated in figure 5b where the magnitude
of the moments for xF3 and 2<j are shown relative to the moments for F2.

Thut 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>glue only provided we are able to measure the Q2-depen4ence of these
moments. This however is not possible ai, can be seen from figures 6a and b.
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Fig.6: Fraction of the moment which is measurable as a function of Q*. The
requirements are: Ev<280 GeV, x<.7 for Q

2>20 GeV2/c2 and W2>2 GeV2. 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 Q2-yalues the loss is due to the requirement K2>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 Q 2

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 Q2-evolution of F2 and q is shown to-
gether with the visible fraction of these structure functions.

Figure 7:
Q2-evolution of q and F2 as- pre-
dicted by the QCD-evolution. Only a
small fraction of q is measurable
at large Q2 due to the requirement

Q2. The
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Any information about the gluon moments relies on the change of q 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 Q2-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 knovn
"slope plot" for the Nachtmann moments Ñ3 and Ñ5. The slope is given by the ratio

0 100 200 Q 2

Q2. The
2 GeV2. The
range is
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the second

relation to
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Figure 8:
"slope plot" for the Nachtmann moments
Ñ3 and Ñ5 including correlations. Indi-
cated as straight lines are the pre-
dictions of QCD scalar gluons and the
result of the best straight line fit.

F2 as- pre-
ution. Only a
measurable

; requirement

of anomalous dimensions which depend on the vector nature of the gluons. The
measured'slope d$/d$ « 1.68 ± .11 agrees well with the second order QCD predic-
tion i 5] and excludes scalar gluons. In_a second step the value of A can be de-
termined. A combined fit to Ñ3, Ni, and Ñ5 including all correlations gives the
result

i « .3 ; .1 for leading order

and A35 » .25 ± .08 for a second order fit.

The error includes an estimare of systematic uncertainties.

The inclusion of correlations is essential for this analysis. Both the value of
A 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 «11 we dare to do with noaents. Any further analysis especially for
the singlet structure functions should be based on the analysis of the full
x-dependence.
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III. Analysis of ^-dependence

The QCD-evolution of structure functions if obtained fro» che numerical integra-
tion of the Altarelli-Parisi equations which are given and graphically illustrated
in figure 9. The method was introduced by Abbot and Baxnett [7] and allows to
make first and second order fits, to include target mas* corrections and higher
twist contributions.

The main advantage, however, is that it sake* full use of the available data
without strong dependence on unmeasuredjtinematical regions. In the following I
will discuss a simultaneous fit to 12, q and the gluon distribution. This leads
to a system of coupled differential equations:

Q2)

egra-
strati
so
ghcr

.ng I
eads

" Gi i n % Si
There is one D.E for each measured value of x. In total there are 3-14-42 coupled
differential equations.

In addition we have to fix the starting values at Q2 * Q 2 and the free parameter A.
This is done by using simple parametrizations: °

F2(x,Q|) - a 2{I-x)
p
2 (l+c2x)

q(x,Q|) - a, <l~x)Pq

G(x,Q|) - ag (l-x)
P8

where the parameters 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>2 » 1-<F2>2. In this case ag - ag(a2, P2, c2, Pg, cg) is determined.

nj[.l_ The ¿Luon distribution

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

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

at small x which according to QCD is manily.due to gluon pair production. 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 measure directly the gluon distribution weighted by the probability to gene-
rate a qq-pair i.e. the convolution Pgq 9 G(x). Wherever this convolution is
positive we will measure an antiquark content of the nucleón (or it will evolve
at somewhat higher Q 2 ) . Thus the function Pqg • G(x) has to be zero for x ̂ .45
where no antiquarks are found. The Q2-evolution of F2 measures the combined effect
of pair production and bremsstrahlung and both are equally important in the inter-
mediate x-range where the slopes are well measured. It is evident from figure 9a 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 FL at small x as will be shown later. The.measurement
of FL is however by no means good enough at present to learn something about the
gluon distribution.
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of gluon brensstrahlung and gluon pair production are given separately.
The data points are obtained from linear fits in ¿nJlnQ* to the CDHS
structure functions.
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ii) charm pair production in won experiments
Mi ->~^. ' ^ ^ - u The production of cc pairs in «production is

reasonably well described by the gluon fusion
model. The cross section in this model ia given
by

o(yN*ccx) «*2f dx G(x) o(Yg*cc)

which involves the gluon distribution G(x).

"gluon fusion model"

iii) Hadron-hadron collisions
Large contributions from quark-gluon and gluon-gluon 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-quark
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 distribution. To reduce possible contributions
due to higher twist the region of large x and low Q2 was excluded by the require-
ment W2 - QZ-(l-x) / x > 11 GeV2. A very satisfactory fit vas obtained with the
following parameters:

. .o .
.18 ± .02

<F2>2

<q>2

<G>2

- .45

* .055

- I. - <F2>

<X>F2 '

<x>-

¿ <x>glue

.25

.095

.16 ± .02

5 GéV2/c2

0* -45 ae-.'-ef 0* -225 G»v*.

0 0' 02 03 04 OS 06 07 08 X 0 Or 02 03 04 OS O6 0> OB 0»

Fig.JO: Shape of structure functions F2, q and G(x) for two values of Q2 obtained
from a leading order QCD fit 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 Q2. only.but can be calculated for every other
value of Qz using the evolution equations.)
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The fit is compared to F2 and q in figures I and 2. The resulting slopes are
given in figures 9a b and conpared to data points vhich have been obtained from
linear fits in An in 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-
tions 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/c2

to Q 2 * 22.5 GeY2/c2 and cannot be described by a simple parametrization
G(x) "»> (l-x)^Q ' over the whole Q2-range. As an example, if one enforces such a
parametrization at Q2 « 20 GeV2/c2 the gluon distribution becomes negative below
Q2 = 2 GeV2/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 parametrization G(x) « ag(I-x)

p8(l+Cg-x) =
2.63«(l-x)s-9(l+3.5x) at Q2 « 5 GeV2/c2. Clearly there is a prejudice in choosing
this functional form and other 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 q has to be zero above x = .45. A fit to F2 alone gives a very strong
correlation between A and <x> giue- 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 ag as a
free parameter. The result is <G>2 * .55 ± .11 in good agreement with the expec-
tation 1. - <F2> = .55. Thus there is little room for constituents in the proton
which do not carry colour.

De£enden£e_on systematic uncertainties

The present analysis 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 know at least two
non-QCD effects which give rise to scaling violations in this region:
i) uncertainties in .ô /Of, ii) threshold effects due to heavy quark production.
Both effects have rather severe consequences for the slope of q*. The structure
function F¿ on the other hand is only weakly affected by the experimental uncer-
tainty in o^/Oj. 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:

. vB .rtvN
•22— + 22—•cx(u+d+ü+d)(l+(l-y)2) + 4xS(x) + 4xC(x)()-y)2
dx dx

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 • n(u+d+s+c+u+d+s+c) with Nr"^ flavours.
Alternatively we have tried different assumptions about the contributions from
strange and chanted sea. Since the charmed sea contribution is strongly suppressed
by the (l-y)2-factor it may be better to subtract it's contribution. This was
estimated by setting C(X)HO fiir Q2 » 1 GeV2/c2 and then calculating it's Q2-
evolution. The correction in any case is rather small. The strange sea contributes



91

mainly to single chara production and is thus suppressed by threshold effects.
To estimate this effect we used the slow reselling aodel in two different versions:
i) effective chant mass m » 1.5 GeV and 2»/(5+3) • .5, ii) «c - 1.85 GeV,
2s/(ü+3) - 1. This procedure leads to a structure function F2 » x(u+d+s+S+3+I)
with only Nj-3 flavours!

The effect on the slopes ojE $2 is shown in figure 11 together with the result
of a leading order fit to F2 with Nr«3. The structure function 9 was used for
i > .3 only. Thus the large uncertainty in the slopes of q doet no longer enter
but the requirement that there are no antiquaries at large x it still kept.

IV Higher twi-
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Fig.12: Shape of gluon distribution
for three different assumptions
about ¿crange and charmed sea
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Fig.ll: Slopes of F2«x(u+d+s+S+3+i)
for two different assumptions
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 magnitude of the gluon distribution is only moderately affected as
can be seen in figure 12. The width of the gluon distribution at Q z » 5 GeV2/c2

is in the range .13 < <x> . ~< .17. °

Summary

The Q2-evolution of F2 and q are well described by leading order QCD with ¿«.2. The
slopes of F2 at small x are only moderately affected by known uncertainties'in

/ and charmed threshold effects.

The measurement of q contributes the very important constraint that there are no
light antiquarks at x % .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 with the energy
momentum sum rule.
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IV Higher twist contributions to seeling violations: Hov large is the Ajg ?

Higher twist contributions «rise from scattering processes where two or more
•ucleon constituents act simultaneously. Examples of twist-6 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 known about higher twist contributions? -

i) They should contribute dominantly at high x and low Q2 i.e. low invariant
hadron mass. Well known examples are quasielastic scattering and resonance pro-
duction. The relevant variable is 1/W2 - x/((1-x)Q2).

ii) The Qz-dependence should be dominated by inverse powers of Qz:

F(x,Q2>H.T. -v- a(x)/Q2 + bto/Q1» * c(x)/Q6 • ...

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 nucleón cannot be
calculated perturbatively for the same reason that we cannot calculate the momen-
tum distributions of single quarks. All nucleón structure functions have to be
determined experimentally.

_ j _ _ ¿ Jto_3eparate hi¿h£r_twi£t_c£n£rijju_tions_from ¿erturbative
_(lead_in_g_log)_ (JCD contributions^ — — —

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/lnQ2 variations from l/Q*, 1/Q" This is the natural
approach if the analysis is restricted to nonsinglet structure functions. It
requires the maximal available range in Q 2 and x.

ii) Start in regions where higher twist contributions are most likely small 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 U2 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 COTS structure functions. These data are displayed in figure,13. They cover
the range 2 < W2 < 12 GeV2 with an average value of Q 2 = 8 GeV2/c2.
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Figure 13:

F2 structure function derived from
inelastic electron nucleón daca
at SLAC.

IV;_2_F¿ts £o_thejions_iiig_let ¿tructure function

These fits are based on the CDHS measurements of xF3 and in addition on 2xFI
for x > .U (Statistically Che information is mostly due Co 2xFl). They include
target mass corrections [9] and a correction for Che propagator effect with
my - 80 GeV.

i) Pure QCD fits:
We require W2

2 2 2
11 GeV2 (which corresponds to x/(Q2(l-x>) < .1) andq ( p Q

Q2 > 2 GeV2/c2. Leading and second order fits give the following results:
AL.O. " -19 i .08 xZ/DF * 156/107

Ajg » .21 ± .08 X
2/0F - 155/107

The two fits are equally good and differ very little fro» each other. This
underlines che well known fact that second order corrections are small in the
MS-scheme. The slopes of xF3 for leading and second order are shown in fig.9c
for the same value of A " .2 and Q 2 • 8 GeV2/c2. Including estiaatss of vario is
systematic errors, the value of Agg has to be in the range

.09 < Ajg < .3

assuming that higher twist contributions are negligible in this kinematic
region.

ii) Fits including twist-4 contributions:
To increase the sensitivity we now include all data points with Q 2 > 2 GeV2/c2

and use in addition the SLAC e-d data. The structure "function* are parametrized
in tbe following way: F( X , Q 2 ) - F Q C D ( X , Q 2 ) ( 1 + (p-f(x))/Q2) where v i* the un-
unknown scale parameter of twist-4 contributions. For their shape f(x) various
functions were assumed.
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The results of three representative fits ?re given below:
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Fit Parameters

I) leading order, f (x) » -—• A. Q -.4+.03 u—.07

II) second order, f (x) « -j^- Ajg « .24

III) second order, F(x) - ~ .43 -.15

162/145

177/145

178/145

The sain conclusion is that A and u are very strongly correlated. There are two
equally probable solutions with either A % .4 and no tvist-4 contribution or
A % .2 and a large twist-4 contribution. The result depends strongly on the
assumed shape of the twist-4 contribution and is very sensitive to small systema-
tic changes. To sumnarize, this sort of analysis is not conclusive.

IV.3 Analysis of singlet structure functions: F2 and q L)0.

a_)_(¿-evolu t ion of_*econd_ SPSfiS.**

The use of second moments has been proposed by Glück and Reya one year ago .' i 1 . icr
F2 And xF3. Their netbod gives the unique possibility to learn something or. higher
twist contributions without any assumption on their Q2 or x-behaviour. We will
instead use <F2>2 and <q>2 for which the Altarelli-Parisi equation gives the
following Q2-evolution:

Here we have added possible higher twist contributions on the right hand side.
Experimentally we can measure the slope:•> on the L.K.S. and the second noments cf
F2, q and the gluons making use of the energy momentum sum rule. Thus we know the
value in square brackets for both equations.

Using S F - 4 flavours we find a value of -.77 for F2 and +1.5 for q at 0/=8GeV-/c
:.

If we now add equations (1) and (2) in the ratio I:.53 the QCD term "-as(Q
2)

drops out i.e. d<F>2/d£nQ2 + .53 d<q>2/d£nQ2 has to be zero if only QCD-terms
are present.

It is natural to neglect higher twist contributions to <q>2with respect to <F2>2
and we obtain the following relation

d<F2>H.T.

dlnQ2
d

5156?
rTu ¥

fci tic

Q2 > 2 GeV2/c2

re parametrized
. v is the un-
e f(x) various

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

A preliminary estimate of the slopes of<q>2*nd <F2>2 from the CDHS data leads to
the following values:

d<F>2g j - - .009 ± .005 1
" f Q2 -8
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The errors include (conservative) estimates of the uncertainties due to charm
threshold and R » O T / ° T - They can hopefully be improved in the near future.

We get the following result:

"dW % Q* " ~ < f ^ + ••') " -°°U * '°15
which says that the total contribution of higher twist terms is rather small. If
we use the twist-4 model of the previous analysis

T* */ » ó / <T=7> F2d5£
/ O I~X

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.

b)_üse_of ofF2 and

In a first step we repeat the leading order ii-.s to F2 and q which were used to
determine the gluon distribution. To reduce possible higher twist contributions
we require W2 >20 GeV2. Figure 14a shows the resulting slopes for F2 extra-
oolated to Q 2 « 8 GeV2/c2 where we finally want to look for additional higher
twist contributions.

Fig.14: Slopes for CDHS and SLAC data at Q2- 8 GeV2/c2

The data points are obtained from linear fits to ininQ2 to the total
available Q2-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 • G(x) which

would be necessary to give the measured slopes for a value of A * .4.

The resulti^
taneously th
The data poi
total availa
corrections
describe tb
x « .65 corx
are expectez

In a second
(including -
of 8 GeVz/c'-
Thus we nee
target mass

Why is it n
Such a poss*
answer is g-

The gluon b
large and i
they would
on top. Thi
at large x.
figure 14 r.
mediate anc
we could TIC
come back i
highly art:
SLAC e-d da

We can ther
much smallt
chance to
threshold!1
corrections
to the non-
second ordt
very unlike
conclusions
The only al
which mimic

Shape oí hi

We need con
addition tr
possible .o
might have:
i) target
ii) additic

might b
iii) scalir»
iv) • • » •

Let us howe
•v. 1/Q2 or •>
tude of the



96

The resulting value of A is A^ Q » .20 - -02 which describes very well simul-
taneously the shrinkage at large x and Q2 and the rise of the sea at small x.
The data points in figure 14 are obtained from linear fits in ínlnQ2 to the
total available Q2-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, (tt should be noted that the data point at

il. If x « .65 corresponds to an average Q 2 of % 80 GeV2/c2 where target mass corrections
are expected to be neglegible).

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 8 GeV2/c2. 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.

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

The gluon bremsstrahlung for A = .4 gives very large negative contributions for
to large and intermediate values of x. In order to obtain the measured slopes of F2

lions 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 antiquaries
,er at large x. The best fit to the data for a fixed value of A « .4 is also shown 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 v . 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 (¿X2 •= +50) with a value of A. _ = .24.

We can therefore conclude that J*L Q 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 A 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 ss 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 Aw; around .2.
The only alternative is to construct very complicated higher twist contributions
which mimic QCD.

_Shap£ £f_higher .twisjc £ontrjLbuti£n£

We need contributions to scaling violations in the large x. low Q 2 region in
addition to QCD and standard target mass corrections. There is a long list of
possible contributions and it is rather hopeless to separate all of them. We
Blight 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 c change of argument in the running coupling constant ¡.12"
iii) scaling violations due to Fermi motion e'ffects

he iv) • • • •

rget Let us however assume that the main effect is due to higher twist contributions
•v 1/Q2 or 1/Q1*. 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

.4.
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expression F(x,Q2) - F Q C D ( X , Q 2 ) + FH-T'(x,Q2) where F^-T-(x,Q2) - v., (x)/Q2

or F (x,Q2) » U6 (x)/Q* is assumed. The normalization factor between e-d
and neutrino data is determined independently 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 cannot describe
the data (for A » .2) the inclusion of additional higher twist terms gives a
perfect fit.
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Fig.15: SLAC e-d data for three bins in x
versus Q2. The contributions of
QCD (A*.2) target mass corrections
and higher twist are given separa-
tely

Fig.16: QCD and higher twist contri-
butions to the structure func-
tion F2 at Q2« 6GeV2/c2.
it) twist-4 contribution
(¿)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 Q 2 • 8 GeV2/c*. It is
peaked around x » 2/3 and is restricted to x ^ .5. It should be noted that this
is the higher twist contribution to e-d scattering. The CDKS-data alone 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 reasonably well with the expected shape for diquark scattering
F H . T . ( X J Q 2 ) ^ X 2 ( ] _ X ) / Q 2 [g] but is' incompatible with the shape which is nor-
mally assumed in nonsinglet analysis: F°**-« F Q ^ D «x/CO-xjQ2) • y . If «uch a .
parametrization is enforced, higher twist contribution comes out very small and
the fit is unacceptable.
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. . . . " . — l° o k l f t h e s e results still hold if we allow simultaneously
and higher twist contributions in s fit to all CDHS and SLAC data with

q > 1 GeV£/c*. As an example we give the results for a fit

" ^ p # x /vi—x/*i/Q ) where A, a and 11 are fr^e parameters:

^ Q w » .195 ± .02 GeV

U * 1.5 ± .2 GeV2 x^DF « 210/206

a > 3.7 ± .3

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

To_sumaarize:

The CDHS data on F2 and q 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. A possible (and natural) solution is the
presence of higher twist contributions <u 1/Q2 or 1/Q1* at large x. They explain
about 1/3 of the observed scaling violations, the rest is due to QCD and target
mass effects. 6

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 Q2 and especially the observed rise of the sea which
has not been included previously.

£)_Effec_t £f_diq£a£k_c£njtribu_tipns_

The observed shape of the 'higher twistTI contributions is very suggestive that
they may be due to diquark scattering though other possibilities cannot 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 [83.
They argue that the presence of diquarks contributions gives a natural explana-
tion to the observed Callan-Gross violation 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.
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Fig.17: R*oL/oT as measured in
electron deep inelastic
scattering at SLAC. The
dotted line gives the ex-
pected kinematic contribution.

Fig.18: R-o^/oj measured by CDHS. The
lines are QCD predictions for
different values of v using
A » .2 and the new gluon distri-
bution
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Callan-Gross violation

The SLAC data on R » v^/Oj are shown in figure 17 versus x. The data indicate
that R isiaonzero at large x in contrast to the QCD expectations'. The presence
of diquark contributions gives a natural explanation since they are effective
integer spin constituents for which the Callan-Gross relation does not hold.
This has been thoroughly discussed by Abbott et al. [14].

The CDHS experiment gives an independent measurement of R at an average
Q2 % 20 GeV2/c2 and <v> % 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 contributions to
the longitudinal structure function from gluon pair production and gluon breou-
strahlung are given separately.

Figure 19:
QCD prediction for the longitudinal
structure function FL(x,Q

2). The
contributions due to gluon pair
production and gluon bremsstrahlung
are given separately.

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

- Diquark scattering gives larger contributions to e-p than to e-n scattering. If
they were substantial it might be even possible to restore the naive QPM-pre-
diction u(x) - 2d(x) for single quark densities [8j. A recent measurement of '
F2vP/F2eP based on vp-scattering by the ABCMO collaboration [15] is shown in
figure 20. If no diquarks were present this measurement is equal to u(x)/d(x)
and che ratio deviates strongly .from 2 towards large x. Also shown is the predic-
tion of the diquark model of Donnachie and Landshoff [8]. The model is not able
to explain fully the difference between u(x) and 2*d(x). -

If one adds up the present knowledge the conclusion is that diquark contribu-
tion might play an important role to expliia 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 probably
possible in the near future. A list of possible experiments and specific
"diquark"-predictions is given in reference [14].

V Conclusion
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Figure 20:

F2vp/F2ep based on 3400 vp-events
in BEBC measured by che ABCMO
collaboration [Ib] and SLAC e-p
measurements. Predictions of the
naive' QPM model and a diquark model
are also given.
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V Conclusions

The shape of F2, xF3 and the antiquark distribution for isoscalar target is now
well measured in a large Q2 range. The observed scaling violations are well
described by QCD effects with a value of AJg % -2 b o t n a t l a r 8 e x a"d Q' a n d i n

the sea region.They find noother simple explanation. The presence of additional non
perturbative contributions is required to explain the slopes of the e-d data at
large x (x <t .5) 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.

The value of AJg agrees with new results from deep inelastic muon scattering

and with a preliminary analysis of the Gargamelle SPS-collaboration.
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I

NEUTRINO OSCILLATIONS

- PRESENT AND FUTURE EXPERIMENTS -

Jorg Wotschack
CERN, Geneva, Switzerland

1. INTRODUCTION

There are good reasons to search for neutrino oscillations:

- Gauge theories favour small lepton number violations1).

- Some grand unified theories2) expect neutrino mixing with neutrino masses

of 10-5 eV < < 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 galaxies3).

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

of U eV < m < 46 eV").
e

The idea of neutrinos being massive and oscillating between different

neutrino flavours was born some 20 years ago5), 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. '

A series of experimental searches have been performed during the last

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

reactor experiment6), while a second reactor experiment7) fails to find

evidence for neutrino oscillations. Bubble chamber and emulsion experiments

at FNAL and CERN8*1") looking for V and'V in V -beams gave negative

results and also an oscillation search at Los Alamos15) saw no indication

of neutrino oscillations in the range of mass differences (Am2) accessible

to these experiments. Then there are the Cl 3 7 solar neutrino experiment16),

the deep mine cosmic ray measurements17»ls), the CERN beam dump experi-

ments l 9~2 '•*, and a new high'energy total cross section measurement at

FNAL22) all of which give results which could be interpreted as evidence

for neutrino oscillations.

2. THE GENERAL CONCEPT OF NEUTRINO OSCILLATIONS

Neutrino oscillations may arise if the weak interaction eigenstates

v , v , \>T, ... which couple to e, v, T, ... are linear combinations of

neutrino mass eigenstates Vj, v2, Vj, ... with masses mi, mj, nij:
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V • «1 Vj + Ai V¡ + ai Vj + ...
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The neutrino mass eigenstates Vj, Vj, ... develop with different phase

angles if their masses mi, «2, ... are different. This leads to a change

of the composition of the weak interaction's eigenstates as a function of

time or distance.

Depending on the type of mass eigenstates (Hajorana or Dirac masses)

the weak interaction's eigenstates will oscillate between v *-* v and/or

different neutrino flavours23).

The probability that a neutrino V has oscillated into a neutrino v^

after a distance of flight t£nf| is essentially given by

P(V •*• u ) - sin22a • sin2(1.27« Am2 • | ) + )

a D fi^

where a is the mixing angle determining the oscillation amplitude,

Am2 " |m? - m?| is the difference of the squares of the two neutrino

masses in eV2, E is the neutrino energy in HeV. The first oscillation
V -

máximum is obtained if Am2 •'•=• = 1.2.

The sensitivity of an experiment to ¿m2 is then in first order

determined by the neutrino energy E

neutrino source and detector to be

and the distance t[m3 between

Am2 if.

Of course, smaller limits for Am2 for fixed E v and L may be achieved if

experiments are sensitive to effects due to less than maximal oscillation.

Figure 1 shows the range of Am2 which is accessible to experiments with

neutrinos from various neutrino sources.

nee

tes

of

t) 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 Bef. 24.
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Neutrino oscillations can be detected either by observing a decrease

of the primary neutrino flux (method A) or by observing the appearance of

neutrinos not present at the source (method 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 neutrino flux.

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

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

primary beam.

3. EXPERIMENTAL RESULTS

3.1 The solar neutrino puzzle

Davis et al.16' have been measuring the flux of solar neutrinos for

more than ten years via v capture by Cl 37.

• ClS7 Ar3 7

2.1 i 0.3

Their latest results36) are:

P m observed rate m
expected rate " 7.8 ± 1.5"

- The observed rate is only about 302 of «hat is expected from current solar

fusion models. One possible explanation could be the oscillation of Vg

into other neutrino flavours not being captured by the Cl 3 7.

Solar neutrinos (L = 10 nm, E s 1 MeV) are unique in the sense that

they may explore mass differences Am2 as small as 10~la eV2. Unfortunately

the experiment is sensitive only to a tail of the solar V spectrum due to

the threshold energy of "̂  0.8 MeV for the V capture by Cl37 while the bulk

of the solar neutrinos has energies below 0.4 MeV.

As pointed out by Schatzmann et al.2S) the calculated v 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 v flux is

suppressed by neutrino oscillations, it does not seen to be justified to

conclude their existence being completely dependent on the calculated v flux.

A similar experiment using Gallium instead of Cl 3 7 as captor is being

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

1-0.2
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•*« 0.2 MeV and would permit a measurement of a much larger part of the

solar neutrino spectrum.

Solar neutrinos cover by far the widest range in neutrino mass differ-

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

lations measurements at different distances froir the sun are necessary. Since

this is not possible for earth based experiments given the large distance and

dimensions of the sun, solar neutrinos are probably not very well suited for

oscillation studies.

3.2 Cosmic ray experiment»

Data are available from the Kolar-Goldfield27) and the Johannesburg28)

deep mine experimente (̂  3000 m underground). Both experiments measure the

horizontal y-flux which is almost to 1002 induced by v interacting in the

rock around the detectors.

The Johannesburg experiment finds

R K observed rate
0.62 ± 0.17

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 neutrino oscillations depends

on cosmic neutrino flux calculations with uncertainties of > 30% which

make these measurement** inconclusive. ^

There is hope that cosaic neutrinos can be detected directly in

future underground ptoton 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 Am2

*s snail as 10"3 - 10~" eV2.

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"11 sec) has been measured by three experiments in the bubble chamber

BEBC19' and the electronic detectors of the CEKN-Hamburg-Amsterdam-Rome-

Moscow (CHARM)20) and CERK-Dortmund-Eeidelberg-Saclay (CDHS)*1) collaborations.

All three experiments observe an excess of prompt v over v induced events
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R -

0.59 ±
0.35

ABCLOS/BEBC

CHAHM

0.64 ± 0.08 ± 0.15 CDHS (averaged)

0.21
0.48 ± 0.12 ± 0.10

If the bulk of the prompt neutrinos is due to production and decay of

charmed particles (as commonly believed) the same number of electron and

muon neutrinos should be observed.

While oscillations between v and v would not change the V /v ratio,

oscillations between v and v could in principle explain a value R < 1.

Charged current V interactions

vT + N • T + X

1+ e 17Z
U 17Z
hadrons 66Z

lead in more than 60Z to a purely hadronic final state and in less than 20S

to an electron.

The bubble chamber identifies electrons while the counter experiments

cannot distinguish between electron and hadronic final states.

If the observed rate of V /v was indeed due to V •• v oscillations

than bubble chamber and counter experiments should find different ratios

which seems not to be the case.

The reason for the observed v -v asymmstry has yet to be understood,

an explanation in terms of neutrino oscillation seems, however,

unlikely.

An improved beam dump experiment scheduled for Spring 1982 should

clarify the situation.

3.4 High energy total cross section

In two measurements of the total charged current neutrino cross section

in 1979 and 1980 the CFRR experiment at FNAL22) has found cross section

8lopes to be 15-20% higher than older measurements performed by the

same group at FNAL and BEBC, CDHS, and CHARM at CERH26), see Table I.
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TABLE 1

of

n and

u ratio,

< 1.

FERMILAB

FERMILAB

FERMILAB

1977

1979

1980

CDHS/CHARM/BEBC.

L «

600

1100

1100

600

Ev

45

50

40

30

(GeV)

- 225

- 260

- 225

- 200

CV/E

0.61 t 0

0.70 + 0

0.72 ± 0

0.62 ± 0

.03

.05

.04

.05

0.

0.

0.

a'/E

39 ± 0

3 7 + 0

30 ± 0

.015

• 02

.02

han 20Z

iments

at ions

atios

stood,

id

section

;.on

In the experiments with the higher cross sections the distance detector-

neutrino source vas roughly doubled compared to the other experiments.

The question was raised22): Is the enhanced cross section due to neutrino

oscillations? If this was the case the Am2 would be of the order of 200 eV2

and the oscillation effect should be clearly visible as a variation of the

cross section over the covered energy range. Furthermore the 15-202 increase

of•the cross section by doubling the distance L should be reproducible 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

15-20Z is clearly excluded between 50 and 280 GeV.

3.5 Reactor experiments

Reactor experiments measure the V 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 > 1.

3.5.1 The Savannah River Reactor experiment

The only experiment which has claimed evidence for neutrino instability,

so far, is a deuteron experiment performed bj a ÜC Irvine group at the

Savannah River power reactor6).
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The group measured the neutral and charged current reactions of v

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

•* n + n + e (CCd)

'•* n + p + v (NCd).

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

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

expected ratio (see Table II).

TABLE II

Distinct
• from

core, n

11.2

11.2

11.2

11.2

11.2

6

ó

Reacción

CCd/NCd

NCd

CCd

CCp

CCp

CCp

CCp

V detection
threshold

«eV

«.0/2.2

2.2

6.0

4 .0

6.0

l . S

6.0

0.

0.

0.

0.

0.

0.

0.

Ratio, K

Avignone
tpec trum

43

84

36

76

46

70

03

1 0.17

í 0.13
i 0.13
i 0.08
i 0.05
± 0.10
t 0.12

• cKexpO/dtheor.)

Davit

spectrum

0.45

1.09
0.49
0.99
0.66
0.91
1.0S

± 0.17

i 0.16
± 0.16
í 0.10
± 0.07
± 0.13
t 0.16

Meas.
spectrum

0.53 í

1.20 1
0.64 ±

Cprelin.)

0.20

0.20
0.24

Neutrino oscillations of the type v •+ anything could explain a

value of R < 1. If v would oscillate into V or \>T the charged current

rate should be suppressed (y or 1 cannot be produced) while the neutral

current rate is not affected.
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However, an interpretation of this result as evidence for neutrino

oscillations has been criticized by A. Dar26) and Feynman and Vogel29)

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 E2 (CCp) measured by the same experiment

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. Including

those leads to agreement with the measured ratio.

3.5.2 The Grenoble reactor experiment

A Caltech-Grenoble-Munich group7) has measured the reaction

v p •* e n at 8.7 m distance from the core of the Institut Laue-Langevin

(ILL) research reactor 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 flux by

Davis et al.37' while a flux calculation of Avignone and Greenwood38)

gives a systematically t> 30Z higher' flux.

The Caltech-Grenoble-Munich group sees no evidence for neutrino

oscillations and sets limits for the combination of ¿a2 and sin!2n as

shown in Fig. 4. Also indicated is the allowed region of sin22a and ¡an2

from the UCI experiment, clearly incompatible with the Grenoble result.

3.6 Bubble chamber and emulsion experiments at accelerators

Accelerators produce almost pure v beams with small v admixtures

(from K-decay) of the order 10~2-10~3. They are ideal neutrino sources

to look for the oscillation channels v •* v , v or V •+ v by direct
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observation of the oscillation products via the charged current reactions

VeN •* e~ + X

VT» + T~ + X

Table III gives a compilation of bubble chamber and milsion experiment!

performed at FNAL and CERN.

TABLE III
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ctions

imcnts

The rates of e events observed in CGM (PS and SPS), BEtfC (WBB and

HBB), and the 15' bubble chamber at FNAL agree in all cases with the

expected v flux.

A Japao-Korea-Canada-FHAL emulsion experiment looking for T-production

did not find a single T among *»» 600 charged current interactions.

From these negative results upper limits for Am2 for maximal mixing

can be concluded:

v + V ( Am2 < 0.6 eV2

v -• vT Am2 < 3.5 eV2

ve • V T Am2 < 17. eV2 .

3.7 Oscillation searches at accelerators with electronic detectors

The only dedicated neutrino oscillation experiment with electronic

detectors at accelerators which has produced results so far is a Yale-

Los Alamos experiment at the Los Alamos Meson Physics Facility (LAMPF)15).

A 600 JJA beam of 750 MeV protons is dumped into a beam stop (see Fig. 5a).

Secondary ir are stopped and decay while ir are absorbed immediately.

This results in a nearly equal flux of monochromatic V from ir decay at

rest and v and v from \i decay with a v flux being suppressed by a

factor t 1000. The average neutrino energy is ubout 35 MeV (see Fig. 5b).

A 6 t H20 (D2O) Cerenkov counter at 9 m distance from the beam

stop serves as detector (see Fig. 5a).

The experinent looked for both the disappearance of v and the

appearance of v studying the reactions

v p •* e n in the HjO Cerenkov and

v d •* pe~p in the D¿0 Cerenkov.

So signa of oscillations have been found. The results

H . -S < 0.09 and

e
+ 1.09

+0.37
-0.41
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lead to upper limita on Am2 for maximal mixing of

V •* vft ? Ama < 0.9 eV*

v •*• anything : ¿a2 < 2.5 eV2.

3.8 Conclusion on the present experiments 4 2

There is at present no convincing experimental 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.

£225:
Negative results from a. number of bubble chaober, emulsion, and counter

experiments set upper limits in terms of neutrino mass differences and

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

ILL reactor experiment for the osillation v •* anything which however

' depends on calculated reactor neutrino flux. Best limits in accelerator

experiments have been obtained for the channel v -»• V and V- •* v by the

Coluubia-BNL 15* bubble chamber experiment at FNAL and by the LAHPF

experiment.

4. 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 feplures - 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. Studying only event ratios

makes them independent of the precise knowledge of the absolute neutrino

flux which has limited most of the present day experiments.

4.1 Reactor experiments

Both the 0C Irvine and the Caltech-Grenoble-Munich groups will continue

their measurements and plan to take data at different distances from the . under

reactor core. In addition a group from Georgia Tech-University of South ' the is
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Carolina is setting up an experiment. The Grenoble group has moved its

detector to the Bugly power reactor (near Lyon) providing a higher neutrino

flux than the ILL reactor. Installation was planned to be completed by

May, 1981. It is foreseen to measure the v spectrum at 13.5 and 18 m

distance from the core with a rate of "v« 20 000 events/month30).

4.2 The LOB Alamos oscillation programme3J)

4.2.1 Experiments under preparation

' Two experiments are under preparation at the Los Alamos beam stop

facility (see Chapter 3.7). Both experiments search for oscillations of

the type v •+ V and are scheduled to start data taking in the autumn of 1981.

£225: An ÜC Irvine-Los Alamos collaboration will place a detector con-

sisting of 9 t of liquid -scintillator interspersed with 4 t of

flash chambers at a distance, of 9-m from the beam stop. It"

will search for v interacting in the detector via the inverse

g-decay reaction.

V p •* e n.

The expected event rave is about 100/day. TTith a running time of

i< 100 days they should be sensitive to a neutrino mass difference

to2 ü 0.3 eV*.

E609: A Los Alamos group has constructed a detector containing 4.5 t of

Gadolinium loaded liquid scintillator. v from oscillations
— _ • e — +

v •+ v will be detected via the reaction v p •+ e n by measuring

both the positron and the neutron with a background < 1 event/

30 days. The neutron is captured with high probability O 80S)

after some tens of ysec's leading to two 4 MeV y-rays. The detector

will be installed at 30 m from the beam stop and will be sensitive

to ¿a2 i 0.1 eV.

4.2.2 Proposed experiments

In addition to the experiments E225 and £609 there are three proposals

under discussion at Los Alamos. All three experiments propose to ueasure

the neutrino flux at varying distances from the neutrino source.
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oscillations v •* vg

coincidence between backward e and forward neutron.

E559: A Rice-Houston-Los Alamos collaboration proposes to place two 15 t

detectors consisting of liquid scintillator interspersed with drift

chambers at 50 m and 75 m distances from the beam stop. The same

inverse 8-decay reaction as in E609 and £225 is used to search for

Both e and n will be detected via fast

Backgrounds

are estimated to smaller than 1 event/10 days. The experiment will

be sensitive to Am2 > 0.06 eV2.

£645: An Ohio State-ANL group wants to construct two, detectors formed of

H20 (D2O) 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 H2O C modules transitions V -*• v can be

searched for by looking for reactions v p •*• e n. For this oscillation

channel the experiment will be sensitive to Am2 > 0.05 eV2.

With a D2O filling of the modules the experiment is sensitive to

oscillations of the type v -»• anything by measuring the v flux

via the reaction v D -*• pe p. Here a sensitivity Am2. > 0.3 eV2

can be achieved.

E633: A Los Alamos-Maryland collaboration has proposed to build a new

low energy muon neutrino facility which could serve oscillation

experiments. A 100 jiA proton beam produces 150-200 MeV v 's

from in-flight pion decay with very small v contamination. 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

v N • V~X and v K •+ e~X

using a large modular 50 t detector made of liquid scintillator

and drift chambers. Measurements at different distances from the

target allows them to look for the disappearance of v -»• anything

with a sensitivity Am2 > 0.2 eVz and for the appearance of V .

For the latter process which could be due to oscillations v •* v

a sensitivity of Am2 > 0.025 eV2 can be achieved.

4.3 The Broc
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4.3 The Brookhaven oscillation programme36)

At the Brookhaven National Laboratory a variety of neutrino

oscillation experiments are being discussed including a proposal to

use a won storage ring as tbe Bource of neutrinos with an energy of

<v 200 MeV.

For low energy oscillation studies (F764) 1.5 GeV protons are used

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

electronic detector at % 100 m distance from the target will look for v

induced events via the charged current reaction v N ->• e X. With an event

rate of two events/day and a total of 100 events mass differences Am2 >

0.25 eV2 for the oscillation channel V •* v can be explored.

In the 28 GeV AGS wide band bean (<E > *»» 1-5' GeV) an experiment with

two detectors at 130 m and 1000 is from the target is proposed. At 13C s>

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 t

or part of E734 could be used. The experiment would look for oscillations

v •*• v. comparing the v^ and v flux ratios at the two distances. The

charged current reaction v "N •* \i~JL and v N •*• e X are used as signature.

The experiment aims at a sensitivity of Am2 = 0.05 eV2.

Two experiments are proposed in a new K, beam line providing a very

much enhanced v flux with <E V
> = 3 GeV. Both experiments want to look

for the disappearance of v and/or v measuring the charged current rates

V H •*• V X and v N •*• e X

at different distances from the target.

One experiment wants to use the detector E734 at t> 100 m and install

a 1000 t HzO Cerenkov counter at 1000 zn. The second proposal is to build

a line of seven H20 Cererikov counters (180 t each) placed at 90, 250, 500,

and 1000 m from the target (Fig. 7). The sensitivity of both experiments

would be of the order of ¿m2 a 0.5-1 eV2.

4.4 The CERM oscillation programme

Four oscillations experiments have been proposed at CERN. Three in

a new neutrino beam at the PS and one in the SPS vide band beam line.
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4.4.1 The PSexperiments

A low energy neutrino beam, <E -> - 1 GeV, pointing towards the

existing neutrino detectors (BEBC, CDHS, CHARM) will be constructed

(see Fig. 8a). The distance between target and detectors is approximately

900 m. The experiments could take data in the autumn of 1982 or early

1983. W 1

0.
BEBC: A Padova-Pisa-Athens-Wisconsin collaboration32-' has proposed to -,a

search for electron neutrinos in a horn focussed (19 GeV proton) v beam.

The v contamination of such a beam is calculated to be < 2 x 10"3. In

about one month of data taking at full PS intensity the experiment could

set limits on the mass differences for the oscillation channel v •*• v c

of Am2 < 0.1 eVz. In addition a limit for the oscillation v •+ v of x c

Am2 < 0.7 eVz could be achieved by studying the rate of neutral over

charged current reactions. '

5. ..
CDHS: The CERN-Dortmund-Heidelberg-Saclay collaboration33) has proposed

to look for the disappearance of V 's by measuring the rate of v events
me

at 150 m and 900 m. 18 GeV protons will be used to form a bare target

neutrino 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 V flux (Fig. 8b). The detector at

900 m (1200 t) will look simultaneously for deviations from the extrapolated up

(i i.2) spectrum. Quasielastic events vn •*• u p which form t 902 of the total re-
L

cross section, serve as a signature. Their rate will be measured as a function or

of rauon length in iron and is thus independent of calibration, biases. he

In one month of data taking *v> 4000 events in the far position are expected. EL-

The experiment aims to see deviations of the order of 10Z and is sensitive ái

to Am2 > 0.25 eV2 for v •* anything. da

CHARM: The experiment proposed by the CERN-Hamburg-Amsterdam-Rome-Moscow311)

collaboration follows to a large extent 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 sensitive to v appearance by electron

detection.
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4.4.2 The SPS experiment

In the proposal of the Annecy-CERN-Imperial College-Oxford collabor-

ation35^ neutrino energy and path of flight are scaled by a factor of t 15

compared to the PS experiments. It is intended to use the normal CERK SPS

wide band beam with an average energy <E > = 20-40 GeV. Two 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 driftehambers) is proposed. The experiment intends to look

for the disappearance of v 's (Am2 > 0.15 eV2) and aims at the same time to

identify electron neutrino induced events (Am2 > 0.06 eVz) . The beam time

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

5.*

Neutrino oscillations have still not been discovered. Several experi-

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

differences to values as small as 1-10"1 eV2 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 one order of magnitude. If neutrino oscillations have not been

discovered by that time only deep mine experiments (proton decay?) might

have a chance to extend the observable Am2 range to 10~3-10~l< eV2 by

studying cosmic neutrinos having traversed the earth. Neutrino mass

differences smaller than this are probably not accessible using present

day methods.
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NEUTRON AMD PROTON STRUCTURE FUNCTIONS FROM INELASTIC ANTINEUTRINO

SCATTERING IN DEUTERIUM """̂

I

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 oat, deal with the quark-par

ton substructure of hadrons and with the related QCD theory.

In turn, many investigations require, for a proper interpretation of

thfc results, a knowledge of the properties and x - distributions of

quarks having a definite flavour: 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 Scattering has

been successfully used to predict the yeld of dimuons as a function

of the scaling variable MA'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 CERK-SPS, using the

Big European Bubble Chamber filled with deuterium, exposed to wide-

band neutrino/antineutrino beams. A double plane of large pwcs (EMI)

Surrounding the downstream part of the chamber was used for the iden_

tification of us.The results I will present Kere are based on the

analysis of approximately 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 momenta of all detected particles^ ustng-Tfiíí uy V.rjí suggested

by Heilmann

5630 events turned out to be charged-current (cc) antineutrino events,

and 1372 were identified as charged-current neutrino events (these are

always present as a background in the autineutrino beam). The remaining

events were classified as neutral-current candidates.
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Charged current events were moreover classified as neutron (n) inters^

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 rerca

ining events were classified as proton(p) interactions.

Corrections were applied for events lost" or miselassified by this proce_

dure.

A correction of 0.2. 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 in

GeV on the reoostructed 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 double-differential cross section in the usual scaling variables

x= q2/2Hv and y= v / E , can be written, assuming the quark-pauton model,

as follows:

3x3y
2x u(x) (1-j (la)

G2m )2+(2x I d(x) (l-y)2+(u(x)+s(x)) I (lb)

j

]3x3y IT

Integrating these over y and taking the ratio of the two, one obtains:

-ising the
i:ed to wide-
e pwcs (EMI)
for the ideti

,ed on the
ire, corre-
,. this experi_

from the

.-jtrino events,
•Tits (these are
; . The remaining

dg p/dx . (1/3) u(x) + d (x)+s(x)

¿0vn
 = (1/3) d(x) + 5 (x)+s(x)

For large x, when the sea terms become negligible, the ratio 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^'1' the ratio d/u should go to zero like

(1-x) for x*l.

Farrar and Jackson have used QCD arguments augmented by SIX6) symmetry,

to predict d/u •+ 0.2 for x * 1.

The dependences of R on x, y and Ê j are presented in fig. 1.

Fig. la shows the ratio as a function of x, compared with the Field and
Feynraan 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 any final
conclusion. The data are clearly also in agreement with the prediction
of ref5.

A fit of the ratio to an expression of the form A+B (l-x)n gives A=0.15
fO.05. This favours the prediction of ref5 , although the presence of
systematic errors may modify this, result.

2 2 2 2
Fig. (1c) compares the ratio, under the cuts W > <t GeV , Q > 2 GeV .
with the prediction of the model of Buras and Gaemers' '. The agrément
is not very good.

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

The same effect has already been observed in a neutrino experiment^t

as well as in our own neutrino ^

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 nucleón total cc cross section
a = 0.30 x 10~ E- (cm2/nucleon), and a ratio c- /a- =0.51 as measured
in this experiment. vn vp

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 values of 5+S and Ü+S indicate that the fraction of .mojaentun 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 exp£
riment* . Our result for 5+S is in agreement with the value found in a
Vy experiment in hydrogen (0.033-0.012)*"'. The total fraction of antiquarks

(U+5t2Í)/(U+D+Ü+D+2S)=O.125-0.015 corroborates the results of high staU
sties experiments on isoscalar targets and in particular the value 0.12*0.02
obtained from a fit to Vpy-distributions at similar<Q2> '' .

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 X^ 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.

- (8)
The results are in agreement with those of a v p experiment .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 have fitted them to an expression of the form A(l-x)a. 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 ste<5
per xü(x) distribution compared to x3(x). Sisterastics is being studied
to check this results, but systematic effects are unlikely to change the
conclusion of a difference between the two slopes. He note that a similar
difference between the slopes of xu(x) and xd(x) has recently been obser-
ved in an experiment on hadronic production of union pairs

References and footnotes

(1) Allasia et al., high energy antineutrino interactions in deuterium.

20 Int. Conf. on High Energy Physics, Madison, Wisconsin, (1980)

(2) H.G. Heilmann, University of Bonn Int. Rep. n WA21 - int - 1 (1978),

unpublished. This method for determining £;*. neglects the presence

of a baryon in the final state. In the kinematical region where this
2 2

makes a significant difference (q < 1 (GeV/c) and v < 2.2 GeV) a

• 0-c or 3-c fit was applied to obtain the antineutrino energy.

(3) D.Allasia et al., (Measurement of the ratio of v n to v p charged-

current cross sections'at high energies). Submitted to Physics Let̂

ters (1981)

(4) R.Field and R.P. Feynman, Phys. Rev. D15_ (1977) 2590

(5) G.R.Farrar et al, Phys. Letters 69B (1977) 112

(6) A.J.Buras and K.J.F. Gaemers. Nuclear Phys. B132 (1978) 249

(7) J.Hanlon et. al., Phys. Rev. Letters 45_ (1980), 1617

(B) Fernandez et al., Phys. Rev. Letters, 43 (1979) 1975

(9) S.M. Heagy et al., Phys. Rev. D23 (1961) 1045

(10) A.S. Ito et al., Phys. Rev. D23 (1981) 604

aynrnan



ro
a.

i

8
(fl

s
IDa.

i

i

r
r+

(P

H,
II
O
Í-'
ro
1 +
O

s

I
I
Í 5"

a *

V I
I

V

s

O

§
CD

pi

.,•—09

I <P- IS

use

a
a

1
s
if

ID

s
§

3

ft)

II

ro ro
V V
fO <r

ro ff
to ro

ro

00

1 +
o
•
U l

1 +
o
íoO Í

ro

b

H

CO
- J

s;
ro

V
t :

1ro

ro

V )

P-f

O

O)

1 +
o
l o
ot

(O

o

i

o

ro
I O
ro

1 +
O
•

ro

i +
o
ro

i

i

ti)

rt
& •

H-
0)

X
t )

4 '

r+

ro

- .

ro ro
V V
M f:

ro ro

O

IO

1 +
o
o
ro

1 +
O

b01

o
O Í
I-J

o
U l
to

ro
V

• e

O
tn
Ul

1 +
o
b
ro

i +
O

b

o
O Í
03

3

O

O Í
H"

1 +
O

bH
1 +

O

b(d

•

1

grr01

r t
O"
H*M
a

•o

í
5

wn

Table » - Values of the integrals of the quark distribution functions and of the structure functions.
The values were obtained by fitting the data over the range 0.1 < y < 0.8. The errors are
'•* it' ptictil only. Systematic nnccrta inHr<; hnvc been estimated to be smaller than the sta-

O í
y
rx
o'

(;
H
n
0

O
Ul



a.
8

a
V

£4

re

s g"
&
IV

f l

o"
•1
r»
3"
(t

n
o
H
3
r t
(0

i3

OD I | CO i i

Table » - Values of the integrals of the quark distribution functions and of the structure functions.
The values were obtained by fitting the data over the range O.I < y < 0.8. The errors are
statistical only. Systematic uncertainties have been estimated to be smaller than the sta-
tistical ones.

u-

D=

1

0

1

0

1
/ xu(x)dx
0

1

0

-O.285-O.O12

•=0.129-0.010

.638-0.019

.300-0.015

ñ+S- / x(d(x)+s(x)dx-0.034-0
0

0+S- / x(u(x)*s(x)dx-0.021^0
0

/ icFjP(x)dx»0.502-0.029
O

/ xFjrt(x)dx-O.216*0.024
0

.004

.003



131

Figure captions

Fig.l) The ratio R = a(vn)/a(vp) as a function of x (fig.la. and Ib ), y

(fig.lc) and E- (fig.Id). The kinematical regions selected for each plot

are indicated. The curves'are the predictions of the Field and Feynman

parametri

(fig.lb).

parametrisation (fig.la,lc,ld ) and of the Buras and Gaemers model

Fig.2) x dependence of the quark structure functions : (a) xu(x), (b)xd(x)

(c) x(d(x)+s(x)) and (d) x(ú*(x)+s(x)).

The dashed lines represent the Field - Feynman predictions . The solid li

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

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

J. Ranft, Sektion Physik, Karl-Marx-Universitat,

Leipzig, DOR

1. Summary of spineffects in e^V" annihilation

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 CSRU-LEP storage rings /1/. In contrast to this,

it should be straightforward, to obtain a linearly polarized

electron beam in a linear e+e~ collider like the SLAC Single

Pass Collider /2/ or the VLSPP project /3/ at Ifovosibirsk.

Polarized Electrons have been accelerated in the past in the

SLAC Linear Accelerator.

Quite a few experiments with solarized e+e~ collisions

have been proposed in the pas'*. The nost interesting propo-

sals include:

- Ihe observation of gauge theory concellations in

e e —»-w \T, discussed by Gaeaers and Gounaris /4/.

- The precise measurement of neutral current couplings on

top of the Z° peak, discussed by Prescott /5/.

- Flavor separation by means of transverse bear, polarizati-

on /o/.

In the past, the azinrathal asymmetry of two jet events v.'ith

transversely polarised beans was neasured at SP3AR and provi-

ded evidence, that these jets could be associated v.-ith spin

1/2 quarks /7/.
v/p Vfjiji fliionnn limn teross sections and spin asyr.^etries

for large p x jet production froa two photon procer:- _ ^ ^ - 4 -

uco in e+c~ collisions with definite heliciticr: ft&tf. \':e™*fé&$ "•'•

dáíaeuss—eisewhere~/ft^-the production of polarized hadrons in
+e~polarized and unpolarized single photon e e~ annihilation pro-
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2. Spin asymmetries in large p x jet production in

two photon processes

Recently first measurements have shown, that hadron
jet production in e+e~ collisions via the two photon mecha-
nism is accessible experimentally /10/.

QCD predicts sizeable spin asymmetries for the hard
scattering of quarks and gluons. In the past it was propo-
sed /11,12/ to measure as a test for QCD the corresponding

-±- ' spin asymmetries in polarized hadron-hadron collisions lea-
.en ding to large p x jet production. Here we point out, that
this, these tests are more unambiguous if the large p^ hadron jets
zed are produced via two photon processes.
,-le Jet production in unpolarized 2y processes were first

studied by Brodsky et al /13/. Here we estimate the QCD pre-
ne dictions for jet production asymmetries for primary e + and e~

with definite helicities.
..s tfe use the basic hard scattering model for large ? x jet

production. The essential ingredients for the calculation
are the following.
i) The distribution functions of polarized partons (pho-

tons, quarks, gluons) in electrons of definite helici-
ty. We use the distributions obtained in a modified
leading log approximation by Kripfganz and Schiller /I4/

-__ where both occuring scale parameters (A^ C D and the

electron mass) are included.

zil ii) The cross sections for the scattering of constituents

vi_ with definite helicities. She corresponding cross sec-
, tions for qucrit-quark, cuark-gluon and gluon-gluon

scattering v/ere o«v,s¿ in /11,12/. Additionally we use

iss • the cross sections for _"}f}f--qq« e q — e q , "£°'—~~&c>
__¿, yg - qq. Por the latter process the cross sections

••KM- '"'i .'' " are

in

iro-
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Sxperinentally, the jet structure of hadronic events Acknow
can be disentangled. Therefore we consider separately the
following jet topologies ..

(i) Two jets at large p x, no forward/backward jet,

hard scattering processes: y y — — qq » y y » gg .
(ii) One jet at large p^, one forward or backward jet, -i

hard scattering process: eq—«-eq . Befere
(iii) Two large p A jets, one forward or backward jet, ,;

hard scattering processes: *Jfq——gq * yg • qq . ' '
(iv) Two large Pj.^jets, two forward/backward jets,

hard scattering processes: qq—-.qq , qg——qg , gg-^gg.

In Pig. 1 we plot at "fs1 = 30 GeV all contributions y, .
to the large p, two jet distribution d^O" / áx , dY, dx.

for the two jet rapidity Y = 0 and tor x^ = 0.95 (x^ is 74/
for vanishing transverse monsentuai of the two jet system de- .^ ,
fined as xx= 2 pj_(single jet) / f? ) as function of *C= LT/s.
K is the two jet invariant cass. The clearly developed diffe-
rences between the production cross sections for equally and
o^oositely polarized electrons result in sizeable spin asymmet- ,r .

/a/
ries

which aré given in Pig. 2. The dominating 2 jet process (i) ' ' *
( y y — — q q ) leads to a big negative asymmetry whereas ail
other jet topologies give positive asymmetries A. "he asymmet- /J/ u

ries A plotted as functions of the variables x^ and Y are ' ' s

rather featureless and flat, we do not show them here. c

V."e stress again, most of the asymmetries shora are cr.a- ^

racteristic for QCD and not easily obtained in different mo-
dels, r-isuring these asymmetries in two photon processes
has fur ...oí—ore the advantage, that no information from expe-
riment is needed for the calculation. ?he parton distributions /<3/
in pointlike objects like photons or electrons are calculable. /?4/
Therefore this measurement of QCD predicted spin asymmetries
would have a great advantage against the corresponding measure-
ments using collisions of polarized hadrons.
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i 2 .3 M .5 .6 .7 .8
Pig. 1 T ••> jet cross sections for different jet topologies

in collisions of e+e~ with equal and opposite helici-

ties as function of X = ~J?/s at xx= 2 p^/K = "0.95

and two jet rapidity Y = 0.

0.

?ig. 2 Spin asyonetries A for various jet topologies in

• two jet production as function of ?= if/s .
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HATIROPRODUCTION OF CHARMED PARTICLES

Francis Huller

CEBH, Geneva, Switzerland

r.

cbarac

(a) P

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 accumulated from different sources, the main ones being

beam-dump experiments detecting prompt neutrinos or vuoos, and spectrometer

experiments observing mass peaks in hadronic 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 noc

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]. In Chis

review, experimental results since 1979 will be presented and discussed,

and some attempts of theoretical interpretation will be mentioimed.

1. GENERAL COMMENTS OH HADROPRODUCTIO» EXPERIMENTS

Hadronic reactions leading Co production of charmed particles are of

the general type hxht • C,C,X. The projectile hi is generally a proton, in

some cases a pion, and the target ht may be a heavy nucleus A (beam-dump)

or a proton (ISR). Ct is a charred particle (charm quantum number c • *l),

i.e. a meson Df, 0 or a baryon & , C, a particle with c « -1 (5 or I ) .

The observed C, and Cx-particles may originate from excited states, such as

D • D», or higher mass charmed particles, such as £ • A i.
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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 • ivX (Ac * AQ), and c.c.

(b)

(c)

mass peaks in 'Cabbibbo favoured (Ac AS) hadronic final states:

D • K » * , I - K p» (and c.c.)

small distance d between the interaction and decay vertices, which can

be observed by detectors with high resolution in space (< 100 ub).

Each of these aethods suffers from high background due to the store

abundant non-charm reactions, the signal itself being reduced by the saall

branching ratios for individual decay channels (table 1) {5}. In case (a),

for instance, a large fraction of muons or neutrinos detected in bean-dump

experiments originate from w or K decays. In case (b), there is a high

combinatorial background due to the large number of particles in the final

state (in addition, final states such as K * or K pi have the same

quantum number as strange resonances, and can be ascertained as charmed

only by the sharpness >f the mass—peak, implying a good mass-resolution).

In-case (c), single dm-.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 unlike-charge leptons [2], or a mass-peak associated with

leptons of the right charge (i.e., D •» k t w with an e «r v ) or two

visible short-distance decayc

.Besides these experimental difficulties, the extraction of cross

sections from the observed leptons, peaks or decays, is subject to problems

of a systematic nature:

- The leptonic branching ratios nay well be different for the various

charmed particles so that using the world average, 0.08 15], may be

misleading. Also some hadronic branching ratios are still very poorly

known, in particular those of the A . Finally, with method (c),

since decays can be observed only in a certain interval of length, there

is a non-negligible, lifetime—dependent weight factor on each event.



- In all cases where a heavy target is used, the hadron—nucleón results

have to be inferred fron the hadron-nucleus measurements. Usually, it is

assumed that c(A) » Ao(p); an A ' lav would lead to o(p)'s higher by a

factor of 4 for the iron or copper, targets used in beaa-dunp experiments.

- Last but no least, aost experiments are sensitive only in a certain range

of kinematic variables. Going back from the data collected in that

region to the total cross section is obviously, and very often highly,

model-dependent. Ideally, for each production andel, one should compare

the predicted x and pT distributions of the charmed partieles 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-bea» [6], thank»

to the high statistics - 20000 auons from charm decay).

Experimental results will now be presented, grouped according to the

method used.

2, PROMPT LEPTON EXPERIMENTS

2.1 Neutrino beam dump experiments'

The CEEM beam-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 and the secondary hadrons are absorbed after a few

interaction lengths, while penetrating particles can escape. In the CERM

experiments the neutrino-sensitive detectors are located more than 800 m

away downstream with an acceptance of less than 1.8 arad around the forward

direction (pT < .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 (* S00 t).

(c) The fine-grain marble CHASM detector.

v *s (or v s) are observed by the characteristic charged current (CC)

events, yielding a u (or u ) - similarly for v 's when electrons are

directly observable» The number of v + v events can also be obtained as

the number of no v events, minus the contribution of neutral current

events (calculated from the lu-events). Two methods are used for

obtaining the n
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the number of prompt neutrinos: extrapolating the yields at two

different target densities to infinite density, or subtracting freo the

observed number at high density the calculated number due to neutrinos iron

* or K-decay- Fig. 2 illustrates the extrapolation method for the u and

|i events for the 3 experiments (the straight line is the CDHS

extrapolation), while fig. 3 gives the (not very «ell agreeing) results of

both methods for the CDHS u and u events; fig- 4 gives the (v • v )

spectra obtained by CHASM and CDHS. Detailed numerical results can be

found in ref. [7] and [6]. Here we shall just outline the main features:

(a) The three experiments agree or. the VJ • v ) yield, but give

v /v ratios of the order of 0.6, whereas one expects unity if all

neutrinos originate from charm decay [according to the BEBC group

|7(c)] this anomalv cannot be due to v-oscillationsl.

(b) The v -v ratio from the CDHS data appears to be smaller than that

from CHARM and BEBC (fig. 2), which are statistically less precise,

but agree with unity, as well as the BEBC result for v /v , ar.d also

the CFRS result for u /u (see below). This ratio is expected to be

unity for DD pair production, but may be different for A D associated

production.

Cross sections for DD production have been calculated assuming a

central production law Ed'o/dp' •* (1 - x)* e ""̂ T, a linear A depencence and

an electron branching ratio of 8Z. CHARM and BEBC obtain 19}: otpp •» DDx;

18 ± 6 ub (CHARM), 17 ± 4 lib (BEBC), using the vg • v prompt yield, with

v /v « 1. CDHS finds [9J a •* 10 jib, using the vfi yield only (calculated

from v • v by assuming that v /v « v /v « 2.3). The goodness of Che

fits of the central production model with the data can be appreciated iron

fig. 4. Since the acceptance to neutrinos from charm decay is proportional

to E , a production law such as do/dx " c would lead to an energy spectrum

rising at high E values. The possible adnixture of such a process has not

been evaluated (note that some a^D associated production could explain the

excess of v^ over »u found by CDHS).

2.2 The beam-dump muon experiment at FHAL

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 a
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calorimeter) are detected in a toroidal nuon 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 u u pair in which one v was not

detected, and also the calculated number of decays between the target and

the detector. The resulting v /u ratio is found to be 1.3 ± .3, in

agreement with that expected from pp * DDX production (* .9), and in

disagreement with the v /v value (< 1) found by CDHS.

The acceptance Region covers practically-the whole avalaible phase

space for the muons front charm decay. The observed p distribution is very

similar to the BEBC E distribution (fig. 7). A central production model,

where the D and D are independently produced according to Ed* a/dp* t>

(1 - x)6e~*pT (1 < a < 3, 2 < 6 < 6) fits well the data- With a

linear A dependence and a value'of 8Z for the D •»' u branching ratio, a

value of 22 ± 9 lib is obtained for c(pp • DDX). Diffractive production

of A^D, with flat x distributions, would badly fit the data; a preliminary

value of t 25Z 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 at BNL [11] did not yield

positive results. A beam-dump experiment with 70 GeV/c protons at

Serpukhov published [12] a DD cross section of (5 ± 4)|ib, which gives

(7.5 i 6)ub [13] when corrected by using the same parameters as in the

other beam dump experiments. 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 *~p * DDX is (24 ± 14)vb,

with BRCD * c) - .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).

3. SEARCHES FOR MASS PEAKS

The first positive results came from three spectrometer experiments"at

the ISR, which gave evidence for large D [15] and Ac [J6-18) production
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more recent experiments [19-21] with essentially the same spectrometers,

this tine triggered by an electron, thus ascertaining the charmed nature of

Che observed «ass peaks- Also D production has "been directly observed in

two experiments «C FHAL [22,23] - for the first time below ISR energies,

after many unsuccessful searches [13].
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3.1 The first series of ISR experiments (forward triggers)

These were made at /s * 52 GeV, except the LSM experiment (/s * 63 GeV).

(a) The Lamp Shade Magnet (LSM) ACHMHR 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. In 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 vas to select

reactions of the type Pi + Pi * pi + X where p» is a high-momentum proton

(*J £ -5) and X a high-mass protonic state, which eventually decays into

A D(n*'s). It was found that the condition n 2 6 corresponds to a quasi

threshold H^ * 10 GeV.

Retaining those events with a K and a proton identified, one obtained

the K pir mass spectrum of fig. 9(a). The sharpness of the peak at

(2262 ± 10)MeV [24] and its absence in K~pt~ allowed to identify it with a

charmed baryon, presumably the A in view of the agreement of the mass with
(*) C(former neutrino results [25] The production cross section has been

calculated in the diftractive region (10 < M < 28 GeV) by referring the number

of A events to the total number of events in the same region. In the

range of observation (-5 < x(A) < .8) one thus finds [26] ¿cr/dx

• 240 ± 120 jib, using BR(Ac • K~p»*) - .022. This is probably an upper

limit, since the multiplicity condition enhances- the proportion of Ac

events 124]. Mo signal was found for 0 • X i~»~ or 5 * •• K t ; upper

limits [26], calculated as for the A are given in table 2.

(*) The presently favoured value, m • 2285 ± 6 MeV, was measured later [5].



(b) The OCLA-Saclay experiment

This experiment [17] used the sane forward septum magnet as the

preceding one (however the measurement precision was not quite as good).

With an inclusive'trigger requiring'only the presence of charged particles

in the spectrometer, marked structures are observed at m • 2280 MeV in the

A(3» ) system and i t i ' 2290 MeV in the K pw system. The sum of the

A(3v) and K pw mass-distributions (fig. 9(b)) shows a significant peak at

m - 2260 ± 7 MeV (± 8 MeV systematic); the mass resolution (o * 25 MeV) is

consistent with the width, making it likely to be due to the A , 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 < Ixi < .9,

as calculated from the K p* channel (B * 0.022), is Ac/Ax • 700 ± 90 ub.

(c) The Split Field Magnet (SFM) CCHK experiment

In the CCHK experiment the Split Field Magnet (SFM) spectrometer

(fig. 10), a detector of essentially 4v angular coverage, vas triggered

on a negative particle at ^ 8°, with p_ > .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 all

possible i t i or K pit combinations were retained in the searches for

D [15] or A [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. K i t (fig. ll(a))

and K pir (fig. 9(c)) mass distributions thus obtained show significant

peaks around the 0 and A masses , while the corresponding non-charmed mass

distributions are smooth (fig. ll(b)). The proportion of K * inside K ir-

is found to »»e 0.3 ± 0.2 for the D and 0.4 _ Q'J 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 [IS] 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 trigger)

Three ISR experiments (at /s " 63 GeV), one using the LSM detector,

the two other ones the improved SFM spectrometer, recently reported charmed

n»ss peaks associated with the right sign e"-trigger. These experiments

are first described, a common presentation of their results follows*

(a) The LSM (ACHMH) experiment [19}

COj-Cerenkov counters between the coils of the LSM (fig. 6) 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° < 6 < 35° and pT > .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 p»

U pt ) mass distributions associated with electrons (positrons) are shown

in fig. 12(a) (I2(b)). In fig. 12(a), a sharp 3 o peak is seen at

m = 2260 ± 10 MeV, the same mass-value as the one previously measured [24]

with the same instrument. Similarly a less significant peak (."* 2o) is seen

in fig. 12(b) at a compatible mass. The K~px (K p» ) mass distributions

(fig. 12) obtained either with the wrong sign electron or with a pion

trigger show no signal at the A -mass. It is concluded that the observed

peaks represent - at their respective level of significance - evidence for

A (A ) production. No 0~ •• K »~»~ peak is observed.

<b) The SFM (ACCPHW) experiment [20]

In the upgraded SFM detector (fig. 13), two consecutive Cerenkov

counters at 90" allowed an electron trigger. The analysis used the cE/dx

readings of a rtWPC near the thin vacuum chamber to reject electron pairs,

and kept single electron candidates with p? > .4 GeV/c. Other particles

were identified by 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 (IS,18], in particular an opposite leading system

was required (but not che 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 HeV whereas the spectrum obtained with « s (insert) shows

no peaks. Mew preliminary results are the observation of a D* • K * bump

(fig. IS), and of a possible f27(b)] *c • K 'p signal with 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 electron trigger was enhanced by the

requirement of an energy deposit greater than 0.5 GeV in electromagnetic

shower counters. For the A • K pi search the highest x (x > .3)

positive particle was assumed to be 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 pir 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 [181,

the.BCF group observes the presence of K * and á in the K pi system, in

compatible proportions: (0.28 ± 0.16 and 0.4O ± 0.17), again higher than

those reported by SLAC (Table 1).

The same data show preliminary evidence [27(a)J for production of

D • K t i and Dc •» K i in conjunction with the e triggers. For the

D 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 Ixf < 0.3,

and Che Kir» system has to have p T i 0.7 GeV/c. The ensuing distribution

has a 39 ± 11 events signal at the D mass with e 's (fig. 17(d)), no signal

with e 's- For the D° search, the same p_ cut was used, and the presence

of an associated identified K was the only other positive requirement; a D°

signal was then seen (fig. 17(b)) in the K -n 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"*+ (BR " 0.026) or K~*V" (BR = 0.045), 5 * e~ (1)

pp • A DX, A •» K~p»+ (BR * 0.022), 5 » e" ... (BR 0.08) (2)

(*) All A cs observed are supposed Co come from A CD. There is some

indication f19, 27(b)] for A c production, hence a fraction of the A cs
should come from A c

A c " Assuming 8(AC • e
+ ...) » 0.1, the cross

section for A c has been evaluated in ref. [19) to be about 1/2 of that;
of A c, a ratio similar to that of A* with respect to 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 :

(flat x law) (a)

Ed'c/dp» -v fit) (flat y law) (b)

EdoVdp* * (1 - Ixl)' f(t) (central production) (c)

In addition, for reaction (2), a mixed model (a 1), with central D and

flat x (A ) has been used. The results are not very sensitive to the

function f(t), taken as e PT (SFM) or e~ PT (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 for the trigger

electron, while in general the acceptance for hadronic decays increases

with x; the smallest cross sections are obtained with the flat y or central

models for DD production and with the mixed model (a1) for A D production.

The validity of these models could in principle be checked by comparing the

observed x and p^ distributions vith the ones predicted by the model, as

attempted [19] by the LSM group (fig. 18). The BCF group find [27(a)J 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 (a1)

for Che A . With these models, total cross sections of 200 •=• 400 ub are

obtained for each of the A , D and D*, hence a total charm cross section

of about 1 mb. One should note that these cross sections lead to <e/«>

ratios (for p T >'0.4 GeV/c) of the order of 3.10"* for each process

(A 5, D 5, D'D, with 0 - e ) whereas 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, in vi.ich for instance a ACD system is produced,
have been also tried, with comparable results (see for example [19]).



151

3.3 Fixed target spectrometer experiments

Two experiments recently observed D production at FNAL.

In the first one [22) the reaction used was *~ (217 GeV/c) + p • p +

D + D + ...; D • p , 5 •» hadrons (and C.C.). The set-up is shown in

fig. 23; recoil protons from an H1 target were detected at angles 6 '

60-75° by wire chambers and TOF counters, the forward particles were

analyzed by the Chicago Cyclotron Magnet spectrometer, fcaons were

identified by Cerenkov counters and nuons by a 2.2 m steel absorber»

Fig. 24 shows the observed D~ * K ir~*~ signals and their x distribution,

compared to that expected from a flat-x production law. A diffractive

model of production, strongly suggested by these data, of an X -D D *

system, yields a(pp • pX~) = (7 - 10) ± 4 lib, using BR(D~ • n~ ...) = 0-23

(table 1). The non-observation of D* production can be explained by the

smaller D* * \x branching ratio (Table 1).

The other FNAL experiment [23], shown in fig. 25, aimed at detecting

D production by 200 GeV/c * 's using the property that, in the

D •» D'IT decay, the * is practically at rest in the D c m . In the lab,

IT '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

Knit * D*ir; conversedly the K* mass spectrum for events with the nominal Q

value exhibits a D signal (fig. 26(b)). The observed D and D yields are

compatible, yielding a model-independent D cross section do/dy * 1.6 ± 0.5

(± 0.7 system.) Mb at y - 0 (BR(D • »D) - 0.64 t 0.11 is used). A central

production model leads to o(D ) = 4.2 ± 1.4 ub.

4. 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 cham-pair

production, an experiment at FNAL using an emulsion chamber {29] (emulsion

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 wb, r

E(d»o)/dpJ -v.

(o - 3-6, £ =

resolution (*»•

t~ beam; 12 e

calculated sc

the efficienc
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OÍJ3) * 35 lib '

compared with

a 350 GeV/c p

a = 160 ± 40 '

experiment. '

experiments i

experiments,

5. CONCLUSIONS

Fig. 27 a

(for the ISR e

o(D') as deriv

For compa

plain curve cc

creation by gi

found [6] to

quark mass ha:

section at SP:

ISR energies,

o(charm) deduc

and badly kno

cross section

be increased z

proportional c

the results fr

are

.5

al

ave

ne
1 on the

n

s)



152

40 ± 30 ub, for lifetimes of a few units of 10"l> s; o(pA) = Ao(pp) and

E(d*<r)/dp* *» (1 - x)° exp i-BpT> laws were used to obtain this result

(a - 3-6, 6 = 2-4). At CERH, a small (20 cm diameter) fast-cycling, high-

resolution ("» 40 v) hydrogen chamber [30] (LEBC) was exposed to a 340 GeV/c

t beam; 12 events showing two associated decays were observed above the

calculated strange-particle background. Since momenta are not measured,

the efficiency for observing a decay, calculated with the standard

E(d*o)/dp* -» (1 - x) 1 exp (-2pT) law, is an almost linear function of

lifetime. The cross sección reported by the authors is o i 40 ub for equal

production rates of particles with lifetimes T = 10*ls s and t = 10**" s,

to account for 0* and D production (table 1). Also, from eight observed
+ + + _

three-prong decays consistent with D~ •» K""« n , a cross section

a(D) -• 35 lib is inferred for a lifetime T = 10*l* s. These results can be

compared with results frota a high-pressure streamer chamber [31] which, in

a 350 GeV/c p beam at FNAL, reported a = 20-50 ub. A preliminary result o£

a = 160 t 40 pb 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 agrément with beam dump

experiments, performed at similar energies. '

5. CONCLUSIONS

Fig. 27 displays the measured total charm cross sections versus energy

(for the ISR experiments, the total a is obtained by adding o(Ac>, oiJ ),

o(D') as derived from the models giving the smallest cross sections).

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 muoproduccion. 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

a(charm) deduced from the ISR results. Even with 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 c(A) were
2/3

proportional to A rather than A, but this would be in conflict with

the results from detectors of short decays.
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Using Che Buras-Gaemers [34] quark and gluon distribution functions,

Combridge [35] has calculated the various lowest-order QCD diagrams for

charm production, such as

V « /
Charm creation: ^ / v w i ^ and

Charm excitation: and

c{c) c(c) c(c) c(c)

He found that at SPS and ISR energies, charm excitation (not considered in

ref. [33]) dominates over charm creation; the calculated total charm cross

sections are plotted in fig. 27 (lover plain curve). They are below those

calculated by Carlson but exhibit a much faster rise with energy. Actually

the absolute values of the cross section depend critically on the quark

mass. The Combridge curve was calculated with the a priori choice

m • 1.87 GeV, whereas m « 1.3 GeV would lead to values of c(charm)

of about 30 lib at SFS energies and about 1000 ub at the ISR (dotted

curve). The agreement with experiment may be fortuitous, but could

indicate that the data are not necessarily in conflict with QCD.

The high cross sections and the extended x distributions observed at

the ISR (and also now at FNAL [22]) could be explained by other formerly

suggested mechanisms, such as diffractive production [36] or gluoproduction

[37]. Recently the presence in the "proton of an * 1Z intrinsic charm

component has been proposed [38]. Due to its mass, the charmed quark would

carry a good fraction of the momentum (fig. 28), resulting in wide

x-distributions for the produced A's and D's (fig. 29). With this model, -

the rather copious production of same sign noon pairs by neutrinos [39]

might be explained by the reaction v + c * b + P , b • » ...

To
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ion function*,

diagrams for

To conclude, nore precise data on production (and decay properties) of

charaed 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. Hojcicki for useful discussions,

M.G. Albrow, L. Cifarelli and W. Geist for communication of recent results,

and R. Sosnowski and A. Wrdblewski for their friendly hospitality.
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New results were reported at the Lisbon Conference (July 9-15), some

of which are sunmiarized here:

- The BCF Cp-"fW) group obtains (A. Contin) , under the assumption of a

central production law for D and 5, Ed'a/dps ^ (1 - |xl)3 e~2pT:

o(pp * DD«X) - 575 wb (± 502)

o(pp * DD+X) = 305 yb
(/s * 62 GeV, e trigger)

Other models (p.150) lead to cross sections more than twice bigger.

With an e+ trigger, they have also some evidence (A. Zichichi)**' for

* X J i and Ac * pK

- The ACCMOR Collaboration, using a large aperture forward spectrometer and
(*) -

an electron trigger, finds (E. Klanner) in * -Be interactions at 175

and 200 GeV/c, production of D* * K~» , mostly via B ~ • D*»~. With

d'c/dp1 assumed to be •»> é"*'lPT (1 -Ixl)' for each D or D (x distribution

in agreement with experimental data), they obtain for the * p cross

sections (linear A dependence assumed):

o(D*+X)

o(DDX)

9.5 ± 4 ub

14 ± 5 ub

Names between brackets are those of authors of presentations to the
EPS International Conference on High Energy Physics, Lisbon, July 1981.
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Wixh the same apparatus and trigger in a 150 GeV/c proton beam, they

observe a 4.5 a peak in i ( • pK i at m * 2260 ± 8 MeV, pact of which

originates from £** * A »*, with mil**) • 2440 MeV. Using production laws

in (1 - x)ne-I*iPT for Ehe Ac (n = 1) and the associated 5 (n - 4.5), they

obtain:

j(pp • AcOX) .75 ± 50 ub.

- rtie LEBC Collaboration, using LEBC (see pv1S2) associated with a forward

spectromecer, in a 360 GeV/c ir~ beam, obtains (S. Reucroft) from 6

fully reconstructed D * K i~u~ (nr') decays, using T(D~)
(**)

. ¡J(T p • D~X) - 8 i 4 ub (x > 0).

The D producción distribution is compatible with áa/áx * (1 -. x ) n , with

n = 3.5 '= 1, and gives <pT> • 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 A , were observed.

These new results are in general agreement: - at their respective cm-

energy 7 with those reviewed in this report. At the Lisbon Conference,

there was a general tendency to accept the high ISR cross section values

(with sons restrictions concerning the e/* ratio - see p.150) and some

new theoretical interpretations were presented (A. Oonnachie,

5. Margolis)(*)

(~) Names between brackets are those of authors of presentations to the
EPS International Conference on High Energy Physics, Lisbon, July 1981.

(**) The LEBC group measures in units of 1 0 " " s TÍO1} = 9.3 ± 5:S and
T(D') " 3.0 ± •;•» Similar results were obtained by the emulsion
experiment E531 (G. Prentice)'*' at F'ttL and a photoproduction
experiment at SLAC (S. Beucroft)^. Both LEBC and E531 observe a
tail of long-lived D* events, suggesting the possibility of two
life-times.
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TABLE 1

Relevant properties of charmed particles (from ref. [5])
Masses, branching ratios and fractions are averages from results of two experiments

at SPEAK. The numbers for T and B (d •» e+ ...) of the D-mesons are from four
different experiments (2 at SPEAR for Be, 2 in emulsions for T ) ;

they should verify the relación T +/T* •= B*/B*
e e (

uction,

row and

D, p. 361.

D+

A

M(MeV)

1863.7 i 0.4

1868.4 ¿ 0.4

2285 ±. 6

T(10-11 S)

I.O : M

0.53 I'M

*•*:::;

1.3O - .»«

Be (2)

< 5

5.5 ¿ 3.7

24 ± 4

16.8 ± 6.4

Main
hadronic
channels

KC»V

KW

Branching
ratio
(2)

2.6 ± .4

3.9 ± .9

1.8 ± .5

4.7 ± .8

2.2 * 1.0

Resonance
content '

702 K*

K"° < 392

K~*°: (12 ± 7)2

A++: (17 ± 7)2

(1981).

it
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TABLE 2

ISR cross sections for pp » DDX (D * K » t or D* * K it )

Numbers (in lib) are calculated with the branching ratios of table 1 and
BR(D • e) = 0.08. The numbers for refs [19] and [26) are 952 upper-limits and,

for ref. [26], dtr/dx values. The numbers for ref- f27(«)] are preliminary estimates.

SFM
(CCHK)

LSM

SFM
(ACCDHW)

LSM

SFM
(BCF)

Ref.

US]

[26]

[201

[19]

[27a]

Trigger

Forward K

Diftractive

90" e~

30" e"

90° e"

Part.

D+

+
D

D»

D*

D+

D+, D«

Assumed D and 0 production law

Central

1100 (±602)

¿a/ay - cC

390

do/dx - eC

210

(< 300)

« 160)

245 (±602)

< 530 (±302)

•v 500

395

< 340

•v 1000

890

< 280

x-range

.2 < Ixl < .8

.2 < x < .45

.2 < x < .65

0 < Ixl < 0.3

.14 < x < .9

0 < Ixl < .4

TABLE 3

ISR cross sections for pp •» A DX (A • K p» )

Numbers (in ub) are calculated as in table 2. The numbers
for ref. f16J and [17] are do/dx values.

< .8

< .45

< .65

< 0.3

< .9

: < .4

1

SFM
(CCHK)

LSM

UCLA-SAC

SFM
(ACCDHW)

LSM

SFM (BCF)

Ref.

US]

[16]

[17]

[201

[19]

12X1

Trigger

Forward K

Diffractive

Inclusive

90" e"

30° e"

90° e~

Assumed A production law

do/dx « const.

300 (±40Z)

do/dy » cC

610

(240 ± 120)

(700 ± 90)

290 (±602)

840 (±50Z)

184 (±40Z)

Central

1460

1220

1125

Flat x

430

1650

750

Flat y

Assumed S production law

x—range

.4 < Ixl < .8

.5 < x < .8

.75 < x < .9

0 < Ixl < .3

.14 < x < .94

.3 < Ixl < 1
1

-8

.94

1
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Comparison of Ac and electron distributions observed at the LSM with
those predicted by models
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I) A NEW 0"S MESON AND NEW RESULTS ON THE l^S STATE IN THE
3B SYSTEM COHflfeNTLY PRODUCED ON NUCLEI

II) SH COHERENT PRODUCTION ON NUCLEI
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I - The behaviour of the hadronic matter immediately after it has

been produced can be studied in principle if 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 3i and

5* channels has been carried out by our collaboration. The channel :

A * «~t~i A (1)

with A = Be, C, AL, Si, Ti, Cu, Ag. Ta, Pb, has been studied at 40

CeV at the Serpukhov FS accelerator, with a statics 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 t1 = |t-t - | distributions ( see as an

example in fig 1 the t* distributions of the 3» system in the low mass

region ). Coherent samples are defined for every target selecting the e-

vents with t1 smaller than the first diffractive minimum. Total cress

sections for the coherent production in the full t1 range were also

measured by subtracting the incoherent background.

The data of the channel (1) were analyzed using the program

PWA ( Partial Wave Analysis )^ . The set of important waves in the

coherent sample consists of eight contributions : 1 S, 1 P, 1 D ;

0~S, 0~P; 2~S, 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 ( A) of the nuclear target.

First of all we have performed the 3» mass dependent PWA in

the sample of the events of all targets together ( fig. 2 ). The mass

shapes and the phase variations show nqt only for l+s, but also for

0~S amplitudes, a resonance behaviour in the A^ region.

The parameters of the 0~S resonance have the following va-

lues : H3i • 1.20 ± 0.03 GeV and r « 0.330 ± 0,040 GeV ; its phase va -

riation is* 80° ( fig, 2 ) .
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' i) tie nucleus is a powerful mean in selecting and enhancing re-

sonances, as 1+S and 0~S;

ii) the characteristics of the O~S resonances do not change with

the nuclear target, while the 1*5 moves and it is more pronoun-

ced as larger as the nuclear atomic weight;

Vie do not have a clear explanation of the l*"s dependence en

the nuclear target. We can only mention some mechanisms which could

be responsible for this behaviour:

i) the coherent mechanism selects and enhances the production at

very small t'.

ii) the nucleus can absorb in different way the different states or

contribution and the absorption effects increase with the atonic

weight; in such a frame the nuclear absorption could clean smse

states cutting the contribution of mechanisms, which normally

interfere in negative way with the resonant states.

iii)an intermediate or transition state after the hadron-hadrcn

collision but before fixed final states have beer, reached, pro-

bably exists; during this transition time the new-born hadronic

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. To

this purpose the Kfilbig-Margolis-Glauber model has been used,ever.

if in its approach the interaction is assumed to be istantaneous

and point-like. As well known, the nuclear absorption is measured

by the parameter 6J , which in the frame of this model is interpre-

ted as the collision cross-section between the state under investi-

gation and the bound nucleons.

The best fit value obtained for 6| is of the order of 15 mb,with

small fluctuations for ths different mass regions. 0J has been eva-

luated also for the different partial waves. O'and I* give for 6^

wn:
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the following ranges: 21 - 30 and .11-16 nb«respectively,which

reflect the different contributions of these waves in the coherent

region as shown in figs. 6a and 6b.

II. 5TT coherent production on nuclei.

A sample of *»* 15,000 events of the channel

on the save nine targets has been analysed. The geometrical ac-

ceptance of the apparatus as a function of t' and MJff was estima-

ted, using Monte Carlo calculations. It is almost independent of

t' (at least for t'£.5 (Gev/c)2 ) and decreases smootly froa

75* to 55 ** when N ^ ranges from 1.8 to 3. Gev/c2 .

The inefficiency of the reconstruction«programs was calculated,

recovering the lost events by means of an interactive graphic

systems'®'. This inefficiency is <«'25? almost independent of t*

and «¿Tí- values.

Pig. 8 shows the five-pion mass distribution, not corrected for

acceptance and with t' cut at t'=.5 (Gev/c)2 . The differential

cross section ^rj; versus t* and versus A and the total cross

section &c versus A, have been fitted using-the Xolbig-Hargolis •

formula. The procedure used was the same as in ref.1. The full

line drown in fig.9 is the result of the fit on the total coherent

cross section. The parameter G¿(5rt)is always definitely smaller

than 10 mb and tends to decrease with increasing H » •
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THD PARTICLE CORRELATIONS IN PICN-NUCLEUS INTERACTIONS AT 40 GeV/c
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""SESíráct

Hiltiplicity distributions and two-particle correlation functions
are presented for shower particles with pseudorapMity n > 1 produced
in *~ interactions on C, Al, Cu, Pb targets at incident pion iKaentw
40 GeV/c. Results are cuayured with the i~p data. No noticeable diffe- .
rences were found between the nuclear and elementary distributions of
the correlation function. The data are cxatMred with the predictions of
the additive quark andel and the quasieikonal aodel.
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dictions of

Recently a big experimental and -theoretical effort v/as

observed in studying the mechanise: of hadron•interactions on

nuclei £1], However only few results were reported on tv/o-particle

correlations for pure nuclear targets. The papers [2-4] reported

results on the light nuclei (C,A1), in the experiment [53

the data were taken on Cr and Í7 nuclei.

Data on two-particle correlations obtained with nuclear

emulsion as a target are more numerous but difficult to interpret»

They result from a sut>em>osition of contributions from different

nuclei and this say generate additional correlations 16.7].

The data presented in this paper were taken with the spark

chamber spectrometer, ¿US, with C,AljCu,Pb targets exposed to

40 GeV/c bean of Ti~ at the IHEP accelerator. Experimental set-up

and-data analysis were presented elsewhere [3]. Charged rar-ricles

a1*
with the pseudoraxjidity *j= -lnCig-s-) > 1 were detected. Using

the data £93 v/e estimated that the reeion if£ > 1 contains fron

35% (for carbon) to 75% (for lead) of all charged secondaries

produced in IT" interaction Tdth nucleus at iü GeV/c (protons

with fk < 0.7 excluded).

In the present analysis are included events Tdtii charged

aultiplicities 0 and 1, oaitted in our previous-publication [5].

Events of elas'tic scattering and of coherent dissociation

on nuclei were recoved, The total number of analysed interacticne

is about 500 for-each nucleus.

She values of the average charged pultiplioities for different

nuclear targets in several pseudorapidity intervals are presented

in Table 1. The n~p data at 40 GeV/c [103 in the sane w intervale

are included for comparison.
V. Í.
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The contribution of slow protons with the velocities

0.3 </3< 0.7 was es tinated in a separate exposure of our

spectrometer with a low magnetic field £sj> 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 £sj, remain unchanged after the addition

of events with topology O and 1. The multiplicity increases

with the target mass for low pseudorapiditie* •? <C 3; at higher

values of Y) the variation flattens, off and in the very forward

cone ( n > b) the multiplicity tends to be smaller on nuclei

than on hydrogen<

The charged multiplicity distributions were analysed using

the KNO scaling variables ft tl , < N > — - — and z s J~ t
J O intl < Ns

where U"N is the cross section for topology N, 0¡'rte¿ i» the total

inelastic cross section excluding the coherent component and <̂ N)>

is the average charged multiplicity. The KNTO scaling is known

to be satisfied by the hadron-hadron data at various energies.

With our data we are testing the scaling hypothesis for different

nuclear targets at a fixed energy of the incident pion.

The scaled multiplicity distributions in 3T~- nucleus and

Ti~ p interactions at kO GeV/c £ioj are plotted in Fig.1. Tn this

analysis the multiplicity refer to the region n > 1 and do not

include slow protons. The multiplicity distribution for 5I~p

interactions was calculated for particles selected in the same-

way as in

that the S

targets. i

with slow

scaling.
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way as in the case of our data. The data shown in Fig. 1 indicate

that the KNO scaling is well satisfied for different nuclear

targets. The multiplicity distributions (not. shown) for events

with slow protons included are also consistent with the KNO

scaling.

Ve have studied two-particle pseudorapidity correlation

function defined as

4s. 42:
where j*2I and Jz ¡- are the single-particle and two-particle

Inclusive distributions They were corrected for the experimental

biases as described in £8J ; the mean correction per track was

less then to£. Slow protons were subtracted statistically..Their

influence is significant for n £ 2.5. Fi¿. 2 shows the variation

of R. (l7A1 t?¿\ with O¿ for several bin» of *?,, tor C,Al,Cu and Pb

nucle^. The error bars are shown for carbon only. They are similar

for other nuclei.

Ve do not observe significant differences between

distributions for C,Al,Cu and Pb'nuclei. To compare these distri-

butions with the R2 (iji)^t) Plot for 3r"p interactions at *»0 GeV/c

published in ref. [2][, we used the formula fi - y - 0.25

The formula was found empirically by comparing -££. and,-x£rr distri-

butions for St p events [lOJ. The correlation functions for nuclear

targets agree with ths 3t~P data shown by the histogram in Pig. 2

An approximate equality between correlation functions

R_(O,y) for proton and aluminium targets was reported in the

experiment of Ref. [k] using 5C~and p beams at 200 GeV/c

The R«(0,, Oj. ) distribution» measured in the interactions of

300 GeV/e protons with Cr and V nuclei £5] are also in



201

agreement vdLth our data (not ice , however, that our s t a t i s t i c i s

about ten t ines bigger for each nucleus). • .. •

In Table 2 "re compare our data in the central region with

predictions of the additive guark model - AQM [13,1'13 a ^ ¿ t l i e

quasieikonal model - QEM [15,163 "nt>i mooels use the formula [173:

which re la tes the correlat ion functions for nucleus (A) ana

minlpon (IT) with the "number of in terac t ions" in the nucle-.is,V .

Here y4 ar.d yx are the C.I.Í. r a p i d i t i e s . The AQIJ and QEI.I nodels

differ in predicting ana <V> a s s functiction cf the atcrsic

•vür.cer» V.'s calculated the ÁQW an¿ QSM predictions in the central

region using <vl> ar.d <v> values p r p i n t e a in [173 and taking the

experimental value cf ?.*(;:.0) for ix"p interact ions - t -C Za"/z [33.

Iho e::ceri:r.ental '-alues of Rj(O,C) ~iven in Table 2 are calculated

by takir-s ---« ".ear. value of ?.aC «̂ f ?»*' c v e r Ĵ"15 -e¿:icr. £.2< ^,,^ t<2.ó,

•.Vif.iin sri'cr. bars ccth nodels are consistsnt v.-ith our data,

tr.e AT.I r.ode-1 seer-s to croviúe a s l i sh t ly bet ter a-rcene^t.

Conclusions

>liltiplicity distributions of charged particles produced with pseudo
rapidity r\ > 1 by 40 GeV/c ir"'s on various targets from proton to lead,
are consistent with the KNO scaling.

Vie do not observe noticeable differences in the correlation distri-
butions for C, Al, Cu and Pb nuclei measured in the pseudorapidity range
7i > 1. There is a good agreement between our data and the results for R2

function obtained for 40 GeV/c ir~p interactions- ^ . The results agree
within errors with the predictions of the additive quark model(13»14>17)
and the quasieikonal model^15> 16>17) however the quark model is preferred.

The authors thank to the propane bubble chamber Collaboration^10^ for
making accessible their 40 GeV/c ir~p data. They are also grateful to Drr.
M. Bardadin-Otwinowska, M. S-eptycka and G. Wilk for helpful discussions.
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TABUS 1. Average Multiplicity of charged aaoondarlaa.

/uppar nunbarai all partiólas included, lowar nuafeerss slow protons(0.3*< /> < 0.7)axeludad/

•
C

*1

Cu

Pb

1.0 . 2.0

1.18 Í 0.01
1.12 Í 0.01

1.69 - 0.09
1.52 i 0.12

1.9B t 0.06
1.69 t 0.11

2.48 Í 0.08
2.06 t 0.12

3.01 t o.O8
2.34 t 0.17

2.0 - 3.0

1.48 £ 0.01
1.46 t 0.01

1«93 t 0.06
1.89 Í 0.06

2.Z7 Í 0.06
,2.19* 0.07

2.42 t 0.08
2.32 - 0.03

2.59 í 0.08
2.39 í 0.09 '

3.0 - 4.0

1.29 Í 0.01
1.29 * 0.01

1.40 í 0.09
1.39 S 0.05

1.6» - 0.05
1.64 i 0.09

1.97 i 0.06
1.99 - 0.06

1.47 i 0.06
t.45 * 0.06

4.0 - 6.28

0.77 í 0.01
0.77 í 0.01

0.66 Í 0.06
0.66 t 0.06

0.63 - 0.06
0.63 ¿ 0.06

0.70 t 0.06
0.70 t 0.06

0.63 - 0.06
0.63 t 0«t*

1.0 - 6.28

4.68 t 0.02
. 4.60 i 0.02

9.63 í 0.12
9.46 í 0.16

6.52 £ 0.12
. 6.19 í 0.19

7.18 í 0.14
6.63 í 0.17

7.66 í 0.14
6.81 t 0.21

O

w

*) Data fro» *"p interaction at 40 OaV/o [10J

I I M
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TABLE 2. Two particle correlation function 1^(0,0) for

ft" interaction on various targets at 40 GeV/c.

TARGET

n,p

C

Al

Cu

Pb

data

0.44 + 0.03 &J

0.41 + 0.15

0.45 + 0.14

0.30 + 0.14

0.36 + 0.15

AQM

0.44*)

0.46

0.47

0.45

0.39

OEM

0.44 *9

0.56

0.57

0.58

0.57

Normalization point*

Figure captions

Fig. 1 - Multiplicity distributions for *~A and *"p (solid line) interactions
in the KNO variables.

Fig. 2 - TWo particle correlation function R20ii,i>2) at several fixed m
intervals for *"A and w"p interactions at 40 GeV/c. The error
bars are shown for carbon only. They are similar for other nuclei.
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PION PRODUCTION IN COLLISIONS OF RELATIVISTIC IONS

Helena Bialkowska
Institute of Nuclear Research, Warsaw, Poland

Professor Bialas has told why it nay be exciting to stucly 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 collisions

of relativistic ions of'd, cC and C with heavy target Tat aoun-
v ted inside the propane' bubble chamber, performed in Dubna, at .the

energy per nucleón 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 various aetalic targets.

Some of the results are already published [l] , [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 [
v

1. With a ifiT geometry and good momentum measurements we can compa-

re the rapidity spectra ofIt" for various nuclear beams incident

on the some nuclear target. Fig.l shows the ratio of the rapidity

spectrum of'ir", /normalized to the full average'^" multiplicity/

in the collisions of oC and C with Ta to the spectrum of ii"~

from.dTa collisions. In this way we compare the production of If"

by various beam? to the production by the average (p + r. ) nucleón.

Fig.2 shows the same ratio for the so called "central" events,

that is," events where no fast forward beam fragment has been obser-

ved.

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 errors, as a function of rapidity. Second, for the "central"

CTa collisions, the*»!"" multiplicity is about 6 times that for dTa,

or, in other words, in a central collision, carbon acts approximately

as six deuterons.
One may be tempted to compare the observed ratios of dn-

"•5T
with

the predict

the follow!

vely low en

cent

Mode

3.0

1-9

1.6

2. The mul

classes of

nucleons,".

projectile

of the pro.

spectators

slow /p;¿2

the number

measure of

This certa

The estima

Fig.3 shov

forof-Ta a

proportior

Fig.A shov

as a funct
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the predictions of Bialas quark model £ 3 3 . As can be seen from

the following table, the predictions are not far from such relati-

vely low energy data.

• y

ode

3.0

1.9

i.e

3ILiJ_

of

s,Y
Lie
pro

jrs

¿2
ber
of
rta
Lma

1OV

i a.

Lon

cleus -

fied

I will

collisions

: aoun-

it ,+,he

er experi»

.ular

ill

i distri-

ns of

compa-

ident

pidlty

city/

<W-
nucleón.

-s,
i obser-

=.1 region

at, wit-

central"

"or dTa,

roximately

central rapidity
region

O 4 y < 1.2

Model

3.0

1.9

1.6

Exp .-

3.6+0

2.1+0.

1.7+0.

.2

.1

1

beam fragmentation
region

. .Model .

3.4

2.1

1.7

Exp

4.1+0

2.4+0.

1.7+0.

.3

.2

.2

.-ith

2. The multiplicity distributions of pions may differ for different

classes of collisions, depending on the number of participating

nucleons,V. 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,Vp = Zp - n . Our detector does not register very

slow / p ^ 2 5 O MeV/c/ protons-target spectators. Therefore we use

the number of knock-out protons /250 K e V / c ^ p £ 8 0 0 MeV/c/ as a

measure of the number of participant protons from the target, V?
T.

This certainly is only an approximate estimation.

The estimate of the number of participant protons is thus evaluated a s

Fig.3 shows the dependence of the average *»T " multiplicity on "y* "

for«£.Ta and CTa collisions. For the QTa data there is a clear

proportionality between ¿ n_> and V? .

Fig.4 shows the dispersion D_ of the'i'" multiplicity distribution

as a function of <f n_> , for fixed number of participants V*. Here D_
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is not a linear function of 4 *J7 as is the case for hadron -

- hadron collisions.

TheiT" distributions for fixed V » or, physically speaking, for

each selected narrow range of the nuaber of nucleons participating

in the collision, which may correspont to a narrow range of iapact

parameter, are not far, but wider than the Poisson distribution.

References

1. E.O.Abdrahmanov et a l . , Z.Physik C5,1,/198O/

2. H.H.Agakishiev et a l . , Preprint INR 19CA /VI /PH/A, ¥arsaw,1981

3. A.Bialas, Preprint Ferailab - Conf - 79/35 THY, May 1979.

i N d

-1.6

d+Td-»-Tr"+x

all inelastic
events

16

Fig.1

12 48

10

8



210

10

8

hadron -
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e of impact
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S P H PHYSICS AT SHOUT DISTANCES AS A MEftHS OF STUDTIBG QCDf \ A _ 3-2

; , > •

U.S. Craigie

International Centre for Theoretical Physics, Trieste, Italy

and 3 J

Istituto Vazionale di Fisica Sueleare, Sesione di Trieste, Italy

ABSTRACT" ,

We review hov experiments with polarised beans and/or targets can

be used to test QCB perturbation theory and to throw sow light on the role

of next to leading logaritbmic orders and power corrections. All the pro-

cesses we vill consider, are the so-called hard processes involving a single

short distance scale and are characterized by the remarkable factorization property , _

of parton densities. _ •• • -

References:
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Int

Ext

Le

3.1 .

SCOPE OF TALK

1. Introductory background on factorization of.parton probabilities in QCD.

S. Extensión to polarized nadrons and asymmetries.

3. Leading order QCD predictions for the processes:

3*1. Deep-inelastic lepton-proton processes

3.2

3-3

3.».

3.2. e F • B + X (B • A, I , Ac-.}

3.3. Massive lepton pair production

t % •* |i* u" + X

* X

3.1*. Hadron production at large transverse momentum

A B •*• C + X (C * *, K, Jet ...)

I B *t

P P + Í + X

3.

Th

F.

(t

J.

Kv

J .

F.

6

n.
K.

can

.e role

pro-

single

a* ion property It.

3.5* Prompt photon production at large P_

p"? • Y + X

y + X

P ? •* y + X

The effects of non leading logarithm and power orders in QCD.

References: The talk v i l l be base I on the following material. (Other

references to be.found therein).

1. F. Baldricehini.R.S. Craigie, V. Roberto and M. Soeolovsky, ICTP/8O/II18

(to appear Fortschrit der Physik).

Z. J. Babcock, E. Monsay and 0. Sirers, Phrs. Rer. D19, 1^83 (1979;

Ki Hidaka, E. Monsay and D. Sivers, Phys. Rev. D19, 1503 (1979).

3. J. Banft and G. Raflft, Phys. Lett. JJB, 309 (1978).

k. F. Baldricchini, U.S. Craigie, V. Roberto, H. Soeolovsky, Phys. Lett .

9 6 B . 381 (1980).

5. H.S. Craigie, V. Roberto and D. Wiould, ICTP IC/81/20 (Physics Letters?)

6. K. Hidaka, Westfeld College preprint (19801, and Moriond (198O).
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7. J. Soffer and P. TaxU 79/p. 1153 C.P.T. (Marseille) 1# Jjrnl:

8. Beferences are also aade specially to the work of:

6. Altarelli, G. Parisi, Hucl. Phys. 3126. 298 (1977).

U.S. Craigie and H.7. Jone*, Had. Phys. B1É5 (1980) and ICTP preprint

IC/79/32 (unpublished).

E. KLlie, H. Georgi, M. Hachacek, H.P. Politier and G. Boss, Hucl. Vbfe..

B152, 285 (1979). p

G. AltarelU, E. Bilis and G. Kartinelli, Hucl. Phys. B157, W l (1979)- A

K. Blankenbecler.S. Bradskjr and J. Gunion, Phys. Ser. D6 (1972) 2652.

E. Politzer, Hanrard preprint (i960).
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1. IHTRODUCTORY BACBGROUHD Oí FACTORIZATIOH OF PARTON PROBABILITIES I?í QCD

preprint

uel. Pbys.

B ,

Fig. 1.1 (a) Basic diagram for a bard scattering process involving hadrons

A and B.

(b) Corresponding bloefctri.se factorixation of parton-hadron Greens
functions.

In tbe naive parton aodel introduced by Feynaan, and developed by
BJorken and others, any bard process involving hadrons A, B, . . , is described
by the diagram in Fig. 1.1.(a) vhich leads to the cross-section

.?»,o

vbere

Probability of funding parten of type a in badron A with

fraction X of its aoaentian.

»O is corresponding cross-section for parton sub-process áb • —

This cross-section corresponds to bloclnd.se factorized diagram in Fig. 1.1. (b)
vhich has in addition the simple property only sivple spin averaged quantities occur
despite the appearance of off-shell parton-hadron four point Green's functions.
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This conjecture has been shown to hold explicitly in the leading order

in QCD with the replacements

• D* (X) -» D a (X, Q2)

0"* - Lowest order in ag tree graph cross-section

with o •+ a (Q2) = 1/b tog Q2/A2 (b « (33 - 2n.J/12»). Q2 being the frequency

(i.e. momentum) scale characterizing the hard process. An example of

is ud + ud corresponding to Fig. (1.2)

Since the
densities s
Lipatov, Alt

¿u

vbere the p

:Xr(*) • Further the

Fig. (1.2)

2
The reason for the dependence on Q 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 31 -» 1/Q , the aore coaplex the virtual states
encountered become.

X">X'>X

are simply t'

renoiaalizat-'

in fact cale

processes in

Fig. Í1.M

Fig. (1.3)
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the •'

ies s

v, Alt

<Uo

oading order

ss-section

the frequency

of Cr'
ab..

¿he p

the

Since the Qr dependence comes from QCD perturbation theory, the parton

densities satisfy the following simple evolution equation pointed out by

Lipatov, Altarelli and Parisi.

where the parton branching kernal corresponds to the eleaentary process of

/ -

Further the moments

$
M-l

he radiation

ates

virtual states

are simply the anomalous dimensions, which emerge in the operator product and

renornalization group approach to deep-inelastic scattering. The latter are

in fact calculable order by order in QCD perturbation theory. For more complex

processes involving more than one hadron, ve have the physical picture in

Fig. (I.*)

fig. (l.k)



219

All the radiative corrections can be suned up in the above formalism in

leading order to give the formula

where one can think of the radiative corrections, as sun)];' Modifying the parton

distribution responsible for the hard process. ^

A sisple way of understanding this factorization is to choose a

special physical gauge n.A*{X) « 0 «here n P A * PB + " * ** *ne latt*r

diagrams, which one sight expect to destroy the Blockwise factorisation in

Fig. 1.1 (b), such as Fig. 1.5 (a) in fact vanish in the leading order in QCD,

which corresponds to arms of ladder diagraas in each channel Fig. 1.5 (b).

In this gauge the gluon propagator ha* the fo» D
pv<

K» 1> * t-R,v • t
K
v\ * *V\

K.n + ..]l/K~. Hence Fig. (l.5)(a) is proportional to

It is not

parton of

section,

in each '

a better '

As

DtX, Q2)

but in f

Symbolic

The latter

•OBKntni di

in QCD. Tb

2.

If

definite he

\ /

ca> cb>
There exists an all orders proof of this factorization property,

involving factorization of sass singularities in perturbation theory. However

although we can always formally write

-Kb!

where h ,

which is not

to hold in 1

only two be1

extended to

of the latte

to helicity

Se '
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It is not .clear to me that one can interpret D? as the probability of finding

parton of type a in hadron A and C" -as the corresponding cross-

section. In particular it seems unlikely one can associate definite helicity

in each channel. For this reason spin physics will be valuable in providing

a better insight into this question.

As a final remark on factorization, the parton density functions

D(I, Q ) mre not the Bethe-Salpeter amplitudes in each parton-hadron amplitude

but in fact integrals over the transverse momentum associated with the latter,

parton Symbolically

n

QCD,

+ K n )/ The latter means, in particular one does not feel the primardial transverse

aomentui distributions (i.e. Fermi motion of the partons) in the leading order

in QCD. The latter is only evident in higher power corrections.

2. EXTENSION OF QCD FACTORIZATION 30 POLARIZATION ASYMMETRIES

If we nov turn to processes, in Mich the hadrons A, B, .. carry

definite helicities b», h-, .. , then the corresponding formular is:

where h , h. .. are tbe corresponding partos helicities. Tbe diagonal sum,

which is not completely obvious from the clockwise factorization can be shown

to hold in leading order in QCD. Further in this order gluons like quarks bave

only two helicity states h « ± . In principle all our considerations can be

* extended to transverse spin asymmetries, however I do not think the treatment

of tbe latter is fully understood. In this talk we will restrict our remarks

to helicity asymmetries.

Defining
ever . . _ . . .
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We can vrite the double asymmetry

in the form

J AfcJ Z>b* ..

Further AD* satisfies the evolution or B.S. equation

ft* ,

ftcf .V)

where

Single hel
transTerse
Heasurener.
way of st

measured
aband ¿O-

A =

and each f
nuch of ti
partons in

factoriza-
of QCD,
with a ga
in a
order uni

ADA is a measure of the polarization of the parton flux relatife to that of the
incident hadron ( i .e . the amount ot belicity transfer to the active partons in
the hard scattering process). For example i f AD* • D? then parton a
carries away 100Í of the polarization of A. This night be expected for the
leading u-quaxfc inside the proton as X * 1 (Fig. 1.6).

3-

3-1.

vhich is

Fig. 3-1-

Fig. 2.1.
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.ab

Single helicity asymmetries vanish, because of .parity. This is not true for

transverse spin asymmetries. The latter hovever vanish in leading order in QSD.

Measurement of transverse rpia asymmetries, may therefore provide a valuable

way of studying non leading effects.

Finally let us note that because of the factorization property, if the
ATI ATI

m e a s u r e d asymmetry a O * ^ " * / & " i s o f o r d e r u n i t y , t h e n A D * / D , a # » 1

and A * /O 1 •» 1» s i n c e

A-
"•>

and each factor is less than unity. Hence a large Measured aeyM«etry, means

much of the helicity of the incident protons is transmitted to the particular

partons involved in* the hard sub-processes.

Conversely. In some cases asymmetries are small, because of the

factorization structure and the fact each factor is less than unity. One feature

of QCD, vhicb vill be apparent is vhat follow, is that because we are dealing

vlth a gauge theory like QED, the basic processes transmit or reflect helicity

in a remarkably simple vay and most basic asymmetries A C** /(r0** are of

order unity.

to that cf the

e partons in

irton a

ed for the

3. LJEADIHG ORDER QCD PREDICTIOIS

3-1. Deep inelastic scattering and parton spin distributions

Here let us concentrate on the reactions

which la described by the variables v • p.q X « -q2/2v and y * v/E. See

Kig. 3.1.
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TÍO

(2)

which iaplie

4í«*

This has the
fact have to

In deep-inelastic scattering, with polarised leptons off polarized For
nucleón targets in addition to the usual structure functions Ŵ  and Wg asyanetry fo
we have two new ones Ĝ  and Gg. In fact we write the hadronic tensor
W)1V(p.4.S,) in the form

and

where S. is proton spin or helicty vector. The parton model gives
A

respectively.

The latter corresponds to tiansverse spin asymmetry and follows from the naive v

parton model, in which the parton have non zero mass and are put on shell. " V V

However the operator product expansion apparently leads to different anomalous

dimensions (i.e. scaling behaviour for G.̂  + Gg) depending oa the renormalization

scheme and whether there are mass terms or not. (i.e. if we have an exact —

chiral symmetry or if it is explicitly broken by quark mass terms). A tl

The structure functions G- and G_ satisfy the BJoriten sum rules .
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V - r. f 1

(a) •

implie which implies

LE the This has the important consequence, that the AD cannot all vanish and in

i v e to f a e f c nave to be quite large.

For ized For neutrino scattering off polarised targets, the basic left-right

ry fo Wp asyianetry for (v, v)P-• iiX is given by

or

x

vely. CS^«v) respectively. Using the Cabbibo theory, ve find below the charm threshold

^ - -»(t»y>*A X^M tX,»*)-»

rules . <l-y>x ^ - , €«,**>



225

Hence from the y distributions one can clearly separate valence quark
distributions from the sea quark.. A . rough, estimate of the order of
magnitude of thiiee. asymmetric near z •+ 1; where one can neglect the sea, one
finds

2. Cc

impolarizc

A, - A - V,

The gluon

simple qua.

which

fast valen

Fc.

vhere the values corresponds to a simple SÜ(6) model.

Together tbe spectrum of lepton deep-inelastic processes can be used

to determine tbe parton helicity distributions, in much the same way as the

unpolarized densities. One cati obtain light nuclear targets, which are over

10% polarized, so these experiments become feasible, particularly with

polarized muoas. The neutrino experiments of course vill be much harder.

As yet there is little data on the &D?, so one tends to use models

which are constructed so as to satisfy the Bjorken SUB rules mentioned above.

Throughout I vill 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 & large fraction of the helicity for all x,

however the sea quark helicity asymmetry is adjusted so as to satisfy sum

rules. Primordial (Q • Q- **> 10 GeV^) parton densities for this model are:

while for t

The latter

the models

A UCX-)

A d (1O

U.C*}

- *

This is the

One

spin densit

valence qua

the Conserv
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2. Carlitz-Kaur Model

Valence quarks carry most of the helicity as x •*• 1. The sea remains
unpolarized

The gluon distributions are calculated from the quark distributions, from a

simple quark-gluon bremsstrahlung model. The assumption is that fast gluons,

which dominate the momentum sum rule, result from bremstrahlung off

fast valence quarks..

For the conservative model

as can be used
e way as the
nicb are over
ly with
ch harder.
o use models

entioned above.
ion of what we
d processes.

*Cl-x)

while for the Carlitz-Kaur model, we use

t t e r or all x,
d e l s atisfy sum

-.is model are:

The latter we call the leading quark gluon bremstrahlung model (LQGB). In both
the models

*% QO

This i s the property of helicity conservation in the bremstrahlung process.
One can now use the evaluation equations to determine Q dependant

spin densities AD(x, Q ) . To give an idea of the size of AD/D for the
valence quark inside the proton, we have plotted in Fig. (3.2)(a) and (b)
the Conservative and Carlitz-Kaur modele respectively.
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e ? •* e'B* X where B • A, £, A

Before leaving deep-inelastic scattering, one interesting process,
vhich is possible vithin the existing uvson bean set up at the SPS, i s the
inclusive production of A, £ etc . , in vMch the decay distribution of the
detected'hadron is used to determine i t s hiOicitj' distribution.

eCE)

Fig. (3.3)

Variables: x - Q /2v, y = E/v, Z •

The unpolarized cross-section is given by:

vhere v * p.q.

where 5 ^ B is probability of finding hadroo B in a Jet corresponding to

parten f, with fraction z of the energy. The latter is «ensured in the

process e e" •*• B+ anything, and all the considerations for parton densities

go through for fragmentation functions

The basic transmitted (from initial to final state) asymnetry for this

process is given by:

oler ¿cr
LU

ár
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5 process,
S, i s the
ution of the

[da(h , h_) being the cross-section for proton helicity h and B vitb

helicity hp] i s given in leading order in QCD by:

In particular for e1? -»• e ' í • x ve have:

¿t

sponding to
red in the
Dn densities

aetry for this

Hence this process provides a direct vay of measuring the degree to which sea
quarks carry the proton helicity. The leading quark ideas of Brodsky ,
Cunion and others, would suggest for the fragmentation function ADg ^ A A/
D . for S + l«Note i f ue acc?it the argument given earlier that̂ kG/G-» 1 as x+ 1

S "*" A

and further that fast anti-quarks co»e fro» gluons converting to pairs,thenpert-
urbation theory would predict 4q/q* 1 as x-*1,i.e. *LL+-^ « s x+i,z»1.

3.3. Massive Lepton Pair Production and Drell-Yan

There are k useful variations here

? r
? A /*/*

X

x

>«
•f M w* TT, VC,

Also the production of heavy omium states should be added to the l i s t here.
This process i s described by the Much discussed Drell-Yan mechanism,

corresponding to the diagram '
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B

I i

For

Variables

Fig. (3.U)

p~The basic cross-section for q(h) + q(h') •* w p~ which is proportional to

has [M++| - 0 by helicity conservation.

i .e .

ana V

The pre

in Fig.

\ l

0.5

Hence the basic asymmetry ft L • - 1 . The corresponding asymmetry formula for the

whole process i s given by:
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«i

For FP -»• pv + x at L ' O , this formula reduces to

t v

V = and V - j U(x) + j d(x).

Hence asymmetry depends on polarisation of sea quarks

al to
í.« A t u = o

pre The predicted leading order asymmetry for the conservati-ve model is shown

in Fig. (3.5)

rmula for the

\ l

0.5

S = 1000GeV2

(CONSERVATIVE
MODEL)

6 8 , • 10 M
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On the other hand PP + vv + x i s dominated by valence quarks, so for large

x = M....//S , we have target.
eacpe
and T

The corresponding asymnetry i s large anfl i s given in Fig. 3.6.
•«here

20

.+ ..-p p -•/*>
xf=o.

60__GeV2

CONSERVATIVE

CARLIT2-KAÜR

FIG 3

Hie co
i s giv

'LL

The C

.5
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-r large
ITget

tper'

The transmitted ssyanetry: ? A •* v v * x vith a polarized bean (or
target} also prorides an interesting measurement. It of course relies on the
experimentally difficult determination of tbe muon aelicity. However Soffer
and Tazil c3aim this i s feasible. Tbe basic asymmetry is given by

iere n b e r e { s « i t , U CLMlV.

le co
3 giv

The corresponding asyjnnetry integrated over tbe muon angular distributions
is given by

he c The Corresponding prediction as shown in Fig. 3-7

ÍVE if

KAÜR

.5

pp—• up
SsioooGeV*

-Q2=1OOGeV2

-Q2s5O GeVj
-Q2 = 2O GeV2

-JB -A . 2 . .4 .6 .8
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3.1». Hadron Production a t large P T

Hence one considers processes l ike

C « TT. «,

& s A, A,

The geners^

which are triggered by selecting a particle or jet of particles C with large
momentum perpendicular to the bea*-target direction.

[, TRIGGER
PLANE

where

AWAY SIDE JET
y Fig. (3.8)

The reaction will he characterized T>r two Jets, one on the awegrside balancing

the transverse moaentun of the trigger. The basic hard process is shown in

Fig. 3.9.

(Trigger particles)

AB-^C+JET+X

Fig. (3.9)

Y

Tht-

where A "
lib

These are "
correspond *
In a l l case.
we giTe a f

taken fro» -•

Tig. (3.9)a
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The general hard scattering fonnila for the process A(h.) B (1L) -»• C(h_) +

h^, hg, .. denoting the helicities is given by:

Y

C with large
•where

S , t

The The Intial - Intial or Reflected itauble Asyametry

Thi

de balancing
3 shown in

cd

This i s defined by

' L U

6 > c

Me p

where A ^ i s the same asj—ilry at the parton sub-process level (ab •* cd).

These are all calculated at the lowest order in QCD perturbation theory and
correspond to the set of graphs in Fig. (3.9)b and are displayed in Fig. 3.10.
In al l cases we see the driving asymmetries are of order unity. In Fig. 3.11
ye give a few sample estimates of the reflected asymmetries for ?? •+ (n, Jet) +'
taken from the vdrk of Babco^k, Moosay and Sivero. '

(3.9)a
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Tr

The

Transmitted asymmetry ?A •+ 2 + x examples:

* A -* A
(plus associated away side

strange particle)

The transmitted asymmetry, involves again the asymmetry of a fragmentation

function

I
%«•«.

I c

J *T For PP + A + x the basic sub-processes are (Fig. 3.12)

U

5— \ v U /
9

s 9
+

§ 9X.
uu-ss

espo

0

.3 , X, XT

Fig. (3.12)
The corresponding basic asymmetries and cross-sections are given >>y:

A t

«It

and

dt
•vr
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For PP •»• A + x the valence quark dominates, so the qq annihilation '•* the

most important contribution. The basic asymmetry for the latter is shown in

Fig. 3.13. The corresponding predictions for £* are shown in Fig. 3-11»,

in vhich we have set ADs+A
D . as a first estimate.
s+A

As a background coming from hard scattering off strange quarks inside

the proton, can be minimized by asking for associated strange particle

production on the away side.

f / O 2 A ' .6 ,8

-.4

.6

.8

1. •

CONSERVATIVE

ICARLITZ KAUR

KINEMATICAL
LIMIT

"—>A+X

,4 • .6 .8

A,

CONSERVATIVE

CARLITZ KAUR

KINEMATICAL
LIMIT

.4 .6 . .8

"— A +A*

b)

LL

- .4

CONSERVATIVE

WITH GLUON CONTRIBUTION

WITHOUT GUJCN
CCNTRiSUTION

KINEMATiCAL
LlivlIT

c)
PIG. 3.11»
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For $P •*• t + x the gluon-gluon fusion dominates and the corresponding
basic asynmetry is given in Fig.. (3.15)Cb). Fig. (3.15)U) shows AG/G.

This has an interesting structure as a function of CMS angle. In order
to calculate the asymmetry at the hadronic level, we need the gluon helicity
distribution inside the polarized proton. Little i s known about the latter,
however the following argument suggests i t might be large. If we assume that
the leading quark inside the proton carries most of i t s helicity as x + 1
( i . e . as in Carlitz-Kaur model), further that fast gluons wane from bremstrahlung
off fast valence quarks> then a simple computation based on perturbation
theory shows 4<5W)/f i<)t) - » -̂ <V <*> / «V Ov -* * «•

03 0.4 0.6 0.8 1.0

» 1

5

I l

I
a
u

- 1

2

2 1/
f
a.
s.

! S

5 c |

- c.

-I C'

u. oí

'aa.

• s i
i

FIG. 3.15
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SS v
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5BM

lat

:tin v
"I

The little data that exists supports the leading quark idea and the

process we ar«? discussing here, vill provide a valuable insight into the

origin of the gluon distributions inside the proton.

In Fig. (3.l6)(a-g) ve give predictions based on the conservative

and LQEM respectively, for various trigger angles Ocms. For x_ > .2 ve

see that the ant i quark component is negligible (dotted line corresponds to

neglecting the latter). In Fig. (3.16) (g) ve exhibit the x_ < .2 behaviour.

3.5- Prompt Photon Production at Large P_

Here ve briefly consider reactions

1} ? ? -» Tf -t- X

Process 1) i s dominated by sub-process

lich for which

u

l e These lead to a reflected PP asyanetry:
• » • * . * *
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Process 2) i s dominated by sub-process

for which <*• v\. - ~ ̂  * since

I " +-» I = o by helicity conservation

The asymmetry formula for PP •»• y * x i s given by:

tt

'Ut
[-U

u

where

The prediction for prompt photons, taken from our and Hidaka's work are

sjiown in Fig. (3 .17) .

.1



2¿8

nervation

are

UHidaka takes
into account

(CONSERVATIVE)

Fig-



249

Transmitted asyaetry for ?P •*• T + x A pre

Study in progress, Aldo Renzo with. K. Hidaka, M. Jacob, J. Soffer and

If.S.C.

Here the possibility is being considered of measuring the final photon

helicity, by detecting a fast internally or externally converted lepton pair,

which carries sway nost of its helicity

-•5

Here one - «ssisjes one can detect the «raon or electron polarization. A second

possibility, is to use a polaxiied nuclear detector. Although the detection

efficiency in such an experiment is very small, one could use the full bean

intensity on a 6O-8OÍ polarized target.

The basic Coapton sub-processes are

IL and asymn

initial or

productio

of the ap

inelastic

h.

Le

picture oí

it is nat

picture.
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A preliminary prediction of the transmitted asymmetry is given in Fig. (3.18)

J. Soffer and

e final photon

lepton pair,

on. A second

he detection

e full beam

X F * ->•

i.
Pig. (3-18)

FIG. 3.18: Preliminary estimate

There are «any other processes one can consider, such as y P + g i
and as/metrical correlations (Peterson and Pire) or e e" •*• bedrons, vhere

initial, or final state helicities are studied.
Further there i s the «hole area of transverse spin (normal to the

production plane) asytutetries. These need to be studied carefully, because
of the apparent aabiguities concerning the operator product approach to deep
inelastic scattering mentioned in the introduction.

It. VALIDITY 07 FACTORIZJfflC» AM) HCHMJSAPIHG UTECTS 11 QCD

Let us begin by aaking the obsemttitm that Bince a clear physical

picture of what happens in hard processes eaerges in the leading order in QCD,

i t i s natural t o try to estimate non leading ef fects by perturbing th i s

picture. There are a nuaber Of ef fects to be considered naawly:
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1. In higher orders in as single spin asynmetries enter the picture
modify the r-

A » =

vhere

" - \

However we c
so that

For quark-quark scattering [with mass parameters] In t

D's satisfy

The whole question of transverse polarisations needs careful investigation,

because there are indications the effects may be large at intermediate P_.

2. In higher orders in ag(Q )> longitudinal gluon helicities will play

a role. This is the analogue, of o_ in deep-inelastic scattering. For the
O-, % o {Q ).
X S

latter one obtains

3. Effect of next to leading order on factorization

Let us briefly review the work of Alteralli, Ellis and Martinelli. If
A O

one identifies D. (x, Q ) with only the leading logarithmic order in QCD,

then in the next to leading order, some ot the effects of the diagrams

where

However one

processes, í

• Altsrelli
Hvmpert
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picture
modify the relationship between structure function F» and D1

fc>U.i)]

However ve can incorporate these corrections in the definition of the D's
so that

In this case, one can show (Curci,- I^aanski and Petronzio) that the
D's satisfy a modified evaluation equation

where
tigation,
ate PT.

v i l l play
For the

inel l i . If
in QCD,

suss

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*

9

\

• Altarelli, Ellis Msrtinelli
Humpert and Van' Heervan
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Where the D (x, Q ) are defined .so es to include the next to lecding effects

in deep inelastic scattering, one finds

The appearance of IT a factors are due to Q = -Q (deep-inelastic) > 0
s

A

where

to me

basic

sche -

and these partly explain the famous factor of 2. We notice that o. does
not exactly «u respond to parton-parton cross-section.

For the spin and helicity asymmetries one has to repeat the second
order analysis. One might gues3, because for qq- "• Y* g 60 = - c , that the
correct asymmetry formula is

7 '. grapi.

i
In ot

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. y.

In this connection, one must mention that the renonnalization scheme •

2 ' y
and definition of ag(Q ) play an important role and the subject remains
unclear on whether a particular scheme improves the convergence of the (a (Q )) //•,
series. In large transverse momentum process, next to leading effects can be
minimized by allowing different scales for difference of the factors

PP
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A

met

srel

3ÍC

D, DR . . a . However i f such, prescriptions are arbitrary they would lead

to meaningless asymmetric predictions. Measurements of the latter will

therefore provide a valuable way of studying the validity and nature of the

basic factorization structure.

effects It. Power Corrections

ttem

:ic) > 0

. does

second

lit the

Recall in deep-inelastic scattering the following connections,

schematically

= f

apt. graphically

(X-Y)2

ot
.se. We

n scheme

cs can be

Fig. (fc.l)

In other processes, we have analogous parton diagrams

PP—y%
Fig. (l.a) PP -^
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These new tenas, either involve multi-quark distributions inside the hadron

or more complex sub-processes or a complex mixture of both.

If these processes are important any notion of factorisation is lost.

Hovever most of these mechanisms can be estimated with a little ingenuity and

a lot of energy. In discussing this question Folitzer suggested a generalized

formule

•where

B

and

(The contrac

Pol

distinguish!

the CIM (Con

and (¡union

For example

(Today we al

qq •+ n • g ) .

Fig. (U.3)

Within th« parton framework one would expect the corresponding asymmetry fonuuln
to be -

where e » (~

Is ra
p-8
T

PT due to s
case i t will
unpolarized
help by cons-
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adron

5 lo s t .

i i ty and

.eralized

W h e r e

and
FÍ-O -

(The contraction symbols mean the asyametries are matched).

Polarization asyametry measurements nay be a Taluable vay of

distinguishing the various tents. To illustrate this latter part, ve consider

the CIM (Constituent-Interchange-Model) strategy of Blankehbeder, Brodsky

and Gunion . Here one assuaes at «one level all processes contribute:

For example for pP ve have:

(Today ve aleo would consider mechanism» leading to P_ , for example

qq • if • g). The sum over such terms would lead to

-ry

•where c * (1 • x_).

In more recent tines, Feynman «ad Fields * - emphasised that the
P~ behaviour could be reproduced by to prneff (PJ) 'bet»viour at smaller
PT due to scaling violations. in the basic parton densities. In such a
case i t v i l l be extremely difficult to disentangle the ttrms in the CIM from
unpolarized data alone. However let us analyse i f spin Measurements are of any
help by considering the superposition'of the two nechanisss (see Fig. (1*.U)).
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qq —

qq —•

a

T* .
Kg. (k.k)

For the second nechaaiaa the croaa-aeetion ia given by

•i the asymmetry is proportional to

We nov arr

and

vith n e f f (

one obtains

If ve asatae that «pin structure of the pion can be read off from
diagrams with rTiMntrrj piooa then ft ' « - 1 . On the other hand the basic

for • q.5 • q/i ia giren T>y:

r- t v a*
u I?

whi.h tama the shape (fig. U.5)

where

*ith x,,
asyaaetrie
stmcture
ĵ x'tHAuc eQ p

adda to tí
section».
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as

0.5

Fig.

We now arrange our magnitudes so that

( r
•> r, - 3

and
4

with n e f f(p j * 7 for PT • 3 GeV. Using the conservative parton distributions
one obtainB»

a off froa
ad the basic

where A -V *i

This ve plot in Fig. (b.6)(«0, froa which we see a strong variation

with Xj, and /§ txstween 10 and MO Gev. The dotted lines gives the

asymetries corresponding to tbe two •echanins individually. The interesting

structure is partir due to the fact that the Xj, dependence of the directly

produced pious is harder. However cancellation between the two terns also

adds to the structure. Xf on the other band we pl«t the unpolarized cross-

sections, the difference between tbe two •achanisss is not so mrked.
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We conclude by the ram* tost spin physic*
QCD aa i t «as in Regge pole analysis.

•ay be as important to
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.

We develop an analogy between mass

factorization and multiplicative BPHZ-renor-

nalizatioh with the role of the renormali-

zation constant being taken over by the

operator iratrix elements. Ey introduriiig

Zimmernan's forest formula we demonstrate

its use in constructing the deep inelastic

;DI)/Drell-Yan (DY) factorized parton cross-

sections and arrive at an all-order proof

of nass factorization. The DY correction

terra is determined by similar reasonings, ¿s

Also a t : Swiss Federal Institute of Tech-
nology, Laboratory cf Hig!¡ ír.er¿ry Piiysics,

\ VV
DIAGfWMATIC MASS FACTORIZATION \ <

B. Huapert*

CERN, Geneva, Switzerland
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LATTICE GAUGE THEORY \<

C. Itzykson ( \J

DPh.T. CEN-Saclay
91191 Gif-sur-Yvette Cedex, France

1. Introduction

Beyond the original predictions of asymptotic freedom asd it» successful

applications to deep inelastic high energy collisions and related processes,

the theory of strong interactions based on a non abelian SCO) color gauge

invariance has had a hard time to produce numerical testable results. The dif-

ficulty lies in the confinement 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 have revealed to

the theorist's delight a wealth of unexpected phenomena. Lattice gauge theory

is still in an exploratory stage. However tha general feeling is that the

ground is safe eventhough practical developments are still scarce.

What has been achieved presently is a reasonable understanding of the

confinement aecha'ism in the strong coupling regime. The Monte Carlo calcula-

tions initiated '/ Wilson and Creutz Jacobs and Rebbi and actively pur-

sued, have demonstrated 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
tA]

the insight offered by mean field approximations .

Euclidean 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 exciting problems of disordered media.'

Very much as brownian motion 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 cases yield connections between strong and weak coupling s.tua-

tions bit unfortunately cannot be extended except qualitatively to non abelian

cases.

To

introduci

Ninomiya

bearfcing

nnmber o

2. Lattic

To c

ranging P

ia common

Lattice

The task

being ass
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ved in fa
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successful

rocesses,

r gauge

a. The dif-
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eir results
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To extend this list of open problems let us aention the difficulties of

introducing femionic degrees of freedom, recently reanalyzed by Nielsen and

Ninomiya and others. The chiral anomaly reapears in the form of an explicit

bearking due to regulariration or in the disguise of the multiplication of the

number of fermion species.

2. Lattice quantization

To cope with ultraviolet divergences numerous meaos have been developped

ranging Pauli-Villars regularization to dimensional regularization, which had

in common to be tailored for handling the perturbative Feynvan 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 caa 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

.-̂ - - 8(g) — - n Y(g>| Gn(p,g) - r.h.s.

where the r.h.s. vanishes in the scaling limit and

B(gU)) gtt)

(1)

(2)

dictates the variations of the "running" coupling constant with a scale of

(euclidean) momenta X . For non-abelian gauge fields and g small enough '

S(g) - - (3)

-and as \ •*

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 vanishingly small, keeping some physical length 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

(5)

where g_ is an x-yarying element of the local group G(SU(3) for chrotaodynami.es)

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 A (x), has to be traded for an integral factor

F exp £ £ V x )
(6)

a path ordered integral along a curve joining y to x, with the covariance pro-

perty * /

circnits.

If ti

with F*

the bare

tional to

is interpe

the free

A co

and sites

under local transformations. Note that $ (y) D(g)$(x) is then a gauge inva-

riant for a unitary representation D.

The Tang-Mills action is then replaced, in the Euclidean region, by a lat-

tice sun, which up to a constant and a sign convention is

s (8)

where the

term with

ce fermio-.

•y—matrices

The sum runs over the elementary circuits of the lattice, called plaquettes

(elementary squares of a cubic lattice), II e ^ is the ordered product of group

variables along this circuit, and x " a r e a l class function (a 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 representation. 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 vesl space renormalization will generate terms involving larger

Let u

bles are g

a connecte

ducible re

For the q -

tation. We

finement c
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tant to

rticular

the physical

rk fieids)

(5)

dynamics)

>n the lat-

continuous

circuits.

If the action is expanded around-its' trivial maximum it takes the form

\dx (l£v)
2 + ... (9)

with P3 the field strength. This shows that 8 is proportional to g~ , with g

the bare coupling constant. In the statistical analogy B is inversely propor-

tional to temperature and the vacuum functional

Z - j n dg^^ exp S (10)

is interpeted as the partition function, with

(6)

anee pro-

uge inva-

by a lat-

(8)

uettes

t of group

need sum

aentity

d perhaps

che pla-

, ole.

, which

n princi-

.uits.

arger

F - lim ' N In Z

the free energy, N being the number of lattice points.

(11)

A coupling to Higgs particles can be added in the form of a sum over links

and sites

S - 8
m m (12)

where the first term would reduce in the naive continuum limit to a kinetic

term with eovariant derivatives instead of ordinary ones. One can also introdu-

ce feruions, using Grassmanian variables for the quark fields and appropriate

y-matrices

V " Vx (13)

Let us concentrate on the pure Yang-Mills theory. Gauge invariant observa-

bles are generated in the form of Wilson loops. These are ordered products along

a connected closed loop C of variables g__* We then take the trace in an irre-

ducible representation (a) and average over configurations

VC>
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

W(C) ~ exp - KA (15)
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with K is the string tension - i.e. - the coefficient of the linearly rising

part of V.he potential energy between two static colored sources. Recall that

such a string in rotation generates a linear relation between angular momentum

and square energy with the slope a' related to K through

K - (16)

so that the order of magnitude of K is -^ GeV . 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 Ka behaves as

Ka2 ~
6 +'

-b'3
(17)

where b' is related to the coefficient b in the Callan-Symanzik function. On

the other hand in the strong coupling region

Ka ~ In 8
B * 0

-1 (18)

Other observables can be studied, even within the unrealistic pure gauge sector.

Of particular interest is the so called glue-ball mass, or inverse correlation

length defined as the coefficient in the exponential decay law for the corre-

lation between two. widely separated Wilson loops

may serve to

3. Stron cou

For large

ter is natur

sion d, with

O is the pr
P oi

(with a simi

Then _ (

(cosh 3 ) " N

F
d(d-l)

C2

(19)

where L is an average distance between the loops . If the picture makes sense

we might hope that in the scaling region, quantities as K£ reach a stable

value and represent "physically" measurable quantities, as other dimensionless

ratios in the more complete theory including quarks. Present values for K£

seem to be of order 0.1 within large uncertainties

ball mass above I GeV.

[6] . This would put the glue

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,

considering for instance the case when G was a finite group, either as an appro-

ximation to the realistic group,for instance finite subgroups of SU(2) or SU(3),

or even the simplest case of a group Z 2 reduced to two elements ±1. This toy

model, a gauge generalization of the Ising model, allows to exhibit the techni-

ques involved in handling lattice models while avoiding cumbersome algebra and

In the expao
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is the one a
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may serve to test approximations or numerical simulations.

3. Strong coupling expansions and mean field approximation.

For large coupling, i.e. small £ , an expansion in S or a related parame-

ter is natural. Consider for simplicity the Z2 gauge theory in arbitrary dimes

sion d, with

Z « 2-Nd I exp exp NF(S)

a is the product of link invariables around a plaquette. Write

8c
cosh 8(1 + t a ) t > tanh 8

(20)

(21)

(with a similar expansion in irreducible characters for the general case).

Then

(cosh S)' N n Z (22)I
closed surfaces S

d(d-l)(d-2)
O

d(d-l)(d-2)

F
d(d-l) j ln coshS + j(d-2) [tanh $6 + (2d-5) tanh 3 1 0

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 polynomial in

N and the coefficient of the linear term» the reduced number of configurations,

is the one appearing in the expansion for the free energy. The first tern

written above corresponds to a cube, the second to two adjacent cubes, the next

would correspond to two disconnected cubes and so on. Enumerating the closed

configurations, attaching in the general case the relevant group factors,

becomes quickly cumbersome. More sophisticated techniques become necessary in-

cluding the use of a computer . Nevertheless such strong coupling series

are or are getting available up to order 22 in certain cases, thanks to K.

Wilson and others. They allow the study of the strong coupling region using

extrapolation methods like Padéspproximants.

The factor (d-2) dccuring in the expansion for Che free energy in (22) is a

reflection of the fact that pure gauge theory is trivial (and always confining)

in two dimensions.
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One can of course obtain expansions for the Wilson loop and therefore the

string tension

-K a ln(tanh 6) + 2(d-2)(tanhB (23)

For larg.

rage H i a

to make t

approxiica

Indeed the Wilson criterion is fulfilled 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.

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 g , up to values of order unity (depending of course on the spe-

cific normalization adopted in each case) where a sudden turn 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 field approximation. At low temperature

(small.g ) 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 a mean ordering field, determi-

nes self-consistently, treating its fluctuations as perturbations. To illustra-

te the idea consider an Ising system wieh

,-N
I (24)

Let us first derive an exact ''equation of motion" using the invariance of the

summation under the redefinition a_ -*• zo » E * ±1 • This leads to the rela-

tion

1 - <exp - 2g s (25)
y(x)

where the sum in the exponential runs over the neighbors of the spin J . Set

Hx * 6

Then we have the exact relation

<cosh 2H -
X

j sinh 2H >
XX

(26)

(27)
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lerefore the

(23)

For large coordination number -2d- we are teinpted to approximate H by an ave-

rage H (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

2gime, of

¿ntation are

avolves a

cor decaying

string ten-

•ith the first

ive over a

-e on the epe-

r to the weak
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sperature
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(24)

anee
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in J

of the
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(25)

t. Set

(26)

(27)

H

<CT>

Above some critical value B

2d 8

tanh H (23)

these equations admit a non trivial solu-

tion indicating a magnetized phase while below £ one has a disordered phase.
1 '2

The transition is second order with the magnetization vanishing as (S -?„) '

at the critical point. Of course"?* this is a crude approxination. In low enough

dimensions (d < 4) critical fluctuations are important and sophisticated techni

ques based on the renormalization group are needed to obtain the corre.-1- criti-

cal behavior. In any case the mean field approxination can be turned into a.

rigorous inequality on the free energy and a systematic perturbation theory-

developed around it.

Let us blindly repeat the same steps for a 2, gauge theory. The exact r;.l.

tions are with obvious notations

<cosh 2H£ - 3j sinh 2H.>

H
p(f.)

and the corresponding meanfield approximation is

I = 26(d-l)<ajj>3

<a.> - tanh H (30)

mean field
F +Sup jo, ÚSÉZll (canh g ) 4 +d[ln(cosh H) - H tanh 5]} .

Analysis of these equations show a first order transition for a critical vair.e

6 of order cst/2(d-l) and this behavior is generic no matter which gauge group

is considered.

At first this looks totally unfounded. Indeed the approximation violates

gauge invariance and a theorem of Elitzur
rol

states that for all values of £

we should find 0. However equations (30) can be shown to be saddle

point equations which not only admit uniform solutions but gauge transformed



271

thereof. Upon averaging over all saddle points, non invariant quantities vanish

as they should, while gaur,e invariant ones are unaffected. For 6 < 6C 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 transitions connected by first order lines. The first one is the

Higgs symmetry breaking in the absence of gauge fields. The second one occurs
[9]for non vanishing coupling. A recent analysis by Brézin and Drouffe

that it is of the * type.

[9]
shows

For S < 6C 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, Farisi and Sourlas . They observe that for 6 small and d large one

can write an approximate equation" for the internal energy p * <<?„>• expressing

the fact ¿hat each plaquette can be decorated by a cube of plaquettes, the cubes

being non overlapping in the large d limit. This is expressed by the equations

2d

F,D.P.S.
d(d-l) , . . _,_ d3 6 .4 10

- In coshfi + -r- p - d p

Or setting

u(l-u)4 - 2dt*

2d

D.P.S.
d "In coshS

(31)

(32)

(33)

This shows that t scales like d~ and predicts a transition in a metastable

phase beyond 8 •

4. Duality and topological excitations

,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 consider first a three dimensional case where

(tanh 6>'S'.(34)zfUge(B) (cosh 6 ) 3 N I
closed surfaces S

To describe a closed surface we can assign values <?£ » 1 at the center of

cubes with the condition that neighboring cubes have opposite'? if their common
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plaquette belongs to the surface. This yields |s| * J

over nearest neighbors. We then recognize that the gauged

3-ditnensional model at a dual temperature f$ given by

- giaj
a sum

del is dual to the

(31)

tanb0

the precise relation being

.gauge(6) (sinh 2B)3N/2

(35)

(36)

Similarly the i-dimensional model is self cual. If it has a unique deconfining

transition, this should occur at the self dual point

tanh g /2 - (37)

This has been confirmed by Monte Carlo simulations, the transition being found

of first order.

Abelian models admit generalizations of this duality transformation. The ZN

models for N > U have three phases with dual transition points (presumably of
• o

second order), one of finite value the other increasing like N . The middle

phase admits probably massless excitations of photon type and extending to in-

finity as 2 N *'U(i).

Under duality a Wilson loop transforms into a *t Hooft loop . The

latter is a ratio Z ( B ) / Z(B), where Z (S) is a frustrated partion function

with couplings reversed for all plaquettes (in A-dimensions) or links (in 3-

dimensions) dual to those of a fiducial surface bounded by C. When the model is

self dual we can consider both Wilson and 't Hooft loops at the same value of

6 . It turns out that when one of those has an area law decrease the other has

- a perimenter law. In the intermediate phase of Z» models both have perimeter

decrease. The concept of 't Booft loop can be generalized Co non abelian gauge

fields provided the action admits transformations when the plaquette variables

are modified by an element if the center of the group.

/
As mentioned above the U{1) case appears*as a limit of Z,. models and exhibits

a second order deconfining transition, to be contrasted with the Eosterlitz-

Thouless transition of the two-dimensional XY model. Interactions among topolo-

Ical excitations, monopole strings for the U(i) model seem to be responsible

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

Underlying gauge models is a theory of surfaces. It can be studied by con-
.1121 or approached from the lattice point oftinuous field theoretic methods

view. Several groups have rediscovered recently a phenomenon studied
[14]

several years ago by crystal growth physicists , i.e. surface roughening.

This appears as a singularity (presumably an essential singularity) in the

string tension computed on the lattice well before the deconfining transition.

For instance any attempt at extrapolating the 3-dimensional Zj tension

extremely r\

greatest in.i

tions which <

recent obserj

SU(N), N >

S0(3). Perha

a rather sn

freedom are

-Ka2 « In t + 2t4 + 2t6 + 10t8 • 16t10 80 t12 * 150tl*

734t16 1444 |t|t18 (38)

suggests erroneously that it vanishes well before the critical bulk transition

at t «0.6418. Indeed roughening occurs at t_ - 0.46. The phenomenon can be
C is.

understood 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 interface. 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 coupling for SU(2)

or SU(3) and almost at the self-dual point for the Z, gauge model. Beyond
[15]

roughening-the fluctuations of the surface generate a universal correction

to the qq static potential * • .

(39)

6. Conclusion >
ó

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

feraions into the picture. The- phenomenology of lattice gauge theories is
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(39)

discussed

including

extremely rich and although we have not been able to address the questions of

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 > 5 in four dimensions using Wilson's action or similar phenomena for

S0(3). Perhaps the greatest achievement so far has been the realization that on

a rather small lattice, the simulations reveal that the ideas of asymptotic

freedom are numerically verified.
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Whereas superrenormalizable quantum field theories are rather well under-

stood, we still do not know how to.handle theories with renonnalized coupling

constants. The non-perturbative contributions to the former are proportional to

exp(-aT/g), where a, is an instanton action. They are not difficult to
1)2)calculate ' . Strictly renoroalizable theories get additional contributions

proportional to exp(-2/62g), where 62 is the leading coefficient of the 6
function. These contributions, which are reflected by the Landau pole, cannot

yet be evaluated.

In non-Abelian gauge .theories, the breakdown of linear gauges is an important
3)additional non-perturbative effect which has been discovered by Gribov ;

tried to relate this effect to the Landau pole. In the Coulomb gauge

3) A He

O, (1)

A:(t) - (2)

the'Hamiltonian takes the fora

H (3)

where p is the charge density, B is the magnetic field and E a the transverse

electric field. Moreover

A -
is the product of an ordinary and a covariant derivative. Gribov pointed out that

for sufficiently large fields, A acquires zero or negative eigenvalues. Let

X be a zero mode of A. Then beside» • k^ also its infinitesioal gauge transform

AÍ-A; (5)

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 equivalent potentials in the same linear gauge are called Gribov

copies. Because of the zero modes of Z, the non-uniqueness of the Coulomb
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gauge is related to an important increase in the interaction energy between non-

Abelian charges. Gribov compared this increase to the one which shows up in

perturbation theory, wnere the leading logarithms yield

Vfr) - (6)

Here the singularity at finite distance corresponds to the Landau pole and indi-

cates confinement. However, despite 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 occur in any dimension. Moreover,

instanton effects also increase the interaction between non-Abelian charges,

but they do not yield confinement . Gribov copies must exist in any linear

gauge, as Singer has shown . He considered the topological space

(7)

A linear gauge is a local pararaetrization 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 K 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

D
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This gauge yields a complete and unique parametrization of N. But it cannot

parametrize N as a linear space. This is due to the fact that condition (2)

in general is violated.. Consequently, Wilson loops on the sphere at infinity
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(7)
-J

or oani-

rt to

-zation

yper-

jnside-

P 9 (9)

does not depend on the path, as long as the latter is contained in S^. G is

the gauge group.

For non-Abelian groups,-general linear combinations of potentials fulfilling

condition (9) lose this path independence. On the other hand, for two potentials

A , A with the same asymptotic behaviour, linear combinations

A; - 1 A¡ A; (10)

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

(*>) • 1.

N is homotopic to the space of maps g: G which take one point x0 to

a fixed point, of G. This space is called J22G. Many of the homotopy groups of

IJ are non-trivial, as

(12)

(8)

and G has non-trivial homotopy groups for arbitrarily high n. The simplest

homotopy group of N is, for simple G,

(13)

nnot

ii (2)

nity

uat

A generator consists of time slices through an instanton, indexed by the time

t & R. The two points 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
t

it is not contractable. In other words, instantons cannot be put into the
7)Coulomb gauge . Indeed the central section through an instanton yields Gribov

copies .
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To estimate the size of non-perturbative terras due to Gribov copies, let

us follow Gribov'E procedure and consider Euclidean functional integrals, imposing

the Lorentz gauge

(14)

with boundary condition analogous to Eq. (2). In complete analogy to the pre-

ceding considerations, we obtain for our space M of classes of gauge equivalent

potentials

/A * (15)

where the elements of ÍJ3G are functions ,5: G.

M consists of discrete components Mk, according to the winding number

k of the map g(x). The components have the same homotopy groups, as one may

go from one to another by introducing fixed instantons or anti-instantons at

some points.

Let*us consider Mo. For small action, no Gribov copies occur. Thus they

may indeed be regard- i as a non-perturbative effect. Ift Gribov' copies start

to occur at action J1, their effect should be proportional to exp{-b / g 2 ) .

Thus let us considi • the spaces

(16)

Virtual s-

a'(A ) a;

Gribov cc-

approxima

the insta

and an ar.

G = Sü(2)

n

A generat

and by pa

symmetry.

We parame

real numb

given by

where a is the Yang-Mills action,
i

Tor sufficiently small b, the subspace M(b) of Mo is topologically

trivial. Accordingly, there is no topological cbctruction to the implementation

of a linear gauge like the Lorentz gauge. But if b becomes large enough,

such that a gene^tor z-f a non-trivial homotopy group " n'
M
0)

 ca*> b e realized

as a map S •* M(t>), such a'parametrization is no longer possible.

The critical levels bx, b2, ..., at which the topology of, M(b) changes

are the actions of stationary points or virtual stationary points . The former

are finite action solutions of the Euclidean equations of motion

(17)

We rewri"

and nornE

We obtaii

tively t:.

sees the

the inter

phase, 2:.
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•pies, let
. rals, imposing

J the pre-

ige equivalent

Virtual stationary points are limiting configurations of finite action for which

a'(A) approaches zero. This means that non-perturbative contributions due to

Gribov copies can be identified with semi-classicaJ contributions due to exact or

approximate .solutions for the euqations of motion. One expects that b is twice

the instanton action cu and corresponds to a configuration with an instanton

and an anti-instanton which are well separated. In fact let us consider

G = SÜÍ2) and

(18)

(15) A generator can be obtained by starting from a generator of

-ng number

as one may

¿ntons at

Thus they

íes start

C-b^g 2).

#-r (19)

and by passing from a generating map S3 •* S 2 to a map S"1 •* S3 by radial

symmetry. A generator of ii3(S
2} is given by the Hopf map

SZ-SUÍ¿) (20)

(16)

We parametrize SU(2) by the non-zero quaternions (p,q,r,s) modulo the positive

real numbers and S2 by the complex numbers including ». The Hopf map is

given by

4

-logically
-.3lementation
enough,

.e realized

'b) changes

. The former

(17)

(21)

We rewrite^this map as a generator of

and normalizing to

by using p as a parameter

1 -/ (22)

We obtain a family configurations of the 0(3) non-linear o model. Qualita-

tively this family of maps may be described as follows: for -» < p < 0 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 TT. At p = 0, the element of £I2S2
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is a map of the half-sphere q £ 0 onto all of S:, i.e., a somewhat deformed

complete instanton, whereas q > 0 yields an anti-instanton. For 0 <̂  p £ +°=

the relative orientation goes to 2-n and instanton and anti-instanton annihilate

again.

By rotational symmetry one easily extends this family of maps to a family

of H3S3 = fi3SU(2). Interpreting the elements of Ii3SU(2) as asymptotic data

in a Hyperaxial gauge, one sees the creation and destruction of Yang-Mills ins-

tan tons, which can be described in almost the same words as for the o model

case above. There is only one small difference. Belative internal orientations

are now described by elements of SU(2)/Z = S0(3). A family of configurations

describing a change in the relative orientation from 0 to 2i is topologically

non-trivial, but a change from 0 to 4i can be continuously deformed to a

trivial change. This explains why we get Z2 in Eq. (18), but Z in Eq. (19).

The configurations described above have a maxiiaal action which is somewhat

higher than 2a,, but they can easily b4 changed in such a way that one gets

down as close to 2a. 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 2a.. For relative orientation TT 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 is larger than 2aj. 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

Creamer . They considered potentials of the form

Ar "

We ha v

of semi-cl-

than 1/B2

have a quii.

confinement.
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writing everything in terms of the Lie algebra 0(4) = SU(2) © SU(2). With

this restriction they found no Gribov copies for actions less than 2a.. In

accordance with our general considerations, the configuration 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

of semi-classical type and proportional to exp{-2Oj/g2). As a. is larger

than 1/B « they are dominated by the renonoalization contributions, which

have a quite different origin. Thus Gribov copies cannot tell us much about

confinement.
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There are two predominant ix.rthods for the approximate solution of Schro-

dinger problems: the Kayleigh-Ritz variational method and Rayleigh-Schrodinser

; (coupling constant) perturbation theory. Because of their successes in elementary

^-—--) quantum mechanics, these methods have also been extensively developed tor 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

so 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 been given special atcention. Th^ so-called

large N expansions are one class of methods that have, spawned particularly

strong debate with regard to both their accuracy 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

mra°ric3l results for a vide variety of problems in atomic and solid scate

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 S expansions

and is certainly encouraging.

Expanding in the number of space dimensions is not as exotic as it may

seem, and the reader should nut expect that what follows will be a lurid talc

of perturbed life in lands of fractional or negative dimension. For purposes

of orientation, let us examine the large N expansion of the Coulomb spectrum.

Since the spectrum is known exactly, obtaining the large N series requires

citute no skill other than that of forming a Taylor expansion:

r
2.1>+JU

0)
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Using the notation 2k « jf + •=• N, we can write eqn. (O as

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. 12]). The series (2) converges

for |n - y\ilk. Therefore, eqn. (2) may be used to approximate the eigenvalues

of the low lying states in each angular momentum sector. In three dimensions,

keeping only the first three terms of eqn. (2), we obtain 88.8, 97.3, and

98.85 Z of the ground state (n = 0) energy for i * 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 (jj'= 0} ground state energy of the three dimensional linear potential

yields 12} the value (for h * 1 » m, e • y) 1.16849, as compared with the

value 1.16905 calculated from the zeros of the Airy function. Table 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
9

of 2.35 x 10 Gauss. "Numerical" refers to the computer calculation of

Prauddaude, whose results are quoted for purposes of comparison. The partial

sums are defined by
I

where the E are the coefficients in the series for the energy:

6-2E.IT



286

Table X

Zeeman Effect: Detailed results for the ground state energies for field
strengths in the intermedíete regios of aagnetic field strength.

Order of
Partial
Sums

- U

0

.1

?

3

4

5

6

p
Numerical

B =

|m[ = 0

-0.4987531018

-0.4975131187

-0.4975234646

-0.4975267239

-0.-49752550S8

-0.4975264722

-0.4S752648C2

-0.4975264807

-0.49752(5)

0.1 ' .

M • 1

-0.1072596995

-0.100143657T

-0.1009250649

-0.100S377222

-0.1003459240

-0.1008458342

-0.100345639Ó

-0.1008456496

-0.10084(5)
i

B =

lm| = 0

-0.39430464

-0.31518804

-0.33569E39

-0.32978649

-0.33166583

-0.33DS6730

-0.33152574

-0.33051685

-0.33115(5)

1

Im| = 1

0.46431140

0.56443907

C. 53790021

0.54455051

0.54350305

0.54293046

0.54395839

0.5428E255

0.54341

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 more precise. In particular, lets consider a single particle in a

spherically symmetric potential V(r). The Schrbdinger equation (h •= m *» 1) reads:

[-1 V (3)

where r t R . Eqn. (3) can be generalized in a trivial way by simply allowing

rí R* We may also, however, generalize the form of V(r). For instance, three
2

possible generalizations of the Coulomb potential, -e /r, are

k¿ (4b)

and
.13?

(4c)

A clever choice is (4a). To understand why, we separate variables (consider,

for convenience Í » 0) and examine the radial equation. Furthermore, if 'H'(r)

is the radial wave function we define
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in order to eliminate the N dependence that otherwise hides in the scalar product.

Then <f> obeys the equation (we drop the factor 1/9 in (4a), which is a mere

matter of convention):

(5)

The qualitative features of the effective potential term in eqn. (5) do not

change as N grows, so we might hope that the N * ao limit and its corrections

give a good approximation, at least for large K > 3. Actually, the large N limit

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 N , obtaining

(6)

where we have defined

™ *" of • ' (7)

9

Therefore JT behaves like an effective mass, and in the limit 8-*co , che

particle will sit at the bottom, ro, of V ,.(r)(assuming there is a bottom).

The wave function in the large N limit is just

and as N decreases from infinity, if relaxes approximately into a Gaussian

peaked about ro. The leading behavior of the energy spectrum is thus

Combes et al. [8], obtained the Bamiltonian 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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Figure 1

The calculation of corrections to the energy given by eqn. (8) can be
-1/2

performed using standard perturbation theory, with powers of N masquerading

as small coupling constants in a perturbing potential consisting of an infinity

of terms. We first expand the effective potential about its minimum:

(9)

The interesting variable fox the Schrodinger equation is r-ro. It should be

rescaled to reflect the fact that for large N it is harder to stray from r-ro=0.

In fact the interval -ro i (r-rol - ce should, in the large N limit, be mapped

onto [-»,«] in such a way that the leading terms displayed in eqn. (9) lead

to the harmonic oscillator spectrum (8).. Thus we define

Va.
(10)

then the full Schrodinger equation (5) can be written

To abridge the discussion, we have assumed that V ,, is infinitly differentiable

at the minimum ro, which to simplify notation we suppose occurs at unity. He
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have also used the definitions

and

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 ordinary coupling constant perturbation theory.

The above considerations can be phrased in an algebraic framework [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 synmetry. Suppose that we have an n body problem

with spherical symmetry. Because of the 0(N) invariance, instead of considering

the original operators x? and p" (i = 1, 2, , K; <* = 1,2, ..., n), we

need only consider the rotationally invariant operators p*. p ' , r* • rf, and

y (r"« p' + p* • r" ). Under commutation, these operators form an sp(2n,E) 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):
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U is 3 parameter that can be adjusted at our convenience. For any value of

the operators satisfy:

(15)2K3 , [K\r]---r , [IC\K
The Casimir operator can be calculi.3d to be:

(16)

2
where L is the squared magnitude of the K dimensional angular momentum:

• 2 A I a 1

(17)

(repeated indices are always summed over). Since in N dimensions L has the

possible values L = i (i + N - 2), £ = 0, 1, 2, ..., the Casimir invariant

has the possible values:

C=k(k-D , (18)

Using eqn. (14), the Hamiltonian may be expressed in terms of K , K , K . Th€

equations of motion for these rotationally invariant operators have different

solutions on each 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,

formally satisfies eqns. (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 equations.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 limit we must first shift the creation and destruction operators by
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where 5 is a real c-number satisfying

(20)

(21)

In eqn. (21) iK^C^S ) is the effective Hamiltonian obtained by substituting

the operators of eqn. (19) into the original Hamiltonian. After performing
—1 /2

the shift (20), the operators (19) can be expanded in powers of x ^ (2k) ,

and the commutation relations (15) will hold order by order. The series for

the energy is obtained by expanding 0(k , diagonalizing to lowest order (you

can probably guess that to lowest order it is a harmonic oscillator), and calcu-

lating higher order corrections using perturbation theory. The procedure is

best illustrates 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, I will illustrate

the method by 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 les1 trivial (and hence more interesting) than the problem

of single particle i a spherically symmetric potential.

The "1/N expansion" for spin problems is, as we will see, an expansion

in 1/S. In 1952 Anderson till obtained the first two tanas in the expansion

for the ground stat energy of the Heisenberg antiferrooagnet, a problem that

Bethe solved exactly for s =s 1/2. Later in J&52 Kubo (12] used the Holstein-

Primakoff representation of SD(2) to calculate the next term. The resulting

series apparently behaves quite well:

£ * " '
(22)

Since that time, little additional work has been done on that).l will now describe

explicitly how the serias 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

. (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.

i
and we have rescaled the second term in .(7) so that for large S" = s (s + 1)

the two terms are of like order. The parameter /• has the two possible values

¿zt'[ ', (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:=/2s-ci s, -ín<\71>- (26)

(27)

S " "" " " (28)

wnere

M'til (29)

(30)
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and the S- 5 are canonical creation and destruction operators (boson opera-
J "

tors):

Eqn. (31) formally implies the proper su(2) commutation relations for the

Holstein-Primakoff operators defined in eqns. (26-28):

and the value of the Casimir operator is now fixed, and can be computed to

be

^ 0 / .Hi
JB ' \ - SlsMiiL (33)

Subs-titution of the Holstein-Primakoff operators- into eqn. (7) results in the

desired effective Hamiltonian M.s •

We can no longer continue the discussion without some apology and explana-

tion for the mathematically inclined, who, critically listening, have concluded

that this is the work of nihilistic seducers or crapulous outlaws, seedy elements '
.nents

existing on the frings of civilized society who dare, out of malfeasence or

ignorance, to equate finite dimensional matrices with unbounded operators on

an infinite dimensional Hubert space. The following observations should (tempo-

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 \ q ^ be the

normalized state in the boson Fock space,J ,*such that

V (34)

and let ¡m> be the normalized state in the representation space, R, of the

spin s su(2) matrices that satisfies

(35)
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Define by

(36)

On ¿f , the square roots appearing in the definition of the Holstein-Primakoff

operators (26-28) may be defined by their power series expansion, which conver-

ges there; furthermore t/ is an invariant subspace under the action of those

operators. If we consider eqns. (26-28) to be a correspondence of operators on

R and ¿> , and identify

(37)

-na-

ced

-aents

Cher, we have an isomorphism between the representations. Because of eqr.. [2

the boson operators and hence the Holstein-Primakofi operators have to live

the entire space? , where the interpretation of eqris- (26-28,1 is difficult

and is an open mathematical question. (Once that problem has been solved, i

would also be desirable to find a dense domain on which eqns. (32) hole).

note that the approximate operators obtained by truncating the series def

eqns. (26, 27) no longer leaved invariant, so that when the semiclassical

sion is carried out, the entire space is really used.

on

Fir.aliv

exr-an-

Figure 2

The expansion is obtained by expanding the operators, given by eqns. (26-28),

about the stable, time independent, minimum energy 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 \ , £ vis a vis the

commutation relations (32) is that given by eqn. (31), which is invariant under

the shift:

T=a,,tV , L=a,,*L • \ -^ --7 (39)

Substituting eqns. (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 choice of \ real implies that

5W = >„ , and hence C>* = O . That tnis causes no difficulties

is due to the azimuthal degeneracy of the problem. We could instead have chosen

any phase for %n ; the phase will drop out of the equations determining ?.'

Our particular selection is simplest. It leads to:

,...] (40)

h
(A2)

The substitution of eqns. (40-42) into eqn. (23) leads to an expansion of

of the form

(A3)

where the C coefficients are functions of the parameters ex. ,, «< , O( ,. The
TÍ" i n n +1

extremum condition (gap equation)
N

Z C (af^} 0 (44)

v



determines the parameters «< , and thus also f -\ z "'/* . The paranecers

f,, thus satisfy the time-independent equations:

(45)

whereas the corresponding spin variables

(¿6)

which are the leading terms in eqas. (40-42), are time-independent solutions

to the classical spin equations of motion.

The appropriate solutions to eqn. (24) are

(47)

where

(ferromagnet and antiferromagnet, h 7 2)

(antiferromagnet, Oí h ¿ 2) (48)

(The case h = 2 is a critical value whose significance we will not discuss

here). Using (46) and (47) to reconstruct the classical spin configurtion,

we find

(49)

which is the behavior we expect

Figure 3

S4

c:

:|

After we impose eqns. (47,48) the lowest order term of c\¡ becomes the clas-

sical energy, which for the antiferromagnet in vanishing field is the first term

of eqn. (22). Diagonalization of the term of order x on the right-hand-side

of eqn. (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:

SU(3) PURE GAUGE THEORY

Jochen Kripfgan»

Sektion PhyBik, Karl-Marx-Unxveraitat Leipzig, DDR.

-Abatract

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 ilonte Carlo data

for SU(3) pure gauge theory. The value obtained for the gluon

condensate is consistent with the ITEP estimate. ^

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 qq) ) is the matrix element

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 IT3P sum rule aporoach ' (now also pursued

by various other groups) one estimates1'

Gev4 • <*c » 3) O )

The lattice Monte Carlo approach has opened the way for

an independent theoretical evaluation of the gluon conden-

sate. A direct comparison with the phenoraenological V3lue (1)

is still not possible because fermions cannot be handled in

an efficient way in Monte Carlo calculations yet. One does

not expect drastic chsinges due to fermions, however. Ilovikov
/?/

et al« obtain the estimate
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>«/ pure SU(3) real world

(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 treated as
a classical background field in which gauge invariant correla-
tion functions are to be calculated. Correlation functions
most easily accessible in lattice calculations are Wilson
loops. Similar to current correlation functions one 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 corresponding operators can be identified by
studying Wilson loops of varying size. The short distance ex-
pansion for Yttlson loops has been studied by Shifman'^' on a
purely classical level. Monte Carlo data have been analyzed in
terms of such an expansion in ref. /4/ where 1-loop quantum
corrections are included.

The analysis of ref. /4/ used SU(2) data because of the
better accuracy of the computer material. Of course, numerical
results 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'-*' ' available to me.

Data of refs. /5,6/ are given in the combination

X (I,J) 5 - log
7/(I.J) ff(I-I.J-i)

)
(3)

with W(I,J) the expectation value of a rectangular 'ffi
loop of size I* J (in lattice units). A combination of Wilson
loops like in eq. (3) has the advantage that linear divergen-
cies due to the mass renormalization of the external test
particle as well as logarithmic corner singularities drop
out. Remaining logarithmic singularities essentially trans-
form the bare coupling g(a) into the renormalized coupling
gR(L) where L stands for the loop size (in continuum units).

Following the procedure of ref. /4/ 5c(I,J) is approxi-

mated by

) gR
2 + |£(2I-1) (2J-1) a4 Í6(*|G¿ G

(4)
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i s given in 1-loop approximation by

- 2 log (5)

where I have chosen I = fI*J . -^ is the (renormalization
scheme dependent) QCD A parameter, and Xo ie the correspon-
ding lattice parameter associated with the bare coupling

s < A. «2

where

11 «.-^(ife)

(6)

(7)

Eq. (6) determines a as function of g(a) to be used in eq.

(4).
In using the 1-loop renormalizeJcoupling (5) in

eq. (4) leading terms of the type g n(a) lgn L/a have been
summed up. This procedure is clearly effective for large
loops (in lattice units) whereas an expansion in the bare
coupling might be more appropriate for very small loops.

The 1-loop coefficients 5C (I,J) are calculated nume-
rically using results of ref. /?/. 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 & as an intermediate tool.
Monte Carlo data provide a relation between c and Ĵ  ̂  .

ha m (0.007 * 0.002) fF (3)

As usual I further assume

" 2.ro«c'

• —2with *C * 1 GeV a universal Regge slope.

Results for the gluon condensate will be discussed in

relation to the ITEP value (eq. (1)).
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- ' * ™ value (10)

Following ref. /2/ one expects r to be of the order

2 to 3.
In Pig. 1 I compare-Monte Carlo data^5»^ for X (2,2)

and X. (3.3) with curves obtained from eq. (4), with r=1
and r=3, reap. Por large values of 1/g (a) the perturba-
tive contribution completely dominates. In order to get a
reasonable background subtraction aA. is fit-ted to this
perturbative tail. It is an effective parameter' ' as long as
2-loop terms are not included.

Going to smaller values of 1/g (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 g (a) (through a ).

Unfortunately, the quality of the Monte 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 eq. (4) is not perfect but still
-reasonable. r=1...3 certainly looks like the right order of
magnitude, lío stronger conclusion can be drawn before more
accurate computer material becomes available.

The non-perturbative contribution due to the gluon con-
densate has also been analyzed by Di Giacomo and Hossi'
(for SU(2)) and Banks et al. °' using the plaquette term
£1 - V7( 1,1)3 only. The signal-to-background ratio is very
small in this case but a #on-perturbative signal can.still
be resolved becans"; one gains statistics compared to bigger

loops. However, the lattice constant a is not particularly
small in the corresponding range of g (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' ). 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 (V/ilson 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' using high statistics SU(2) Monte Carlo data
in the relevant range of g (a). A next order calculation for
the coefficient functions is also carried out' .
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Figure Captions

Pig. 1 Monte Carlo data of ref. /5/ (o ) and ref. /6/
(A) analyzed in terms of expression (4).
Dashed-dotted line is perturbative contribution
alone. Pull lines correspond to r=1 and r=3,
rasp, (compare eq. (10)).

Table I

a-

I

1
1
1
2

2
2

3
3
4
5

J

1
2

3
2

3
4
3
4
4
5

£,(I,J)

1/3
.0.242
0.227
0.096
0.068
0.061

0.035
0.026
0.016

0.009
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1. 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 be

(and it was) asked1': are broken symmetries of elementary particle physics re-

stored at high temperature?

The question^was answered affirmatively1'2^ — at least in the context of the

simplest, single Higgs model. Let me briefly describe the result. One calculates

the effective potenti.il at high T

1 i ^
+ ~ T (1.1)

where X > 0 to ensure that the potential is bounded from below. At T = 0, the

symmetry is broken, with "^x-n * ^V 2M. However, for T > T , <$>- = 0, where

T = T/&\I2/\. In other words, there isa phase transition at T = T 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 general, it would have important implications.

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. - ^ j

T ~ ~~ (1.2)

According to recent3' 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 conditions for understanding Eq. (1.2), discussed3' at_length

in the literature, include CP violation. Namely, when CP is a good symmetry, the

particle and antipárticle decay rates are the same, and no asymmetry could be

created through X boson decays.

On the other hand, it appears that the natural way to understand1'-' the ab-

sence of strong CP violation, induced via instantons, is to have spontaneously
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broken CP invariance . But if the symmetry is restored above T = M , then it

would imply that at T = M , when the baryon excess was presumably created, the

theory would be CP conserving, hence we would have n_ » 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.

Motivated by the above result, Mohapatra and myself6-' 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. In this talk X review briefly our work and discuss further appli-

cations of symmetry breaking at high temperature: (i) resolution of the moaopole

problem in grand unified theories,'and (ii) resolution 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) x u(l) model is given and it is shown how in the case of

the extended Higgs sector, the symmetry remains broken as the temperature 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 o£ superheavy monopoles and

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

cosmológica!- model. A summary is given in Section 5.

2. SYMMETRY BREAKING AT HIGH TEMPERATURE

To determine the pattern of symmetry breaking we need the effective potential

for high. T 1'2'. One performs a one-loop calculation, using the Fevnman rules

for T f 0. Now, at T i 0, we are, dealing with temperature-dependent Green's

functions

r

Or
r (*< j ) = —

iv e '
with S 3 l/T.



310

The usual trick is to go to imaginary time formulation

; O 4'"Yoí/s (2.2)

Of particular interest is the two-point function D- (x-y). It is easy to show

that the equation for Dg (x-y) is temperature independent

but the boundary conditions are now periodic

^^ I (2-4)
Therefore, the calculations are "performed as at T - 0, but with the substitution

The important property of T ^ 0 calculations is that no new infinities are

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 by8)

Equipped with the Feynman rules given above, one can perform the calculation of

the temperature-induced effective potential. 'Let us consider the most general

scalar potential with quantic couplings:

*• <&••+-£-
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where <t>. are the set of real fields. Then, at high T (see Weinberg, Ref. 2)
X — — —

¿7 f f
where T are the group generators acting on $'s and h stands for Yukawa couplings.

We sh¿:" assume h ' « g and ignore fermionic contributions, for the sake of sim-

plicity. The gauge meson contribution J ̂ «^n *-s always positive, so that the
a

sign of J f.... will determine the possible patterns of symmetry breaking at
k l3kk

high T.

The model6^: SU(2) x 0(1) with two doublets

The most general Higgs potential at I • 0, consistent with the symmetry

<}>. •* -é. and $1 •* i(fri, is given byt
i i i

1 .

V(o) = -^4>,% -/¿"

We choose Ai, < 0, so that <<í>l> 11 <<^2> at the minimum. With p o s i t i v i t y conditions

one gets the pattern of symmetry breaking'

1 (2.11)

From Eq. (2.8) we can easily write down the induced T-dependent piece of the

potential

with
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It is easily seen that the range of parameters

I, < o , A* < o

-h
Ib ' — i

(2.14)

is in accord vith positivity conditions Eq. (2.10), and so

k < O , ¿, > O (2.15)

In other words, at high T, i.e. for T > T » /y|/b¡

O

since the <f>2 mass term remains negative (see Fig. 2). But SU(2) x U{1) "^7—/U(l) ,
<(j>2> • era

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

Once we have demonstrated that the symmetry is not necessarily restored, it

is only a matter of straightforward (but tedious) exercise to construct' a soft

CP model at T a 1015 GeV, so as to have non-vanishing 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,'for the case of two doublets in SU(2). x U(l), at

high T
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However, by a gauge rotation, one can always sake <<i>2> become real, therefore

leading to a CP-.conserving theory. Hence, we have a theorem: we need at least

three doublets in SP(2). * ü(l)' to have soft CP at high T.

We hay? constructed a realistic grand unified model which incorporates the

above feature. The minimal scheme is based on the S0(5) gauge group. The light

Higgs multiplets consist of only five-dimensional vector representations. With

thxee <J>'s, <f>i» $2 And <f>a, we achieved the following pattern of symmetry breaking

T=O : <^> + O, i = »,i,3

=0

with

The model has all the typical features of spontaneously brokens^ CP theories,

with the most relevant prediction for the electric dipole moment of the neutron

-Ig ' -1-S \ . •

0 w l 0 ) e c > « (2.18)

•*

In addition, one can estimate9' the non-vanishing baryon asymmetry created in the

early universe

~- - io"'3- io~9 <2-19>

for reasonable values of Yukawa couplings.

3. MONOPOLE PROBLEM IN GRAND ONIFIED THEORIES

It is well known, through the work of 't Hooft and Polyakov10^, that when a

compact group G breaks down to G' X U(l), one obtains monopole-like solutions

^with respect to U(1)J. If the expectation value of the Higgs field $ that breaks

G is «j>>, i.e.

(3.1)

then the mass and the charge of the monopole are given by
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where g is the U(l) coupling.

Now, typically, simple grand unified theories are described by compact

groups: SU(5), S0(10), .... j Let us take SU(5) as an example. It breaks down

through <$> • M x

where M^ = lO1* GeV corresponds to the masses of superheavy gauge bosons that

mediate proton decay. But then we predict the existence of superheavy monopoles,

with Mm(x) = M^/a s^lO
16 GeV. Important questions must then*be raised11);

(1) What are the observational limits on the density of such superheavy monopoles
s,

today?

(2). How many monopoles were produced in the early universe at T = M ?

(3) How many of these produced monopole&- are expected to have remained today?

2 I briefly discuss the answers to (l)-(3).

Answers

) (1) We cannot unfortunately use any terrestrial measurements to put the limit on

nm, for the simple/reason that such superheavy objects would be pulled all the

way down to the centre of the earth, owing to the enormous gravitational attraction.

:. 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

aks such observations put an upper limit of about 10~8 baryons per photon. Now,

M * 1016 GeV « 101' m_ (baryon mass), so that one has a limit of approximately

10~21> 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 density
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of the universe; that implies

* 10 (3.4)
• / <Y\T

We will use the above constraint seriously.

(2) The estimate of the initial density r(Ti) of the monopoles produced during

the phase transition SU(5) —* SU(2). x U(l),, x SU(3) is a non-trivial dynamical
Ti L i e

question. It has been argued

second-order phase transition

question. It has been argued by Preskill11^ and others12', that for the case of

where

(3) Again, the lack of the knowledge of the quantum properties of the monopole

interactions makes it difficult to predict the future of the initial monopole

density. It appears, f1 at if r(Ti) < 10"*10, then the annihilation rate is negli-

gible and JO from Eq. ,3.5) we would conclude that grand unified theories predict

the present density >£ the monopoles r(T ) = (n
M'

IO('rp) to be

fc|ó"* C3.6)

in dramatic disagreement with the observational limit in Eq. (3.4). He sha-11

call this a monopole problem.

Instead of enumerating various suggested resolutions13^, I would like to dis-

cuss a rather amusing scenario suggested by Langacker and Pi1 . Their idea is

simply the following. Imagine that the symmetry breaking takes xthe following form

In that cas<!, above T » M » the U(l) symmetry would be broken and therefore no

superheavy moaopoles would have been created at T ! At f irst sight this idea may

sound crazy, but i t appears to be a perfectly consistent possibi l i ty. Let me
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describe briefly bow 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(2)^ x U(l) electroweak model, at least three doublets are needed

to get U(l)etE broken at high T. Namely, in the case of two doublets one of the

vacuum expectation values always vanishes for T ü T ; and so clearly the other

one can be rotated in the direction of «t>°>, preserving the charge symmetry. Let

us therefore imagine the existence of three doublets, i.e. three ¿-dimensional

multiplets of SU(5), 4>i, $2 and X» with the relevant part of the Higgs potential

v - -/>: 4? *.•' + x (4s1"*.- r -

where we choose13^

symmetry breaking is then given by

At T ^ 0, there will be temperature-induced mass terms for 4>. and

v, C T ) = T L b> *• *.+ ^ ^ ^ + < = * * * - » (3-9)

Similarly, as in the case discussed by Mohapatra and myself6', one can achieve in

the range of the parameters of the potential

Therefore, for I > T w we will have

C$.} "4= 0 ^ ^$ *) (3.Hi

and more than that, since Aj2 > 0, the miaimum of the potential will be achieved

for

, *• ' V ° / (3.12)
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The charge assignment of the doublets is <$> * (̂ 0) and so «P;2> i 0. In other

words, at X >!M. the photon becomes massive (mA •* T) and electric charge is not

conserved. There will be no superheavy monopoles produced at T • T , when the

SU(5) pha.c-i transition takes over.

What are the-implications of .0(1} breaking at such high temperature? Does

it lead to an electrically charged universe? Observations indicate

CU*.)n ° " <,o"
where n_ is the charge asymmetry and n^ the baryon asymnetry of the universe.

Now, for T > Mw> the rate of charge non-conserving interactions is

(3.14)

which is large compared with the expansion rate of the universe

Therefore, such interactions are in equilibrium and so we expect Q = 0.

Langacker and Pi then estimate chat the charge asymmetry due to fluctuations is

negligibly small; they put the limit

1 ^ ) T H < (0 <3-"

which is definitely in agreement with observations.

4. HORIZON PROBLEM IN THE BIG-BANG MODEL

, The standard cosmolcgical model or the big-bang model appears to be very

j successful in its description of the development of the universe15', at least up

! to times of a second or FO. Its most spectacular prediction is the observed

1 2.7 °K microwave, isotropic radiation, a relic from the big-bang. However, when

the model is extrapolated to the very early times, a problem appears in that the

size of causally connected domains, for sufficiently small t, was much smaller

I
i than the effective size of the universe. It is then hard to understand the iso-

[ tropy and homogeneity of the universe. This is the so-called horizon problem.
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Let me be more precise about it. Following Rindler16\ let us imagine a

photon emitted at t * to from r = r , which reaches the observer at r = 0 at

time t. Now, the metric of the space-time is, in the standard model, determined

from che assumptions of isotropy and homogeneity

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 dí¿ = 0, the emitted pho-

ton satisfies ds2 •= 0 and so

(4.2)

or

r dt-f_ = f __dv

J Rao } fTTF' (4.3)

Now, if /' £dt'/R(t')j is finite for to •* 0, the observer is causally connected

by only a finite domain

dit,o)=
- fcV

(4.4)

since d(t,to) = / /-ds2 with dt - 0. We have, therefore, to find out the beha-

viour of / jjit'/R(t')3 for small to- In order to do that, we shall first de-

termine the t dependence of R(t) for the early universe. Einstein's equations

are .

__ > ir /_ . ^ ^

where the energy-momentum tensor T is assumed to be that of the ideal fluid

(4.6)
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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

For the sufficiently small times, when the temperature was above all the particle
£

masses, the density was given by p "*• T*; and also p • V3 P for a gas of relatji-
o

vistic particles. Therefore, from the second of Eqs. (4.7)
3

f ~ R~ 4 (4.8)

and so from the first of Eqs. (4.7) RR » /G, which implies

R ( « - vr (4.9)
Obviously, / £dt'/R(t')[] i> Vt7 is finite (•+ 0) for to • 0. One gets

¿ (-t, o) - t <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 only the attempt of Zee to use the phenomenon of symmetry

breaking at high teto erature to solve the horizon problem. His idea vas simply

to change the behaviour of R(t) at early times, in order to obtain

The ingredients in his approach are:

(a) broken-symmetric theory of gravity ,

(b) symmetry breaking'^ at high T.

The phenomenon of symmetry breaking at high temperature was discussed in Section 3

Let me then briefly summarize Zee's theory of gravity.
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Imagine the action which describes the coupling of a scalar field <J> with

gravity

= f ¿% V7 [ r e fx R + i
i.11)

where 6 < 1 and R » R g is the space-time curvature which should not be con-

fused with the cosmic scale R(t). Vlhen the phenomenon of symaetry breaking

occurs, i.e. <<p> m V_ j* 0, then obviously the gravitational coupling constant

gets induced

G =
so that

(-4.12)

j is close to the Flanck mass M e 1019 GeV. Now, at high temperature

vu " Vu(^)> 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 = M . At T - 0, the theory is equivalent to the conven-
P

tional Einstein theory. If, on the other hand, the symmetry breaking, as dis-

cussed throughout this talk, persists at Sigh temperature, i.e. VjjiT) = T, for
T > M , then

P
I

for T > M . In this case, Einstein's equations become

or

R(t) ~ t

(A.13)

(4.14)

(4.15)

at very early times (t < t e 10 sec).

But then

R(t') t.-o (4.16)

or, in other words
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0

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 non-restoration at high temperature offers automatically the so-

lution to the horizon problem, without affecting any of the successful predictions

of the standard theory of gravity. Admittedly, Che model requires the belief that

quantum gravitational effects can be ignored for T > M , and so, in my opinion,

the solution is only indicative of vhat could happen, rather than being a complete

picture.

5. COSCLUSIOSS y

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.case, with a single Higgs field, :he symmetry is always restored, as ex-

pected, at temperature above some critical temperature which is of the order of

the cass scale that characterizes symmetry breaking at T * 0. In more complex -

theories, vith 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 interesting applications that the

above phenomenon offers. Firstly, if symmetry non-restoration at high T does take

place, then various interactions, which are based on the idea of symmetry breaking

remain equally operative at high T. In particular, spontaneous CP violation would

remain effective at enormous temperature T = 1015 GeV, which was presumably -

* x

achieved in the very early universe {t = 10~3S 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-antinatter asynnaetry in

today's universe. One will have to await the improved precision of our 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 or not.

As we have discussed in Section 3, the so—called monopole problem in grand

unified theories, i.e. the over-abundance of superheavy jnonopoles (M = 1016 GeV),«
ID

which were supposedly created during the phase transition in the very early uni-

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) symmetry

was broken for T > M , then these monopoles were never created in the first place.

Finally, if the ideas presented above are correct, the horizon problea of

the standard COSTHOlogical problem vould not be a problem at all. Symmetric-broken

theory of gravity, when tied up with the phenomenon of symmetry noo-restoration

at high 7, 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 a brief period 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

e d . offer ways in which the phenomenon of symmetry restoration at high temperature

could be tested, at least indirectly.
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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 synaiet-

ric phase for T > T .

Fig. 2 : Phase diagrams for V(4>i,<f>2) in the case of two Higgs fields. As

shown in (a) V(<}>i) indicates a phase transition with <<í>i> = O above

T , and (b) shows the existence of tHe single phase for V(i>j) (the

broken one) for all T.
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PATTERN OF CHIRAL SYMMETRY BREAKING I N \ '

QUANTUM CHROMODYNAMICS v V

i K. Konishi

Nordlta, Blegdamsvej 17, Copenhagen, Denmark

Arguments of Coleman and Witten are general-

ized to show that the possible pattern of chiral sym-

metry breaking in QCD is SU<Nf) x SU(Nf) x Uy(l) —

Sav(Nf) x Uv(l), under reasonable assumptions. Chiral

symmetry breakdown is itself assumed. The-^raHdity of

the-abave pattern is extended to m ~/1lzzz~~¡íZ' o' =

ilf/̂ c << 1, Nc?.. « -with g^«- -and -p -fixed.

*0n leave iron INFN, Sézione di Pisa, Pisa, Italy.
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Problem

Why is the isospin a good approximate symmetry

.pf strong interactions? In the present understanding

of the subject, the goodness of the isospin is attri-

buted to the smallness of quark masses1

QCD'

compared to the mass scale of Quantum Chromodynamics

(QCD). In fact, the Lagrangian of QCD with N- mass-

less quarks is invariant under global (chiral)

SU(Nf)L x SU(Nf)R x Uv(l) transformations:

f. = {(l+Ycl/2}* * {exp i Taaa}<|>T

VJ, = i(l-Y£:)/2}^ - {exp i T
a6a}^/D

and •*• (exp i (2)

This might appear to-be sufficient for guaranteeing

a UV<N,) symmetry (which, for N,= 2, amounts to the

isospin plus the quark number conservation), as it

is contained in SU(Nf)L x SU(Nf)R x Uy(l).

However, the chiral symmetry in QCD is be-

lieved to be broken spontaneously, leaving light

pions as approximate Nambu-Goldstone particles. The

question is therefore to which subgroup the original
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SU(Nr)T x SUÍN,),, x U..Í1) group is broken down. Or,
t L IK V

if the surviving symmetry group is Dv(Nf), as it

seems to be realized in nature, why is that so?

This question was addressed recently by Cole-

man and Witten2', in the large N QCD. They assume

(i) that the 1/N expansion at fixed g N and Nf 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, M..z <o'vT ¿_ 'o>; (iv) that M can be ob-
13 Li R j '

tained by minimizing an effective potential V ._ con-

structed in the standard way for M; (v) and that

there is no accidental degeneracy in the minima of

V f- 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 L'v(Nf).

Although their conclusion is quite encourag-

ing, the assumptions used are rather strong. In parti-

cular, the phenomenology of hadrons suggests the

dominance of planar diagram's (in the sense of the

topological expansion3'), and not necessarily of the

leading terms of the "t Hooft's limit*'. (Some ex-

amples are: the exchange degeneracy, 11 (t) ee o (t);

the isospin degeneracy, mp « m.̂ ; also,
~O(1U
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We ask therefore whether the U..(N-) symmetry

found in Ref. 2) is stable against the inclusion of

quark loops5*. More formally, what is the allowed

pattern of chiral symmetry breaking of QCD, in the

limit, Nc

Resultss>

limit, N c* » with g
2N c and p = N f/N c fixed {and ESI

We find that the pattern of the breaking is

necessarily

x SU(Nf)R x Uv(l) - SUv(Nf) x UV<1), (3)

assuming (i) ~ (v) of Ref. 2) and the chiral symmetry

breaking itself. If small quark masses are introduced,

(3) is still approximately valid for

VAQCD

N * °°; g N and p fixed. (4)

In contrast to Ref 2 ) , our conclusion is

based on the assumption of chiral symmetry breakdown:

as will be discussed at the end, the latter does not

necessarily follow from the triangle anomaly in the

large N limit. It is also interesting to note that

(4) is precisely the limit in which the U(l) problem

is solved in QCD6*.

It is furthermore found that the Green's func-
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tions for íii/' operatots cannot be simply expanded in

powers of p around p = o, but contains logarithmic

dependence upon it:

<*i<ci> = v

/ dx . . . T<j)if'

Ap

(x)?

+ Bp l o g p + . . . + Xp

i - independent

iMy). . •> = G(o, log

"log1 1"1

p; im.

P 4

} ) .

0(p n )

(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 Pagels7'. As is

shown in Eq.(5), the explicit breaking of chiral sym-

metry is small in the limit, Í4).

Sketch of the proof

The idea is to make an expansion in p (quark

loops) while keeping planar diagrams only (N •*•<*>).

The effective potential has an expansion.

Veff = Nc{Vo + p Vl

Following Ref. 2), we can write

Nf

o o

1 f
V, = i Z F. (A.,.\.j, etc., (8)
x Nf i,j=l L x 3
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where an appropriate chiral transformation has been

Made so that

. = 6i. A
2/4 and hence M±. = 6i . \±/2, (9)

(ignoring small effects of the 6-parameter). The func-

tions F , F,, etc. are independent of N , p, and of

flavour.

To lowest order of p, 3V ,*/3A.= o simply

gives

A. = Ao (independent of i) (10)

where the assumption (v) has been used. Eguation (10)

shows that the original chiral symmetry is spontane-

ously broken down to U (N-)2). To the next order in

p, v £, is no longer a simple sum over flavour. There-

fore, although the eguation <*veff/
3*i = ° remains

symmetric in flavour, the symmetry of the solution

does not necessarily follow.

Expansion of the equation ^^eft^^-±
 = °

around A. = A , (by setting A¿ = A + u.(p)) gives

n J

3X X . ° x - Ao

O(p2,pu,u2) = o (11)
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from which we conclude, if F¿(*o> * °> that

u.(p) ~ 0(p), independent of i. {12)

(The possibility F O(\J = 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 reali2ed in the Nambu-Goldstone mode).

At this point our argument might sound some-

what trivial. However, the infrared divergences

appearing in the 0(p ,pu,u ) terms of Eq. (11) make

the extension from p = o to p * o quite non-trivial. For

instance, the terms of order eu contain second de-

rivatives of F1 at A = AQ. They are part of contribution to
4

the two-point function, Jdx T<í--flí(x)t{n(i(o)>, and for

massless quarks contain a logarithmic divergence

coming from two-"pion" loops. Higher derivatives at

2 n

A = A contain power divergences, ~(l/m.]T) -»• «•.

Because of these, the equation 3veff/<**¿
 = °

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 th=»t p <r/log(AOCD/m } ,

but then it would not make much sense in talking

1 about a dynamical breaking of the chiral symmetry.
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Actually, the situatión'is not as bad: the

infrare 1 divergences cancel in the sum in Eg. (11)

although each term is divergent. The reason is that

O/3x)F(x,A > L , and O/3X . )F(X., X .) are both
O A - A Q 1 1 J

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 X. = X + u.(p) rather than at X ¡

O/3X.JF(X.,X.) - O/3x)F(x,X ) |

tier -i n
ivatives \ (- u.)

h' V V

/•higher
¡¡{derivatives

lat
(13)

Now each term on the right-hand side is finite. The

"pion" propagator computed at •.. = X + u. has a pole

2 2
not at m = o but at m ,f ~

 a-i^iQCr¡'

The point is that the "pion" appearing in-

side a loop is made of one quark pair and gluons and

would be exactly massless when computed at the mini-

mum of V , X . (This is the Goldstone theorem in the

leading order of 1/N .) When evaluated at the new

minimum X. = X + u., one findsi o x

3V /3X.| 0(u.)

and hence
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m 2
f £ - O(ui/A) (14)

As a consequence, the logarithmic divergences

are.replaced by log u.'s. The right-hand side of Eg.

(13) contains-terms behaving as ~ u log u. Inserting

them, back into Eq. (11) gives

u±(p) ~ Ap + Bp
2log c + O(p2) (15)

which is again i-independent.

Repeating similar arguments including higher

o.rder terms in p, 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 quite general feature in models with a

spontaneously broken symmetry. For instance, a 0(N)-

4 2

symmetric (g/4!)<J> model with a negative (mass)

term at the tree level has the following one-loop

effective potential,

2 2

2>
V
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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 models8'.

Strong anomaly

Strictly speaking, Eg. (6) is not the most

general form, when the axial anomaly due to the

strong interactions is taken into account. There can

be a term of the form (to order p) 9*

.„ . fm , ,, ,T,+i^ /A = a positive constant \
A£ = A-{Tr le-. U/Ü } ^ of dimension (massif

in the effective Lagrangian, where D. . = i' *_, . M is
13 iî  Kj

given by M.. = <U..>. This term preserves SU(N,) x

SU(Nf) x Uv(l) but breaks UA(1).

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,

(MM ) i . (1/4)6i-A?. For 9 = o, it car^then be shown

i
that (Xi = real) M. . = (1/2)0^^. Substituting this
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into the effective potential obtained from Eq. (17),

one finds

= o. (18)

Chiral symmetry breaking

The extra term. Eg. (17), however, does imply

the chiral symmetry breaking itself10', if not its

pattern. X. = o would lead to an unphysical situation

(m = « or F = •*>) , which is therefore excluded.
IT 71

However, a particular form of Eq. (17) depends

on the assumption that it is a o-like meson which

saturates the strong anomaly at low energy. In princi-

ple it is possible to have some other mesonic compo-

site fields i to construct A£ such that <&> * o does

not break the chiral symmetry. In such a case, the

chiral symmetry breaking is not a necessary conse-

quence11 ' .

Coleman and Witten2) argued for the chiral

symmetry breaking using the triangle anomaly assoc-

iated with flavour currents. Their argument seems to

fail in two respects: the 5(k ) singularity found in

three-current Green functions does not necessarily

imply the presence of a massless scalar meson; it

can be due to massless fermions12'„ Secondly, the

argument for excluding baryons based on the large N

limit is also false13''11' because a large coupling
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of c-aryons to currents (as N v °=) may compensate the

1/N suppression factors.

In view of this, it has been assumed in Ref.

5) that the chiral symmetry in QCD is broken after

cor.finement. The other possibility (that at least a

part of the chiral symmetry survives confinement) is

quite an interesting one from the viewpoint of compo-

site models of quarks and leptons, and is presently

under extensive study3*'.
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Let us start by reminding Oohnson's formulation iIJ of

the MIT bag. The Lagrangian of the model is :

The action principle gives in this case both equation of

motion and boundry conditions :

inside

and on the surface of the bag.

The nonlinear boundary condition expressing conservation of

energy and momentum at the surface in the spherical cavity

approximation takes the form

where E(R) is the sum of all contributions to the energy

of the bag of radius R .

The good fit to the masses fe<cept that of the pion) has been

obtained by the MIT group \z\ with the following set of

parameters

2/l,g4 w ^ 0,2.19
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'oíand

With these parameters fixed all static electroweak proper-

ties of hadrons can easily be calculated. For nucleón which

is our object "of interest in this paper,'they are summarized

in the Table I

Table I

4 ¿5-0.0]

Í.09 ~i.ll:

Let us consider for the moment the QCD Lagrangian

cen

For hi=O tne QCD Lagrangian is invariant under full set

of SiAflO* SÜ(¿L) transformations. According to a rather gene-

rally acepted view the Su.(2.j*$u(t} symmetry group is spon-

taneously broken to the subgroup -̂U-J of the isospin observed

in the spectrum of hadrons.

According to Goldstone theorem, a zero mass Goldstone bosons

must exist and we identify them with pions. There is a hope

that MIT Bag Model may somehow be obtained as an approximate

solution of the QCD. However for ht-0 the bag Lagrangian is

not invariant under ^U.QL)x$U(_i., because of the term

that is responsible for the quark confinement. If we want to

have pions as Goldstone bosons and to keep at the same time

9^09^ we can introduce the so called nonlinear realization

of the chiral symmetry. In analogy with effective Lagrangian

method for ^ÍN interactions HsJ we introduce pion self

interactions and pion quark interactions by substitutions
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The Lagrangian of the bag with nonlinear realization of

chiral symmetry has been given inj4j "e want to study only

one pion emission so we shall consider the following simpli-

fied case

• ¿farfa
Modified Euler Lagrange equations are given by :

inside

on the surface of
the bag

The value of the quark pion coupling constant f is determined

from the requirement that the quark part of the axial vector

current takes the standard form \- iT|cs4, . This oives

•+-= -jj where f^. is the pion decay constant.

One should stress that taking into account interactions with

pions by this method does not introduce any new free parameters.

The nass of the pion is introduced as in the effective Lagran-

gian by taking into account explicits symmetry breaking in

the form n

i i

The equations for the pion field can be solved using pertur-

bation theory and the pion field can be explicitly expressed

in terms of the quark fields £VJ . The interactions with piers

iTiodify most of the bag properties. Technically these changes

are induced in two different ways. One is direct, like in mag-

netic moment, where additional terns in electromagnetic current

r5*]
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ters.

•3n-

produce contribution which 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

pion field expressed in terms of quarks we can calculate

effectively all the necessary contributions.

They are zero for the electromagnetic charge radius and fa (

for their dependence of the radius R of the nucleón) and

different from zero for the magnetic moment and energy

This should be compared with j~6-i0]where there is an ackward

multiplicative correction to ¿L : *£A ~ 4 / W
 ancl

the formulae for ¿k and ^E are different. Luckily for us

due to some additional assumptions of phenomenological charac-

ter, the numerical value of the coeficient in [_ioj is nearly

identical to ours. Therefore we can take their fit to basic

parameters and radii of bag solutions and calculate all elec-

troweak properties of nucleons with very little numerical ef-

fort. In the calculations we took into account the corrections

due to the centre of mass motion análized by Donoghue and

Oohnson in N-lJ • Our final results for these properties are

summarized in the Table II

Table II

:sd

ions

i rent lie

k*

-7.86 Oj
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PATTERNS OF CP VIOLATION \ .

R. D. P e c c e i

Max-Planck-Institut für Fhysik una ñstrophysik, Munich, Fed. Rep. Gernany

The experimental and theoretical constraints on rr.odels cf CP violation

are discussed. The predictions of the hard C?-vioiatmg Kobayashi-Kaskawa

model are contrasted with those of e left-right model, where CP is broken

spontaneously. A brief discussion is included of the difference between the

CP-violating phases that, enter in kaon decay and those that may be responsible

for the baryon asynaietry in the Universe.

' )
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CP violation, although discovered more than fifteen years ago, remains

a rather elusive phenomenon both experimentally and theoretically. Exnerirentally,

we have only observed CP violation in the kaon system [l]. There CP violation

can be characterized by two complex numbers £ and £' v;hich measure, essentially,

the amount of &S = 2 and A S » 2 CP violation present in the system. Both

£ arid £ ' are small numbers and one knows that i 1]

in
In principle there are other areas of particle physics in which some C?

violation should be observable. Most notably, a non zero electric cipole

moment of the neutron would be a clear indicat-ion of C? violation. Very beau-

tiful experiments [2] have set a limit

4 ^ < 1 • C * IO *•<-•«« (2)

One expects also that CP-violating phenomena, analogous to those occurinc

in the kaon system, take piece in D~ and B -nssons. unfortunately, these

phenomena are extrenjely difficult to observe since no separatee bea~s cf these

particles exist, or are.likely to exist. One can, however/ try to measure

asynr.etries in e e production of pairs of these mesons. Typically thes =

asynaetries involve measuring the difference between equal sigr. dileptor.s

arising froa the seii-leptonic decays of the produced nesons. Although che

ratios K /K and K /K , of equal sign dileptons to opposite sign dileptons,

nust measure the amount of mass mixing betv;een, say, D^ and" 5", their difference

is a measure or CP violation ~2j

where R e ^ K is the equivalent of £ for these heavy meson systems. Unfortunately,

although in some instances one nay expect a large asynaetry, in general the

ratios N /K and/or the nuaber of ordinary dileptons (N ) expected are

small. Thus- the likelihood .of measuring these other possible C?-viclatinc

parameters is poor.
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There may be a second measured number, besides £ , which also provides

information on CP violation. This is the observed ratio between the number

of baryons to photons in the universe. Although there are considerable ob-

servational difficulties, one knows that n_/n is in the range of [4 ]
a 7

(4)
M,.

This number could just reflect an initial baryon asymmetry in the universe

and thus have no connection with CP violation. However, if in the big bang

the universe started in a baryon-antibaryon symmetric state (a core natural

boundary condition?), then the result (4) must reflect the presence of C?

violation.

It has become particularly ¿lear, through recent investigations in unified

field theories in which baryon violation is possible, that an explanation

for the cosmológica 1 baryon asymmetry may exist [5], To obtain such an asvsrae-cr

it is necessary that three conditions be satisfied:

; (1) 3aryon number must be violated. Clearly this is necessary. If

not, no baryon asymmetry can evolve fron a baryon-symaetric initial

condition.

• (2) The baryon violating processes ought to have been out of thermal

equilibrium during the era in the universe when the asyxzietry ensued.

• This is necessary since, if not, the reversed processes, being

I equally probable, would erase any asynaetry.
I

(3) C and CP violation must accompany B violation. This last requirement

follows since to establish an asymmetry, we must have that the rate

of baryon destruction and anti-baryon destruction (baryon creation)

are different. This is the case only if we have C and CP violation.

It is because of this last point that "B/n ., may constitute an observable

measure of CP violation.

Our experimental baggage of CP-violating information appears therefore

rather meager. Two numbers £ and n_/nv and two bounds - those on c' and

° *
d . Our theoretical knowledge of CP violation may in fact be- even Qore oeager.
.n

Although one can introduce CP violation in a fairly natural way in gauge theory

[ models of weak interactions, it is far from clear what is the correct model

' for CP violation. The Kobayashi and Maskawa observation [6], that within

i the standard SU{2)T x U(l) mo'del [7] CP violation can occur if there are at least

I. L -

i»
Í . .
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6 quarks, represents the simplest way to' understand the appearance of CP violation.

However/ one should keep in mii.d that simplicity may not necessarily be a

guarantee of correctness. Thus it nay well be that there are other phases

besides, or instead of, the Kobayashi-Maskawa phase which are responsible

for the observed CP violation.

In this talk I would like to examine the key theoretical issues at stake

in constructing models for C? violation. Because it is possible to construct

many different models which violate CP, it is not particularly useful to review

all options. Rather what I want to do here is to focvs on two, in sorae sense,

orthogonal, models which illustrate in a rather clear way the possible spectrum

of possibilities. One of the models will be the minimal version of the

Kobayashi-t-Saskawa model [6 ], with one doublet of Higgs, and its simplest baryor.

violating extension in SU(5) with just one _5 of Hicgs. This reoáei is a proto-

type hard-CP model. The second model which I will consider is one developed

recently in collaboration with Masiero and Mohapstrá [8]. In this raoáel CP

is broker softly and CP violation is mcstly a Higas phenomenon.

To enphasize the difference between these models it is useful to begin

our discussion by examining the so-called 6-problem. This probler. cay ultimately

be a red herring, but if it is to be conventionally solved, one cannot countenance

the Kobayashi-Mask^wa Bodel, at least in its minina! version. The 8 -problem

can be stated succinctly as follows [9]. If QCD is the gauge theory of strong

interactions and if the weak and electromagnetic interactions are also described

by a gauge theory, then one has in general an extra CP-violating piece in

the total Lagrangian of the form

¿f (5)

where F 'is the gluon field strength, and

1* • * J- £w¿/>, tí. (6)
r z r '

is its dual. Here g is the QCD coupling constant and © is an arbitrary para-

meter. One can think of © as being made up of two parts

e~ e + Art *¿T n <-)
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The first term above, 0 > represents a parameter representing the vacuum state

(8 -vacua) which is the one appropriate to describe pure QCD [jOl. The second

term arises as a result of diagonalizing the quark mass matrix. In so doing

one in general performs chiral U(l) transformations (transformations where

all quarks get rotated by the same chiral phase). These transformations change

the 8 -vacua to new <3-vacua [11 ] by an amount precisely equal to the chiral
j

phase of the rotation - Arg det M.

Unless 6 vanishes or is extremely small, the l-agrangian (6) will give,,

ar. unacceptably large electric dipole moment fcr the neutron. Calculations

by Baluni [12] ar.d Crewther, di Vecchia, Veneziano and Witten [13] indicate

that if d is to satisfv the bound (2), then
n

§ í

There appears to be only two "natural" ways to understand why © should be

so small [l4J:

(1) 0 - 0, because the total theory possesses a chiral U(l) invariance.

If the heory is chiral B(i) invariant, clearly © has no meaning

since y an ir.variar.ee transformation one can rotate it away. This

was ? suggestion originally made by Helen Quinn and myself .15].

How ver, as Weinberg [16 j ana Wilczek [17] showed, because of the

spontaneous breaking of the total theory necessary tc get correctly

the weak interactions, a quasi-Goldstcne boson arises connected

wit the extra chiral U(l) invariance. This is the famous a:-:ior..

Un_ortunately, the axion appears to be questionable experimentaliy

"1S"|, although some positive evidence in its favcur has b=er> ciaiz-.ec:

by Fsissner and collaboratcrs [i&j.

'(2) & can be made to satisfy the bcuná (8) if one assumes that © = 0,

as an outside imposition on QCD, and if the weak interaction theory

is such that

This solution is called the soft-CP solution to the problem ana

was originally suggested by Wilczek [17j.

If axions do not exist and the & -problem finds no other solution, it

appears that one must actively contemplate that CP should only be broken softly
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in the weak interactions. CJearly if one has operators of disensión 4 in

the Lagrangian, whose coefficients can break CP ¡hard CP-breakir.g), one can

never hope to calculate A-<7 det M, since this quantity will turn out to be

infinite. Only if CP is broker, softly, by operators of dimension less than

4 or spontaneously, it is possible to contemplate Arg det M as a finite and

calculable number. Many attempts to solve the 6 -prcblen by considering soft-C?

models exist in the literature [20]. In some of these models the C? breaking

is done by operators of dimension less than 4. In ethers, one has spontaneous

CP breaking. I would like to argue here that a solution of the <3 -probies

via soft CP breaking can only make sense if the CP breaking is spontaneous.

This is because the requirement that 6 = 0 makes sense only if it is part

cf a requirement for CP conservation in the whole Lagrangian ar.fi not only

on the QCD part.

It is perhaps worthwhile to point out that spontaneous CP breakdown,

besides having a possibility of solving the d -problem, is a very natural

consequence of supposing that Biggs fields are fermior.ic bound states cf e

new kind of gauge interactions (technicolor?;. Because gauge interactions

preserve C? the effective Yukawa couplings that emerge are real and thus any

CP breakdown must occur spontaneously [21].

The simplest version of the Kcbayashi-Kaskavs sodel ¡ s'j, with just one

doublet of Higgs fields is by necessity a hare CP model. The CF-violating

phases in the quarx-'.i-'.-tsor. Lsgrangian appear as a result cf diagcnalizing

the quark mass matrix. This matrix, in the model, essentially is given by

M - P CO)

where ' is the matrix of the relevant Higgs Yukawa couplings and ¿ <& "J is

the vacuum expectation value of the Higgs field, which can be chosen to be
n

real. Clearly, unless ! has some imaginary part (hard CP violation), K can

be diagonalized with pure orthogonal matrices and no phases will ever enter

in the quark-K-boson vertices. With P complex, the quark-W-boson vertex

will be characterised by a unitary matrix C of dimension N", where N is the

number of generations. This matrix has N (N + l)/2 phases. However 2N" - 1

of 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

phase.) Whence for N generations in the model one has in toto 1/2 ( K- I)(N - 1)

phases.
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Because of the hard CP violation the & -problem is thus a problem for

the Kobayashi-Maskawa model. Ellis and Gaillard [22] have observed that Arg

det M in the xobayashi-Maskawa model is indeed infinite, but the first infinite

graphs do not occur until very high order, 0(«¿ ) . Thus they have suggested

that perhaps one should not worry unduly about it, since presumably the ultimate

correct theory should take care of these "small" infinities. I tend to sym-

pathize with this attitude but, lacking the ultimate theory, still consider

it a problem.

The Kobayashi-Maskawa model makes some definitive statements about the

measurable CP parameters £ # C \ and d . For three generations, there is only

one phase and this phase, along with the extra Cabibbo angles required for

the six quark case, essentially determines £.. One finds [23]

lei * i. s+.\ ccp&i s^6j s~- S £(e¿/*(,>

where £ ( S . , ^ ) is a rather complicated, but slowly varying, function of

© 2 and 1" fflc
2/at

2:

)

~ (¿2)

Although (11) is an explicit formula, in no way is it a prediction for 6

since the phase $ is unknown. (The other parameters Q , @ , a and e

[if it exists!] could in principle be determined elsewhere.) However, one
¡¿i i r

can make a prediction for | — which is independent of the unknown parameter o .
£ / t

The value for \~ J that one obtains depends on F( &2''
)ll) " w n i c h does not vary

too much - and on an estimate of the direct imaginary contribution to the
matrix element ¿¿Í I H . | K ^ . This matrix elenent is real if one considers

only contributions'involving u, d 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

[ ) '/$o 'zSo (Gilman and Wise [24])

It' \ 1 < (13)
' 1 c 1 1/ _ '/ (Guberina and Peccei [25])
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The difference obtained above reflects different ways of trying to evaluate

the matrix element of H between a K and 2 T . Vie emphasize that apart

from these uncertainties the above calculations are anohg the mcst stable

that one can find when dealing with CP violation, since essentially there

are no free parameters. Thus attempts to measure ' t o better than one ssrt

in 200 can really probe the validity of the simple Kobayashi-Kaskava code!

and would be extremely important.

The dipole moment of the neutron is found to be very small in the

yashi-Maskawa model. Shabalin [26] has shown that all contributions of

to the one-body dipole moment (i.e., the dipole moment of a given quark) vanish.

Nanopoulos, Yildiz and Cox [27J and Morel Í28J have considered two-body con-

tributions and estimate

, ~lo t I

well below the present bound (2). A point is worth noting. If the present

round of experiments trying to lower the limits on d find a positive result

(somewhere in the range of 10 e-cm, which is their sensitivity), then the

Kobayashi-Maskawa model is in trouble, unless one is prepared to' believe that

d is just given by © - but then one must explain why S<vO¡15 )!

n_/n_, is of course not directly calculable with the minimal Xobavashi-
B 7

Maskawa 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 based on SO(5) with just one ¿ of the Kiggs (besides the 24)•

The baryon excess occurs in the decay of the superheavy Eiggs in the ¿.

However, since one must have a CP violation in the process,' one is required

to go to very high order. Typically [29j one finds

-IO

% < I©
(15)

where m. is a typical (heavy) fermion mass of. 0(1-10 GeV). In this estimate,

since it is so small, one does not even worry about the magnitude of the CP

phase, or if it is the same as the Kobayashi-Maskawa phase S . In fact, there

are more phases in the SO(5) model. A simple calculation shows that, vith

just one 5 of Higgs, the total number of phases which are physical for N

generations is 1/2N(N - 1) [29}[30], so for three'generations there are an

additional two CP phases which have purely to dc with B-violatirsg interactions.
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I would like now to describe the soft-CP model developed in collaboration

with Masiero and Mohapatra [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 9-problea. Let me try to elaborate

on this: All previous soft-CP solutions to the © -problem are based on the

following strategy [31]

(1) Be sure, by construction, that in lowest order (Arg det M) = 0 ;
o

,(2) Construct the theory so that also (Arg det K) vanishes or is heavily

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 symmetries that prevented the aass matrix iron

acquiring phases until sufficiently high order. Now discrete symmetries,

although "natural" in the technical sense, are extremely unnatural physically.

The model in Sef. [8] makes' use of no such devices. Rather it turns out that

already at JLovsst order {Arg det M) j¿ O. However, its size is very small,

essentially because of the existence of a hierarchy of sycnetry breaking..

Direct calculation then shows that (Arg det MJ „ << (Arg det K) , acain because
1 o

of the hierarchy, so that the result is stable.

I shall only sketch the model here and indicate seine of the results,

since the details can be found in Ref. Í8J. We considered as the weak gauge

grouD the left-right symmetric grcuc [321 S0(2). x Süf2)_ x U{l) o .. This
" li K B — L>

group is broker, down at a high scale into the usual SU(25T x ü(l) group, vhicr.

eventually is broken down to just U(l) . The spontaneous breakdown in

the model is accomplished by three types of Biggs fields: fc - ̂ and <pm

These fields transform according to SU(2)_ x SU(2)_ x U(l>_ _ as

^i_ A C'; 0 ;'lJ (16a)

\ - C°, '; - ^ • (16b)

Since left (right) handed quarks and leptor.s transform as sa(2iT (SU[2)_)

doublets, one can think of these fieles as S'—iropriate lepton-lecton or leptor-
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antilepton condensates. Writing A and A „ as 2 x 2 matrices

one has as non-zero vacuum expectation values

The Higgs potential at its minimum can either have a left-right symmetric

solution V = V or a hierarchy must exist [33]:

Clearly since we want the sequence of breakdowns

x vn)

we want the hierarchical solution

\/L •?> K y <' » V,_ (19!

In general one also chooses K ^ W so that one has

(20)

K M uL
What Masiero and Mohapatra and I investigated [ 8 ] was the possibility

that this model exhibited, besides a breakdown of parity and. B-L through a

non-zero V , also a spontaneous breakdown of CP via the aopearance of phases
R - - -

in the vacuum expectation values. Our results can be summarized in two theoren

Theorem (1); With just one set of A and £ there is no spontaneous

CP violation.

Theorem (2): With more than one set of t>. and £> there is CP violation

provided that the

phase <4>> ~ -/V^ (21a)

phase

The phases of ¿t> )> will in general be of tf(l) . These two theorens

can be easily understood as an application of the decoupling theorem of
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Appelquist and Carraaone [34j. The phases associated with the heavy scales

must be appropriately small so that the effect of the heavy scales cannot

be felt at low energy.

These theorems essentially provide a rationale for a snail arg det M

in the model. To lowest order one has (if there are enough Kiggs fields)

/v^ h L e t-, / J-» ~*s -N. v ¿ _ *.. T\.' js^ I V ' >v', \
O *s V<*i< I to 1 ->• vt- /^ "- /v M W/ 1 (22)

Values of M.. £ 10 GeV are compatible with the dipole moment bound (9).

Higher order contributions to (Arg det M) can occur through diagrams of the

type shown below •

The C? cixing indicated by t h e © in the figure is of order v.V sir. S , where S

is an (arbitrary) phase associated with ¿& >̂ . Because, however, the ness

of the In <j> Higgs field is of 0(V.'), the net contribution of the integral

is of O(l/V_¿) . Thus (ñrg det M). ~ (Arg det K) and ir. fact, takinc zn:o
i\ ¿ O

account all the various Higgs coupling constants

In the Dodel we see thus that

which happens if M, is sufficiently large. Conversely since one can show

that here d is essentiallv determined by Q , a measurement of <3 will then
n ' "

fix the scale M,, . I should mention that a scale K 5. 10° GeV, which agrees

with the d limit, also seems to be in agreement with the present limits on
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nucleón stability [35] and peraits the generation of enough barycn number

at intermediate mass scales [3c] to get a reasonable n /n ., (although the
B f

scenario for the generation of baryon number in the model is rather complex).

There are sons features of the node! which, however, are not so appealing.

First of all one needs a great many Higgs fields to achieve the spontaneous

breakdown of CP, and thus there are a variety of free parameters in the r.odel.

In general with so many Higas fields it is difficult tc prevent gettir.r large

X -K mass mixing or preventing Eiggs induced off-diagonal neutral current

processes, like K-*f e , froc. occurring. To suppress these processes to a

manageable level requires a certain tuning of parameters. Conversely, being

optimistic, in this model there is no reason why K -t f*4_ should not happen

at rates just below the present bounds.

The parameter £ is not predicted in the rsodel, just es it v;as net presict.e£

in the Kobayashi-Maskawa model. However, for € to exist at all it is neces-

sary that Higgs mesons & transforming like quark-quark condensates exist,

with masses intermediate between K and M . If these Higgs bosons exist -

L R ' ie'1and one sees no reason why they should not - then one can estimate ¡ — j lr.

tne model to be roughly

II1! i -5

Thus a measurement of I-— J in the Kobayashi-Maskawa range Í cf Eq. (13)} vould

spell the death Jcnell for this model.

There is a particularly clear feature of the model which is worth empha-

sizing. Namely, there is no connection between the phases responsible for

£.,<;' and d and those responsible fcr n /n y. This is obvious here since

n,,/ny occurs in the model at temperatures of 0(V ) . f.t these high temperatures

one expects that the SU(2!, x U(l) symmetry be restored so that the vacuum
h

expectation values K, K.' and VT all vanish. There will still be chases associated
it

with the ,0 vacuum expectation values (of which by necessity there must be
R

at least two) but these phases now are of OÍÍ) and have nothing to do with

the T = 0 phases obtained previously.

Thas phenomenon is not only a property of models where CP is broken

spontaneously. Also in hard-CP models - with sufficient number cf Higcs fields -

there will be in general no connection between the phases that enter in r=/r^,

and in the low energy CP-violating parameters. This "negative theores" is

the subject of a recent short note with Kasiero and Mohapstra [30]. The
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theorem can be understood in its gist as follows. Eenonnalization requires

that if phases appear in Higgs Yukawa couplings, they must at the same time

appear in Higgs self interaction terms of the form

M I.e. <25)

which could have been generated through fermion loops. Once the Higgs potential

is complex, one cannot prevent, in general, that the. vacuum expectation values

also acquire phases. All these phases (Yukawa coupling phases. Biggs potential

phases and vacurj» expectation value phases) contribute to the low energy C?

violation. For n_/n^ , because the temperature is so high, the SU(2)- x U(l)

group will have become normal. Thus for this case certain of the phases

associated with previously non-zero vacuun expectation values disappear.

In this talk I tried to point out some of the features and possible pat-

terns of C? violation arising from rather distinct models. Some features,

like the difference between the phases contributing in the kacn systen and

for n./n^ are common. Others, like the value far \>r \ » are cuite distinct.
D O • • « £ , ! "

To conclude, there are two points I wish to re-eaphssize:

(1) Experimentally it is extremely important that one should try to
1 k' I

improve the bounds for \ *- I and d . A non-zero result would be

of invaluable aid in trying to solve the riddle of CP violation.

(2) Theoretically one should continue to ask, and try to answer, sone

of the structural questions about CP, which I just touched upon

in this talk.. For instance: is soft CP breaking'really compatible

with cosmology?"; what really happens to CP violation if the Higgs

mesons are-only approximations to a roore profound dynamics?; is

the 9 -problem really important? At the sane time, I feel that

it is also important that one should try to refine and tighten up,

as best as one can, the calculations for some of the experimental

predictions for the simplest Kobayashi-Maskavra model. Predictions

for more sophisticated models, although very useful, in general

are too arbitrary, because there are far too many free parameters.
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1. INTRODUCTION

Grand unified theories *' offer, us .a possible way of unifying the interactions

between elementary particles (except for gravity). They suggest, as a by-product,

a spectacular prediction: the decay of matter, with hopefully soon measurable

proton lifetime. The basic feature, 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 SI)(5) gauge group predicts the desert all the way up to

10JJt GeV. Namely, a necessary chain of symmetry breaking is

5UCO > SUCO,* U CO x 5-UC3),—

where' M corresponds to the mass of superheavy bosons which mediate baryon-nuraber

violating forces and are responsible for nucleón decay. The values of low-energy

parameters a , and sin2 6 determine2' M - 101<l-1015 GeV. In turn, one can pre-

S W X
diet the proton lifetime3^ as T = 10 3 1 ± 1 years.

Actually, the above picture seems to be qualitatively true in many other grand

unified models. Namely, if the value of sin2 @ w - 0.23 ± 0.02, suggested by the

standard electroweak model, and a (the QCD coupling constant) are taken in in- .

puts, the Georgi-Quinn-Weinberg (GQW) program2^, which determines the nass scales

by the use of renormalization group equations, tends to suggest that the inter-

mediate nass scales have to be quite large (£ 106-109 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 talk I will discuss some recent work of Rizzo and myself , which

offers a way of avoiding such a situation, by suggesting an oasis in the desert,

just'above M . Our task appeared to be twofold: first, to find an alternative to

the standard SU(2)L * U(l)y model
5* (in order to change the sin2 0 w - 0.23 predic-

tion) with a new energy threshold above Mw; and second, to show that such a

scheme is consistent with grand unification. I will now try to offer arguments

in favour of such a low intermediate mass scale.
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The first pare of our program was simplified by Che face Chat we did not have

Co search for a new candidate for a low-energy eleccroweak theory. A number of;

years ago, Paci, Salam, Mohapatra and myself6'' constructed a left-right syenecric

j gauge theory, based on the SU(2)L * SU(2)R x U(1) 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 broken and V + A interactions become

suppressed at low energies. However, at uigher energies, above MyH, parity is ex-

pected to gradually become a good symmetry. It is therefore important to find

constraints, phenomenological or theoretical and preferably both, on My_. Now,

phenomenological analysis which I will describe below, allows Wg to be surprisingly

light: My_ > 2 My . The hint on its value comes, on the other hand, from unifi-

cation constraints. For example, SU(2)L * SU(2)R * B(l)_ . can be embedded in

SO(IO). As I mentioned before, assuming sin2 8 W = 0.23 gives «^ ^ 109 GeV, which

would eliminate che possibility of direct parity restoration.

Fortunately, the above is not true. The analysis of Rizzo and myself1*' shows

that for light W_ the theory successfully passes all the low energy tests, but for

larger values of sin2 6 : sin2 9 * 0.27-0.28. Since the existence of low inter-

mediate mass scale tends to increase sin2 Q , it enabled us to construct an S0(10)

grand unified theory with rather low-energy parity restoration: My_ * {2-3)MyL.

There may be an oasis in the desert!

: I will only list the prediction, of the model and then deal with them in sub-

j sequent sections:

| . M W R = (150-250) GeV, sin
2 8 y - 0.27-0.28,

t

.. MyL « (70-72) GeV, M z * (80-84) GeV,

i
1 -. a rather stable proton (in the model with minimal Higgs assignment):

! T i 1038 years,

I • . appreciable lepton number violation in neutrino — less double & decay7)

f (not discussed here).
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The rest of this paper is then organized in the following manner: in

Section 2 I review the left-right symmetric model, with special emphasis on the

leptonic (neutrino) sector. There I discuss the phenomenological constraints on

our model. Section 3 deals with the embedding of the model in S0(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.

2. LEFT-RIGHT SYMMETRY

The minimal gauge group which incorporates left-right synmetry is

SU(2)L * SU(2)_ x U ( 1 ) B , . The theory is assumed to be invariant under parity

conjugation. That results in

. g, * gR = g, where g. and gR are S'U(2)L and SU(2)R coupling constants;

. the fermionic sector consists of left- and right-handed doublets

Q *- Gl
where we restrict ourselves to one generation case, the general case being

' a trivial extension;

from Eq. (2-1), electric charge is

Q - 13L + I. (2.2)

. the Higgs sector has to be fully left-right symmetric.

In the following, 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 to the maxiaality of parity violation at low energies. The Higgs

sector complies with the principles of simplicity and the possibility of dynamical

symmetry-breaking, i.e. the scalar fields carry the quantum numbers of fermionic

bilinears
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- <2-3)

Co,».
where the representation content in the brackets corresponds to SU(2)T, SU(2)n and

La XV

B-L, respectively. The field <j> gives the masses to charged fermions and A's com-

plete the symmetry breaking! and as we shall see, they play a major role in the

question of neutrino mass.

Now, the symmetric potential allows for the asymmetric absolute minimum6'7-'

<AR)»<4>)

Where y is a ratio of various Higgs self-couplings. In turn one obtains the fol-

lowing set of gauge mesons (besides the photon)

, Z.t
with

(2.6)

where we ignore tiny W -WD mixing and tan2 6 = g ' 2 / g 2 + g ' 2 , so that e 2 - g 2 s i n z 8
Lt tx ^ W W

as in the standard model. Therefore, besides the usual gauge bosons W, and Zj £w

and Z in SU{2), x u(l)^, we have heavier bosons W_ and Z-,, whose presence could

effect low-energy predictions. In short, we have the following picture of sym-

metry breaking
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Neutrinos ' .
— — — — i

The charged fermions get their masses in the usual way; however, the situa-

tion with neutrinos is worth discussing. What happens is the following7): since

A's have the right quantum numbers to couple to IJITC# terms, the right-handed and

left-handed neutrinos are separately two-componen't Majorana massive spinors.

Actually, the right-Sanded neutrino vD = N becomes a heavy neutral lepton
8' with

£ !f?O &eV (2.7)

The left-handed neutrino (VT = v), in turn, picks up a small Majorana mass'

Therefore, the s'mallness of neutrino mass gets tied up to the maximality of

observed parity-violation in weak interactions. In the V - A limit of the theory,

i.e. infinite Mw_, BL, - (A^) ••* «; so that my vanishes.

In the case when í\)¡ is not directly contributing to neutrino mass, one

gets t.

when f « electron or up quark. Therefore, we shall assume in further discussion

(A.) * 0, since it appears a phenomenological necessity |_in other words, I put

y » 0 in Eq. (2.4)1. Actually y i 1O~10, to ensure small mv . I should add,

though, that once y is small, the v and V masses are predicted by Eq. (2.9).

The above result is not accidental. From-Eq. (2.2), in the energy region

M W L < E < % R •

AQ = Oj A T3L - O (2.io)

and so 9 )

AC&-0 ~ ~Z& T^R (2.11)

The breaking of B-L is proportional to the amount of parity violation7'9', hence

one gets massive Majorana \>_.
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Phenomenology .
I • '

i) Changed current processes f

We just demonstrated: m ^ - My_. The exchange of V_ does not contribute

then to v and 3 decay, and so we have no sensible limit on M W R from these pro-

cesses. In other words, the world at low energies is V-A not because lfy_ » HJJL,

but because the right-handed neutrino is very heavy .;'

ii) Neutral current processes

Fortunately, as is seen from Eq. (2.6), the masses of WD and Z2 are tied up,

so that the constraints on Mjj1 from neutral-current data can be used to put the
I • •

limit on tfy-.

There are only two relevant types of processes:

A. Neutrino interactions,

B. Parity violation in e-q scattering.

We how give the relevant effective low q2 neutral current Hamiltonians, ig-

noring as before W.-W_ mixing and setting (\) * 0. For a general case the reader

should consult an original work*'.

A. Neutrino scattering

where f denotes charged fermions (for leptons, we consider only v e scattering)

d (2.12)

and nR is defined through

(2.13)

2 8It is easily seen from Eq. (2.12) that the effect of T\o is to increase sin
2 8

relative to the standard model prediction.
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B. Parity-violating electron-quark scattering

In the above limit

Now, the SLAC experiment by itself (i.e. without constraints from v-hadron scat-

tering) does not restrict sin2 8 very precisely. It turns out that the data are

consistently described with nR as large as 0.3 < % R - 150 GeV), if sin
2 &v *

* 0.27-0.28 (of course, as well as ru'- 0, sin2 6 • 0.23 ± 0.02, as in the stan-6

n2dard .model). The large predictions for sin 6 will turn out to be crucial in

achieving the consistent unification conditions. •

In any case, it is worth keeping in mind that independently of grand unifica-

tion, the correct electroweak gauge theory may substantially differ from the stan-

dard SU(2), * U(1)Y model, with the differences that would make dramatic^changesat

at higher energies.'

For the sake of completeness, I have included Table 1 which gives the values

of gauge boson masses as functions of sin 6 and ru.

3. S.O(IO) AND WEAKLY BROKEN PARITY

As I emphasized before, we need unification constraints or otherwise MwR re-

mains an arbitrary parameter with M H R > 150 GeV. A minimal left-right symmetric

N grand unified theory is based on the S0(10) group1 °K S0(10) "has rank five and it

contains the SU(2)L * SU(2)R * SU(4)C group of Pati and Salara
1*.;

Since it also contains SU(5), we can imagine two basically different chains

of symmetry breaking:

3) SOf.e) *
Mx
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We now discuss the physics of both possibilities.

i) In this case the situation is analogous to the SU(5) model. Namely, >!,, > M

and M = 1011* GeV {see below). We have a desert, with the proton lifetime

T = (Tj),..,,. - 10 3 1" 1 y-ears. The only differar.ee is in the neutrino sector,T

where left-handed and right-handad neutrinos are raassive Majorana spinors.

Particularly interesting is the minimal S0(10) ciocel, where m,, = ID3 GeV appears

in higher orders in perturbation theory11' and mv_ = 10 eV. It is amusing to

notice that 10 eV heavy neutrinos could play a major cosmological role by

closing up the universe and possibly explaining the dark matter in galactic

ii) This chain of symmetry breaking is more interesting, since it allows, at least

in principle, the existence of intermediate mass scales. The way to arrive

at their values is to follow the change of physical coupling constants with

energy TGQW program2^. We shall set for simplicity M » M , sines, in any

case, M has to be a-tronomically large13^: M > 10ls GeV. •

The idea of the Gr .' program is very simple: the change of coupling constants

with energy is given '-y the renonnalization group equation for the SC(N) coupling

constant

at
with

3.2)

where the first term denotes the gauge meson contributions and the second and

third terns stand for ferraionic and Higgs contributions, respectively. The defi-

nition of T(R) is

where I are :he group generators for representation R. It is iaportant to notice

that Ts(R) is obtained for real Higgs fields; for complex representation the,

concributioi to T (R) should be doubled.
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Using the decoupling theorem1''' of Appelquist and Carrazor.e, one can sepa-

rately treat strong coupling constant gg, SU(2)L coupling gL and U 4 D y coupling

gY * y'SH %', where

i

We skip the details of derivations, which can be found in Ref. 4, and give the

final expressions for physical parameters a and sin2 6 at E = M

(3.5)

where a(M ) = 1/123 is the electromagnetic coupling15' at E = M and T's stand for

Higgs boson contributions to p functions (in obvious notation) of g. , gj,, ggL and

gy couplings.

The first term in both Eqs. (3.5) corresponds to the SU(5) case, i.e. the

casé o£ no intermediate mass scales. The effect of M, < M is then clear: it

increases sin'' 6 and decreases ci compared to the SU(5) predictions.
w s

The procedure, commonly employed, is to take a (M ) (obtained from experiment

via tracing energy dependence from below M ) and sin2 6 (M_) as inputs and then
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determine M and bU. In the SU(5) case 1^-M^ SO that one has a consistency check,

since it is enough to give a (M ) and determine both M and sin2 8 . .The reader

should recall that the electroweak part of the Higgs sector consists of D $ multi-

ple ts and T triplets A, (\)> with D • I « 1 in the minimal case. We then end up

with two distinct possibilities:

(a) If >L, i 1 TeV (approximately), then sin2 8 » sin2 6 (standard model) =

= 0.23 i 0.02. In that case one can derive a stringent limit13) on ÍL.; with

possible solutions:

w =0.2.1 M

9v -02.3 H x

The first solution corresponds to the SU(5) case. All the values, including

sin2 8 » 0.25, give the situation which is practically equivalent to a desert,

since we would never directly observe parity restoration. ' That was the basis for

the claim13'' that there can be no low intermediate mass scales in simple grand

unified theories.

(b) Light WR; MJJ < 250 GeV — the case of interest to us**.

The lesson of the previous section is, however, that the sin2 6 condition is

only true if one assumes the SU(2)L x 0(l)v model to be correct at low energies,

i.e. if one assumes W to be heavy (M^ > 1 TeV). On the other hand, for low M W R

we have seen that sin 6 can be as large as 0.28. We should keep that in mind.

Let us now go back to our prediction for a and sin2 6 in Eq. (3.5). To

our leading log approximation, we should set M_ « M , in which case for 0 $ multi-
j ^ • K w

plets and T A, (¿_) fields (I an assuming, vich is unclear, that these fields do
i . -

not get superheavy), T. * T_ » 2D + AT, Ta. « 18T and so we arrive at the follow-

ing expressions
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eck,

i-

P

V/

l\

1 - A
3 3TT 2.Z M.

T
(3.6)

The strategy is the following: we will use a (Mw) as an input and determine

M and sin2 9w(Mw), to check the' consistency of our results. We give the values

of Os(Mw) that should correspond to Jijg - 0.1-0.4 GeV: OL,.(MW) - 0.1-0.13. It is

important to notice that the Biggs effects in Eq. (3.6) (especially due to trip-

lets) are substantial.

Minimal model

In this case D 1 and therefore

ds C«-v)
(3.7)

tx-

o

v-

Table 2 then summarizes the predictions for M and sin 6 . ' The scheme is clearly

consistent, since we predict sin2 6 «= 0.27-0.28, as required by experimental con-

straints for light WR.

From M = 1016-101B GeV, we predict for the proton lifetime

Expanded Higgs sector

(3.3)

In order to see how strong our prediction for M^ is, we have given in

Table 3 the values of M and sin2 6 for the expanded Higgs sector. Khereas the

results for sin2 6w are good again, M x clearly could be as low as 10
1* GeV, leading

to the usual prediction of SU(5): t = 10*' years. However, if the extra Higgs

Dultiplets are superheavy, one is back to minimal model results.
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Combining our results from the previous section with this section, we list

the set of predictions of.the model (see Tables 1-3 and Ref. A).

('.i)-The masses of light gauge bosons

to be contrasted with the values in the standard model: H * 78 GeV,

M - 89 GeV (for sin2 8tf * 0.23). This is one of our most clear predictions,

which will be crucial in choosing between the two alternatives (see Kef. 4).

ii>' The values of heavier gauge bosons vary in the range*)

They are likely to be produced at ISABEIXE energies with substantial rates.

iii) In the minimal Higgs model T > 1031 years; but if the Higgs sector is ex-

panded it is possible to obtain T as low as 103B years.

Baryon production in the early universe

One of the most ex< -.ting predictions of grand unified theories is the possible

explanation of the origin of matter-antimatter asymmetry. Recently, Masiero and

myself16^ have shown that the existence of low intermediate mass scales does not

spoil the success of arriving at a correct value of n»/n^- The problem seemed to

be that the baryon a-ymmetry, produced through the ABf'O decays of superheavy bo-

sons in the early universe, is proportional to the amount of left-right 17^

where the prediction in the brackets is obtained in the conventional theories where

the breaking of parity is superstrong and V^, V g and SL, are the scales that cor-

respond to My,, JIHB and superheavy bosons, respectively.

Since ma > 10
ls GeV in our model and Vr - V_ < 10

s GeV, we would get

2s.
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which is far below the observed number of baryons

( ~ )oU» ~ '0 " (3-U)

As it appears, weak breaking of left-right symmetry is incompatible with observed

global properties of Che universe, such as the baryon density. However, baryon

excess supposedly originated in this picture at temperatures of the order of

superheavy boson masses. But then, one should really have

(3.12)

where V (T), V_(T) **e the scales associated with symmetry breaking at high T.

Our main point is, as has been argued repeatedly by Mohapatra and myself"', that '

the symaetry nay remain broken at high temperature. For example, one can have for

I > Tc (- 300 GeV), VL(T) «Qt> but VR(T) -iT, in which the left-right asymmetry in-

creases with temperature. In such a case, V_(T) < a_, which eliminates the

apparent suppression in Eq. (3.12).

We have carried out a detailed analysis to show how one then obtains a rea-

sonable prediction for nu/n; we refer the reader to Re£. 16 for the details.

In short, the amount of baryon asymmetry provides no limit on MwR» since it

only tests VR(T) at high T, which can be large.'

I have tried to argue in this section that a simple and realistic grand uni- ¡

fied theory based on the S0(10) group gives a consistent picture according to which

the proton is effectively stable (at least in the minimal Biggs model), but instead

one expects new energy thresholds not far from M^. The predictions of the theory

are many and it should be not before long that such an alternative is either re-

jected or accepted.

A. COMMENTS AM) CONCLUSIONS

Left-right symmetric theories provide an appealing alternative to the stan-

dard SU(2)L x u(l)v electroweak model by offering a mechanism *o understand parity

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. Fhenoaeno-

logical analysis and the use of the conditions for the unification with strong

interactions provide an affirmative answer. I shall only suonarize the predic-

tions, without describing the» again:

. Mw - (70-72) GeV, M z - (80-84) GeV;

- (150-250) GeV, M,2 - (240-400) GeV;

. T 2 10s* years;'

. AL ¿ 0 with ({5fJ)B process prediction: n ^ - 10"5 and r\ <

(see Refs.

. B(y * ey) * 0 (how big?}, ">^ T. " ? ' - (l-10)Z (see lef. 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\>thers, whose presence affects low-energy phenomenology

so as to be consistent with the idea of grand unification? Could it be that there

is no desert^ even within conventional grand uuified theories.
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Table 3

Again, MJJ and sin2 6W are plotted for
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for the number of triplets; AL (%)•
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REVIEW OF PROTON LIFETIME EXPERIMENTS

Eugene ENGELS, Jr.

Départetnent de Physique des Particules Elémentaires
CEN-SACLAY, 91191 Cif sur Yvette Cedex, France

and

University of Pittsburgh

The goal of this talk is tr review experiments, planned or in progress,

to study the instability of the nucleón'with special emphasis on those experiments

which have yielded some preliminary results. I"will wot-4iscu«» predictioDS or

experiments associated primarily with AB - 2 transitions which would include the

neutron oscillation experiments being conducted at reactors or at accelerators

yielding large neutron fluxes. Much of what I will say has recently been presented

at the Second Workshop on Grand Unification which took place at Ann

from the 24-26 of April, 1981.

PREDICTIONS OF HUCLEON LIFETIMES 'AND BRANCHING HOPES

Theories of Grand Unification (GUTS) predict massive gauge bosons X which

couple to a pair of quarks and to leptons and antiquaries as indicated in Figure la.

A consequence of this coupling along with the requirement of, for example, SÜ- that

AB " ÁL is that the nucleón can decay as shown in Figure 1b. If the mass of the

gauge boson, Mx, is much greater than other masses involved in the decay, the
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To estimate TB, the twofold task consists of first evaluating M_ and then C. The

problem of extrapolating the coupling constants cu, a, and a- to the grand unifi-

cation mass is discussed by numerous authors [1] and in particular, the extrapola-

tion of Og depends critically on the /L_ parameter. Specifically,

(2)

where Q* « 4 times the square of the invariant mass of a particle» mediating the

interaction, with the consequence that

(3)

(4)

• Weinberg [2] has reported a dependence for M_ given by

%I5- 1.5 x 101 GeV,

Taking a value for A 0 C D - 300 MeV, this value of M_ yields a corresponding value

of TR :

I031-1 years. (5)

Branching ratios for the proton and neutron decay modes have been 'pre-

dicted using SU* 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 TI" and n •• e n" are dominant (35 Z and 70 X of their total rates, respec-

tively) and the proton and neutron lifetimes are about equal.

BASIC EXPERIMENTAL CONSIDERATIONS

In an experimental apparatus containing R¿ nucIcons the observation of

AN decays in a time interval At years yields- a lifetime

N
t (years) - A x

AN/At
(6)

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 decay modes and

the data loss factors due to nuclear absorption of the decay products, event

reconstruction losses, etc. if one optimistically takes A » 1 and observes no

events over a period of observation of I year, then t > N , the number of nucleons

present. The current published lower limit [3] on the nucleón lifetime is 10

years and s<f future experiments must consists of detectors with masses veil in

excess of 10 nucleons (1.6 tons).

Several considerations will affect the lower limit which a detector can

place on the lifetime of the nucleón. Background events in the detector which are

indistinguishable from nucleón decay place a practical upper limit on 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 1 year of

observation. If in a 10 ton detector there occurs 1 background event/year which

is inseparable frost a nucleón 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 nucleón 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 I inseparable background event/year.

Backgrounds originate from two sources : I) 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 I). 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-

I tly far into the detector to enter the fiducial volume. Background 2) can only be

removed in the data analysis.

I 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 ir can interact in the nucleus containing the

• original decaying nucleón and the event may then be lost. Figure 4 is the result

Í of a Monte Carlo calculation [4] showing the fraction of events in which the

[ pion emerges from the nucleus without interacting, as a function of pion momentun.

Í The curves are presented for C, 0, Fe and Pb. Because of the Fermi motion of' a
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nucleón within the nucleus, the momentum of a pion resulting from a 2-body nucleón

decay will not have a unique momentum but will have the range of momenta shown in

Figure 4 (340 - 590 MeV/c). Hence, the average probability of non-interaction of

the decay pion in iron is 60 X corresponding to a 40 Z data loss. Actually, 40 7.

represents an over-estimate because those pions that scatter elastically within

the nucleus can emerge to produce an event which is topologically consistent with

a free nucleón decay. A final point here is that because of the Fermi motion of a

nucleón within a nucleus, a 2-body decay will in general not appear as an event

in which the decay particles are colinear. Znstead, 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 nucleón is an

event in the detector corresponding to the reaction v+p->-e + ir~ + p where the

e and 77 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 crossed planes of proportional or streamer tubes are

embedded in a large volume of iron or iron oxide. The most ambitious of the iron

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 1 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
Properties

Energy Resolution for
mode p •* e+7rD

Particle Identification

Pattern Recognition

Direction of Track

Lower Pion Internal
Reinteraction

Low Energy Pion Detection

Highest Ratio of Fiducial
to Total Mass

Ease of Constructing a
Prototype

Speed of Construction

Ability to Add Mass in
Stages (modularity)

Experience with Technique

Cost per Kiloton of Mass

Water
Cerenkov

comparabl

Fine grain
Calorimeter

a (10-20 Z)

XX

X

X

X

XX

X

X

X

XX

X

Table I

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 comment on the large European calorimeter experiment which will be ins-

talled in the tunnel of FrSjus.

1. The University of Pennsylvania Experiment

-An initial result has been presented by the University of Pennsylvania

experiment [5] which is located in the Homestake mine in South Dakota. A 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

CC1, tank. The fiducial mass of water equals ISO tons. Above and below the Davis

CC1, tank are planes of liquid scintillator counters which serve to flag events
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COLUBORATtOH

Univcratty of
Pennsylvania

(5)

Hichlgan-Irvin»
Brookhoven

[6]

Harvard Purdue
Wisconsin

t7]

Tokyo

m
Bombay Osaka

Tokyo
(9]

Minnesota
Argonne
H O ]

Oxford
(with above)

Milan Turin
Frascntl CERS

[11]

Tokyo

[12]

Orsay Palilscau
Saelay Wuppertal

1131

TOTAL MASS

ISO tons

6.S kilotons

0.8 ktloton

3.4 Vilotons

ISO tons

30 ton*

1 klloton

ISO tons

300 then 600
then 1200 tons

l.S Mlotona

OEFTH
meter» of

water equiv*

¿400 n
Cold Mine

1600 B
Salt Mine

1600 •
Mine

1300 B
Mine

7000 •
Cold Hint

1500 •
Iron Mint

ISOOa
Iron Mine

SOCO a
Tunnel of
Mont Mane

1000 a
Tunnel

4500 m
Tunnel of
Frújua

SPECIAL FEATURES

>

Observes the delay coincidence
between a stopping u snd its
deeny e In water Cerenkov tanks

204ft n tubes paper the 6 walls
oí s tank of water

704 PM tubes ioncrscd throughout
the volume of a large cylindri-
cal tank of water

20 Inch dianeter PM tubes used
to maxlnlxe the fraction of C
Y*t intercepted

Iron proportional tubes of eross-
srettonal area 10x10 ca2 sandwiched
between 1/2 inch thick Iron plates

Proportional tubes eabedded in a
•stature of cement ant! Iron oxide
(tnconito) uilncd in sane mine

Prlft chambers with glass as activa-
os ss

1 ca H t ca st reiner tubes nado of
resistive oaterial and read out by
external lnduetive Strip»

Flashtubes are nade of sealed glsss
cylinders

Flaohtubc chnabers made of fVC nntc-
rlol, each fllaacnt hss cross scc-
tlcn.il area of S x 5 mn2. Flashtubes
read out electronically

STATUS
(Hay, 1981)

Data

t Z 1030 years

Excavation coaplete,
Installation in
progress.

Installation In
progress

Funded and under
design

Data-three
possible events

Under test

Proposed

In fabrication and
Installation

Proposed

Funded snd under
design

s

Tabla 2

Nucleón lifetime experiments In progress or being plsnncd
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in which a stopping u 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 nucleón decay. The.

geometric efficiencies of these counters, used as vetos is about 50 2.

During a run of one y star, 4 events were observed which contained a depo-

sition of visible energy in the water Cerenkov tanks commensurate with the decay

of a nucleón into a final state having a p with a subsequent decay into an e ,

e.g.,

N - * u + X , p - * - e + p °

TT+ + TT~

e + , etc.

One of the four events was accompanied by a signal in the liquid scintillator 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 a product of the branching ratio into final

states which can yield a V times the detection efficiency of the apparatus equal

to 5 7., the experimenters obtain a lower limit on the lifetime, based on two

events, equal to

T > 10 3 0 years

2. Tata Institute - Osaka university Experiment

An interesting preliminary result has been presented Í9] by these expe-

rimenters in which 3 events that are difficult to attribute to standard background

sources have been observed in their detector. Located in a deep mine in the Kolar

Gold Field, the detector consists of crossed planes of proportional tubes, each

plane of which is separated from the adjacent planes by a i/2 inch thickness of

iron. The total mass is 150 tons and the fiducial mass is 100 tons. Figure 6 shows

the two views of one of these events which is consistent with the decay p -*• e IT*

in which one of the Y'S from the ft0 takes practically all of the energy of the IT".

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 thi 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 cm , and since the maximum transverse dimension 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-ionising 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 nucleón decay, then they correspond to background events which

are not understood. If these events do indeed correspond to nucleón decay, the

experimenters offer the following computation of the nucleón 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 che

pión absorption by the nucleus is offset by a "life-shortening" factor asso-

ciated with the nucleón emitting a virtual pion in the nucleus which then

scatters from an adjacent nucleón 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 « 3.5 x 10 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 in 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 pi.rtide traversing a flashtube will cause a
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plasma to form in Che noble gas which fills the tube by means of a high voltage

pulse applied to the entire flashtube plane immediately 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 Che type p •* e ir°.

The energy determination for this decay mode will be about 10 X. 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 to esta-

blish whether a nucleón decays by AB * AL transitions or by AB - 2 transitions

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 •* 5 oscillations to AB » 2

transitions in the nucleus, a detector of this sort will be very useful.

CONCLUSIONS

Both theoretical estimates and preliminary experimental results point

towards a nucleón lifetime of perhaps less than 10 years. Next year's 5th

Warsaw Symposium should be able to provide a larger number of • signs when

quoting the nucleón lifetime and fewer a signs as is the case this year, since

several additional experiments will become operational during the present year,

1981.
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FIGURE CAPTIONS

Fig . 1 : a) Coupling of a massive boson X to a pa i r of quarks and to a lepton

and an t iquark .

b) Proton decay by means of a massive gauge boson X. Numerous processes

in add i t ion to the above can be sketched for var ious decay modes of the

nucleón.

r ' íg. 2 : Plot of achievable lower l i m i t on the nucleoc l i f e t i m e v s . de tec to r

mass. When the l i m i t corresponds to the non-removable background l e v e l ,

further addition to the detector will increase the limit only as the

square root of the addition mass.

Fig. 3 : A cosmic ray muon interacts in the rock above the detector, producing

a neutral liadron which in turn simulates a nucleón decay event in the

detector. The muon remains unobserved. An active shield above the de-

tector can intercept the muon and veto the event.

F?.g. 4 : Probability of non-interaction of pions in different nuclei as a func-

tion of pion momentum.

Fig. 5 : The Homestake Water Cerenkov Detector. The portion of Lhe detector with

a solid outline is in operation. The dashed portion has not yet been

installed. Not shown is the CC1¿ tank at the center of the apparatus

used in the solar neutrino experiment.

Fig. 6 : A nucleón decay candidate in the Tata Institutfe-Osaka University expe-

riment. Propoitional tubes marked "X" are not functioning. Track A. is

seen to leave the top of the detector, making an energy determination

of this event impossible.

Fig. 7 : A detail of an element of the Orsay-Palaiseau-Saclay 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.

Fig. 8 : A Monte Carlo simulation of an event of the type p •• e+7T° in the

Orsay-Palaiseau-Saclay calorimeter. The total energy of this kind

of event can be determined to 10 Z.
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n: II.A.C.

Andrzej Czechov/ski

Institute of (Theoretical Fiiysics
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Warsaw. Poland

The scalar fields,necessary to realize the spontaneous sym-

metry breaking,tend to destroy the asymptotic freedom property

of non-Abelian gauge theories.This is due to the presence of

the quartic /4-scalar/ couplings which car. become large at

small distances and in turn affect the behaviour of the gauge

coupling constant.

In some cases,however,the presence of scalars does not pre-

vent the asymptotic freedom.One ê .se of interest comprises

the so-called eigenvalue-type solutions(1) .Asym^totic freedom

is then valid only along a single curve in the space of the

coupling constants; it requires that the Zui:av;a couplings h

-nd the quartic couplings A are uniquely related to the ga-

uge counling constant Q .Asymptotically

cj2 , n = K q ; \ h - CCTist , g-> 0

This class of solutions has some attractive features apart

fron the asymptotic freedom»One is the extrr? predictive power

caused by the fact that "P\ and n are not arbitrary.Another

is the possible implication of coanositeness of the scalar

field (2).In fact if the scalar is supposed to be a bound sta-

te of the fundamental fermions interacting via the gauge field

one should expect that the "X and rl couplings are determined

hy Q .¿Tote that the eigenvalue-type solutions are possible

only provided that there are feraion fields counled to the

scalars in ouestion.
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A possible criterion of compositeness of the field <t> is

vanishing of its wavefunction renormalization constant Z¿(3}.

This criterion has been applied to the asymptotically free

gauge theories in (4) { the conclusion was that,in an asympto-

tically free theory,the scalar field cannot be composite in

this sense.It is interesting that the eigenvalue-tyne solutions

can avoid this conclusion.Applying the methods of (.4) to the

published examples (1) of the asymptotically free eigenvalue-

type solutions one finds in fact that the compositeness crite-

rion for the scalars is satisfied in all these ex&rsDles.

Asymptotic freedom and scalar composites are important ingre-

dients of the "tumbling" mechanism of Haby,Dinopoulos ajal Juss-

kind (5) .According to this scheme, the scalar bound states res-

ponsible for the symmetry breaking appear in the "most attrac-

tive channel"/^.A.0./defined as the channel in which the inte-

raction of fundamental fermions is the strongest.2here is no

obvious connection between the tumbling mechanism and the ei-

genvalue-tyoe solutions: in fact one can argue thct the szs.lc-.r

bound states in the tuablina; scheme can be totally disregarded

at snail üista.-ces due to the behaviour of fora factors,so ti.c.t

they do not affect the asymptotic freedom.Nevertheless it is

of interest to fina out whether it is -oossible to c instruct

the asymptotically free ei^envalue-tyne solutions v?ith scalar

fields in I.I.A.J. and in particular to check the comsositeness

criterion for the scalars.

Let the sau^e field be SU(N) and the fernion content involve

N-4 left-handed fermions in the fundamental representation tl],

and one left-handed fermion field in the representation 12].. .

The most attractive channel is -111-. ' fro™ -111 xl2] where
i i< i

f = 1 ... l<-4 is the "flavour" index.Assume that there is «.

scalar field H with these quantum numbers.The resultins mo.'.si

has one Yukawa coupling h and two cjuartic couplings \¡_ , 7^.^

which differ by their flavour structure.Sr&phieally
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H H H H H

H H H H

K - ̂ l ^2,

where wavy lines carry the flavour.

ihe /lowest order/ renonnalization jroup equations for the

gauge coupling Q and the Yukawa coupling K are:

( t=

Inserting h = K q f-nd assuming K =const

r-t

z
The equations for ^^ and ^2. C£1-̂  *oe similarly converte

into the algebraic ecuations for Tvĵ  , ̂ j / ^ t " ̂ L $ £ /

1-or larTe I* ther tal-;e the fors

2N ̂ 2+ G ^ ^ * J N ^ - f

A consistent assumption is th^t ^ - > 0 ,

The resulting solution for large K is

,
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-I
There is no solution for small 2í /in particular for ^=5/.

The obvious conclusion is that the existence of eigenvalue-type

solutions is not a general feature of the nost attractive chan-
rl

nel.

Other results for large H are: the conpositeness criterion

is not satisfied; the symmetry breaking nattern is JU(iO-» 3ü(4)
r tiie due to the * a domination at large K.

-<e conclude that it is possible to find the eigenvalue-tyoe

asymptotically free solutions with fundamental scalr.rs in I-AC

although this is not always the case.The violation cf the Z=0

compositeness criterion must be noted.

ACÍJÍO'ÍL33>J3II1£:¡<T3:I a:a grateful to Prof.S.Pokorski for interest

in this work ar.d -any discussions.
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PERTURBATIVE QCD BEYOND "CLASSICAL" PROBLEMS 7

J. Kalinowski*, A. Para and S. Pokorski*

Department of Physics, Warsaw University, Poland

ffbstcact;

We review two topics: $fy present status and prospects in

studying gluon properties, -Qf^eVent structure in the hadronic

final states. . r ^\

f

Presented by J. Kalinowski

* Supported in part by U.S.-Poland Joint Board Grant JF 7FO53P.
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In troduc t ion

cts in

hadronlc

.• 7FO53P.

list of reactions in which hard processes are studied

by now experimentally and theoretically is quite impressive:

-3> JL' -*» U -9 At A"

* • " * * " ?*•

v " r o

Usually, for eacn process a nuuiber of physical questions is

considered. In general, quantum chromodynamics /applied vitii

an implicit parton model like assumption/ makes many distinct,

non-trivial predictions. A guide to them, on a qualitative le-

vel at least, is provided by the first order/leading logarithm

approximation and in many cases striking support from experi-

ment has been found. Recent developments are mainly characteri-

zed by an attempt to control higher order corrections.

Such problems as s-

a/ next to leading order corrections

b/ renormal ization scheme dependence

c/ power corrections

have been vigorously studied and reviewed fil, with particular

emphasize on the deep inelastic lh scattering and the e e an-

nihilation into hadrons. We shall not discuss again those points

here.

l>'e review problems study of which is less advanced than

those "classical", ones, mainly because they are more complex,

ke 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 (¿CD.

The problems v.e review have been studied in the leading

order Í^GÜ. Higher order corrections are not known systematical-

ly if at all. It is the next important step to complete their

calculation for all processes accesible experimentally. Actual-

ly some work along those lines is in progress v J. Nevertheless

since several striking qualitative effects are expected it is

v»orthvile to look for them at the forthcoming generation of

accelera tors.

in view of the pp collider starting 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

whicn mediate the interaction between quarks.-The most direct

lii.nts are the following:

a/ -^ oí the proton momentum is carried by neutral partons

o/ ^-jot events have oeen observed in the e e annihilation

into hadrons with the cross section compatible vit¡¡ the XC¿)

expectations.

c.' 3-jet structure is seen in the deep inelastic le;-ton-h£idron

scattering.

d/ the structure of the final state in the *]f decay resembles

a 3-jet 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 aud it will be reviewed in the following.



¿10

1¿CD.

ding

atical-

their

Actual-

rtheless

it is

II Of

hadro-

ílie lep-

uanta

d ircct

ns

c ion

i-hadron

-sembles

ro for the

tence of

for

11owins»

The question of the gluon self-couplinc, perhaps the most impor-

tant one for tCL;, is not yet estaolisned experimentally. An

indirect indication for its existence would uc a logarithmic

decrease of the effective tis vith Q when es,tauiishod expfi-

rimentally. Present data for the deep inelastic lh scatiorin,;

and the e e~ annihilation into hadrons do not lead to any firm

conclusion in that respect. Observation of more direct effects

of the gluon self-coupling is also possible in principle and

proposals and prospects for that will be summarized.

Spin of ;^luons. ijluon being a gaujje úoson should have .spin 1 .

As free rjJuons cannot be observed - tiieir spin has to T O measu-

red ii>direetly. If tuc three-jet events are indeed due T O harti

gluon brelr.iistrnliiung - their angular dis tribu: ion is. t,ensiti\e

to the spiíi oí' tiie emitted ooject. Suci. an analysis iias boeji

performed uy several s r o uPS at PiüTííA ^JjSj^i?!) ail consistent

with the vcotor ratlier than scalar ghions. As an exa::ipLe Fi î . 1

shows the distribution of the Lllis-Karliner [i(] angl <» 9 bet-

ween the direction of the most energetic jet and the line oi'

t'liyíit of the renjaininfr two jets in tneir C.ii, which cieorl}

favours spin 4 tjluou. Anotlier sinple test is pro\ided o-\ tiu-

Perkins log-lo-j plot of moments of the non—sinjjlet structure

functions measured in the deep inelastic seattoriii;?. Kocor.t

analysis [,8\ of the CDiiS data excludes scalar gluons by severa]

standard deviations /Fig. 2/'. Joluison and ¿u-ki Tuns { WJ ha\e

proposed still another test, vhich can be performed in the

Drell-Yan process at hif*h p A . That test remains to be per-

formed but it seems that already now there is pood 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/andVthe gluon fragmentation function, due to the process

of Fig. 3b. «qualitatively /and on the IX level/, one expects

/a/ /b/

. 3

1 2

¡narked difference between the <i ©volution of the gluon and

the quark /Fig. 3a/ structure and fragmentation functions due

to different group factors at respective vertices /Cp. = — ver-

sus C¿. ~ 3/» As a result gluons dissipate their energy BIUCÍ;

nore efficiently than quarks and at large n" both discussed
funtions should be softer for g-luons then for quarks, hip.'i

order corrections usually tend to diuinish /to an extent depen

ding- on the kinematical range studied/ tiie strong difference

between quark and /jluon 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

observing strong qualitative effect.

The gluon structure function can be inferred from the c¿

dependence of the singlet structure function F¿ Oc,Qy via

the Altarelli-Parisi equation:

ro
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Gluons aré responsible for the difference between the observed

scaling violation and the contribution of the gluon brcnstran-

lung to it /Fig.V» Kecent analysis of the CDKS data [io] shovs

that

jon and
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t. = — vcr-
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, fí y via

Xn that analysis the second order t¿CD corrections and target

ctass corrections are included. The existing data do not yet
2

allow to get the U. dependence of the gluon density distribu-

tion to compare it with the quark one.

The gluon structure functions can be also studied in ti>e

hadronic collisions. A clean reaction is pp -• Jf" with larpe

p ^ photons, ihe expectea dominant dynamics is sno'.<n in r'ig.ja.

/contribution of process /5b/ is small and can be neglected

in the first approximation 1̂1J/.A comparison of the direct photon

s

/V

production in pp and pp collisions can give us the difference

between the quark and the gluon structure functions.

j.n toe pp case uoth processes of Fig.*5 contriDu.te but They pouta-

iate different regions in phase space, so they can be studied

separately.• -

•J (TO
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ISxperi.nentally, a systematic progress in studying that reaction

is observed {i2j .

Another interesting process which draws recently some atten-

tion (_13,1̂ 3 *s PPCP) "** Í Y > w n e r e t w o if'* are the only

particles with large p . The Horn contribution is that of

Fig. 6a. ilowever it has been argued [i^J

3

1

/a/ /b/ /c/

fin. 6

that the higher order diagram <lf Fig". 6b may be as important

as that of Fig- 6a /at least in some regions of pii&se s¡>aco/

Decause of the large number of gluons in tlie vi-oton. .\'otice

that diar-ji'ams such as one in Fig. 6c do not contribute to the

reaction considered sincr they give lar;;p p^ dadrons in addi-

tion to two large p t y's . Experimental study of t!:e two

prompt V production has noc been started yet.

Fragmentation function /gluon jets/. The cleanest reactions for

studying jluon jets would be heavy onia decays. Unfortunately,

I
for that we need toponium, which may be seen only at UBi-1. (lluon

jets can be also studied in principle in the e e~—> jets and

in the lh -̂ > jets, here we encounter, however, identification

and statistics problems and the prospects are not good,either;

/soiae Off--ort ia this direction is reported in ref. ̂ 15, 1ó, 17}/.

Ve believe,in the nearest future,the important source of infor-

mation about gluons will be hadronic collisions.Their hi/»h com-
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of infor-

hi/*h com-

plexity is balanced by the presence of gluons in the initial

state.

Let us consider

a/ pp -*> )f b/ pp — * large px lepton pair

c/ pp(p) -* large p t jets /hadrons/ d/ JCJ>Cp)-9 2 larce p^ jets

with respective dominant subprocesses /neglecting -4««, contri-

bution/

b / a n d

ao

* 2 par tons and

2 partons

par tons and

/ f inal stato yf.rtons are dominantly the same as the in i t i a l ones/,

The complication for the gluon jet study in those reactions is

that both quark and ¿yluor jets are present, ¡lovever situation

is not hopoless because the difference between the quark and "H»e

gluon structure functions often allows to disentangle different

subprocesses. For example for large pj. hadron production there

arc two interesting experimental situations:

a/ "jet" trieger at large /~90°/ angles £iS] ;

b/ large Uj. single particle trigger at small / £ . 45 / angles

In the first case one expects very good separation of gluon

and quark jets as a function of C*-»-/¿í,t • A single particle

trigger at ft 90 is less useful because i/t selects mostly

quark jets.
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The situation is different at smali angles. /Similar considera-

tions apply also to reactions /a/ and /b//. Consider two confi-

gurations of Fig. 7 /seen in the pp£p ) center of mass/.

c/e*

/a/ /W

I'iff. 7

At sufficiently large p A , only qq(jj ) scattering contributes

in case a/ and qq(<j) scattering in case b/ / 4 J. scattering is

very strongly suppressed in both cases/. The difference untweon

qq and «̂  a, scattering stems from the fact that tiic initial

momentum distributions are otj average symmetric and strongly

asyiinaotrie, respectively, in conclusion, one expects away jets

to be mainly quur¿¿. jets in confijjuration 7n and »lurn .jft.s in

case 7>J. Some evidence for two different tv.>es of jots in con-

figuration a/ and b/, studied at tno xStt, nas been reported lit

tliis conference [20J.

Z. ¿vent structure

vie shall discuss now some of the "infrared sensitive" pro-

cesses in which one "counts" soft fjluons. The first example is

provided by the average luultipJicity of qq pairs /with an inva-

riant mass A~/ in the e e~ annihilation into hadrons. fhe asyin-
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5. The asyin-

ptotic result /in the loading double logarithm approximation/

reads [21} :

K*>£)* 00

2 2
The .'1 dependence factorías* out and the Q dependence is faster

o

then any power of log and slower than any power of i,*". The in-

frared cut-off .-1 can be interpreted either as a mass of a heavy

quark /then the prediction is for tne heavy flavour production

in e e only/ or as an inverse of the confinement region size

/for the ¿wdron production in general/. Due to the factorî Eitiori
2 2

mentioned the actual value of .'•! is irrelevant for the .; depen-

dence of the average multiplicity. The data for the charged i:ad-

ron multiplicity in the e e~ annihilation [2?.} are well described

by (_2 )j out a fit A+JJUoó^-r C l«lQ is equally ~ood. ¡aster

than lotj-.iri.tiuuic multiplicity rise is related to the stronger

thai; — singularity at x=0. ¿JO violation of the Feynnan scaling

for tuo dC/clu distribution is predicted from (CD.

Mon-loadin,? corrections to (_Z) are of interest. Jet calcu-

lus technique, recently extended ^23} ueyond the leading log

approximation can be used to calculate those corrections.

Jet calculus and .ionte-Carlo approach can be also used to

study the event structure in ¡nore detail. In particular, tne

dispersion or the multiplicity distribution can oe calculated.

Compilation of the recent data for the e+e~ annihilation is

shown in Fig. S . The linear /Wrójlewski's/ law is observed:

1) = 0.35¿ñ » whereas the l̂ CD result /¡-ionte Carlo approach [2iJ/

is 11=0.31 ív . It is also interesting to notice that the enipiri-

cal law is universal for the hadron production in the e e

1



annihilation, v»p deep inelastic and pp annihilation /Pig. 8/.

Data for pp total inelastic exhibit also the linear D versus iv

dependence but with different slope. However the empirical uni-

versality is restored, if the diffractive component is subtrac-

ted from pp data £25j, Fig. 9. This is suggestivs of a universal

dynamics for the formation of the final state, líithin the under-

lying perturbative l)CD framework [26]. Such speculations can be

tested at the pp collider.

The perturbative QCD prediction*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 hadronization process. This is indeed the

cnse for the two approaches fa» the hadronization process proposed

so far £27,28].

Summary

There is some, but slow, progress in studying gluon proper-

ties. In particular the existence of the gluon self-coupling is

far from being settled. On the theoretical side, the calculations

of the next to leading corrections have to be completed for all

reactions accessible experimentally. And independently, an ex-

perimental searcli for clear qualitative effects is of great

importance. One may hope that pp collider at Cern will offer new

possibilities in this respect.

QCD malíes several predictions for the structure of the final

states. They are qualitatively different from those based on

the Feynraa» /scaling/ picture and therefore interesting. Existing

data give tliem some support but higher energies are necessary

for clear tests.
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Figure Caption

, 365

iiys. 1Í155
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/'I 980/

s . iJ 1 M ,

Taylor,

nnihiliit ion.

kr jets,

í\Lg.1. Bllis-Karliner test for the gluon spin.

Fig. 2. .Log-Log plot of moments of the non-singlet struc-

ture function /CDHS data 1,8 J / compared with theo-

retical predictions for vector and scalar gluons.

Fig.3. See the text.

Fig.U. Separate contribution of the two terms present in

the Altarelli-Parisi equation (i) to the observed

scaling violation in the singlet structure function.

Fig.5. See the text.

Kig.ó. See the text.

Fi<j.~« 5er? tiie text.

Fig.S. u& i.a for the dispersion of the multiplicity dJstriT

butiou versus the average multiplicity for the e o

anniiiilation into iiaürons, Vp deep inelastic r.nd

;>p anniiiilation. Liiiear fit to the pp data also

shown.

Fig.9. Dispersion of the multiplicity distribution versus

tiie average multiplicity. "Jata" points have been

obtained by subtracting tiie djffraetive contribu-

tion from the total pp and Jfp inelastic scatte-

ring [̂ 5r Comparison with a fit to e e , $\>

and pp data sugests universal -ü(*¡) dependence.
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PHYSTCS AT THE pp COLLIDER

B.. Huoipert

CERN, Gen«va, Switzer land

(Presented by J .S trauss )

ABSSB4ST,

The pp col l ider at the CE?1T~3FS irtll soon be

ready for experimentation up to 540 GeV center-of-mass

energy. Aiming at an evaluation of the physics in t h i s

new energy range we assemble significant r e su l t s from pr«sent

accelerators and from cosmic-ray analyses together jiith the

theore t ica l in te rpre ta t ions . Their extrapolation to

col l ider energies leads to a wealth of predict ions which

await to be t e s t ed .

*also at s Swiss Federal I n s t i t u t e of Technology,
Laboratory of High Energy Physics
CH-5234 VILLIGEN
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1» Introduction

The proton-antiproton (pp) collider at the CERII SPS ' will soon he

operational. The systematic exploration of a new energy range up to

540 GeV center-of-mass «nergy will subsequently begin by several
2)

detector systems . We therefore aim to form an opinion about the

physics to come as based on our present-day knowledge.Our main sources

of information are j observations from cosmic-ray experiments, extrapolation

of results from existing accelerators,present theory framework of strong

and electro-weak interactions supplemented by pher.omenological models •}~-)'.

Clarification about the Centauro events is expected and the

possibility to find surprising new phenomena is again open . The large-p.
"C

inclusive reactions , with jets of up to 100 GeV/e transverse momentum ,

will test the dynamical consequences of perturbative iCD j signatures of

glueballs are anticipated. The low—p inclusive data are described by

several phenomenological models which, at collider energies, differ in

their predictions for the central plateau height and the mean multiplicity.

The rise of the total cross section and the characteristics of the (quasi)

elastic reactions will hopefully provide a better understanding of

diffraction .One of the main motivations for constructing the pp collider

is the production of the weal: bosons W and Z with the leptor.ic decay

modes considered best for their detection. Weak interaction modelling,

and the SU-xU. model in particular,predict their masses around 100 3eV.

If they indeed are found,present'weak interaction theory will be

certified and possibly further constrained. Two other fundamental

features aicait to be verified: the non-abelian nature of weak gauge

theories via the coupling of three gauge bosons, and the Higgs-or

technicolor particles which generate the gauge boson (and quark) masses.

The processes for their verification have a low cross section and

experiments with a very high statistics are needed. The current studies

of the Drell-Yan process and the production of direct photons,

continued in the pp energy region, will test present theoretical concepts

at higher energies and provide more detailed information on the constituent
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from
in particular at low x values . More massive <iuarks are

have
ex?i oted manifesting themselves by new hidden-flavor states (onia) in • j-n

be cc
the lepton-pair spectrum, and by the associated production of new

CERT)
open-flavor states. Once they are found,present phenomenological QCD QK

o

analyses can again be applied. There are two principle thenes in this : i s

presentation which are repeatedly encountered : perturbative QCD ~'~

and electro-weak gauge theory . "

The paper is organized as follows; Section 2 assembles the main results " result

from cosmic-ray experimentation, and introduces the Centam-o events . c " ; s

The ID?./'F?T.iI; data characteristics of the large-p inclusive processes f r o : T 1 - , s

are presented in Section 3 together with an overview about the theory- °~ "~ ;ory-

analyses and -predictions. Section 4 covers the rapidly developing error _

experimental and phenotnenolo-ical understanding of the s.7¡all-p+ reactions. ~"° T -ictions

Details of the '.¡~ and Z boson detection , and possible subs riuent i-rg~.

analyses , are discussed in section 5 • 3oction 6 touches ma-sive - * ? "

lepton-p?-ir production,the discover;,- of hidden- and/or o?<?r.-flavor " ?

ciates, and the production of prompt photons. ?o establish olear acti•-

s i^atures for -Iiggs- or technicolor- particles "ri.ll be difficult ) in -íjTn- ^

thi:; J I ISS of rare processes,discussed in Section 7 ,fi~jrcs also tho " •'" "" -•,„

'-. ¿r-j.".i.c production of ^au-e-boson pairs sio'.-. as '.r.l , '.^jf . Section ? ~Te '" ection ?

zx~: . ' .ri-s; thi= study . k

t -a t ..
2. ••.:-•."_ ,-3 fron Cosr.ic r.ay Sxperiaents

CDC~ÍO ray arcpori.Ticnts have already provi 'oú r.o~o ir.farr.ation arout „ _v0.,^

part icle int•z-':ctLoi-.r, "jcyond prossiitly availr.clo accelerator sr.er.Tif?":, J.. . -^^-.

decpits ths pro-'lerr! of lo;-.- flux. The research >..:c ncinly \-i motivated 1 ^ . . c ¿

b- th? f-jjidar.sr.tal .actro?h;'cical "uostion of origin,acceloration ar.i _i) .^

propr.jition of cookie rays. ;ith the advent of the now -er.er~.ti3n of . 1 , 0,-

collidins bean: machines at C"?L?7 and Î ;AL hadronic interactions at

several hundred Te7 will be abundantly Droduced urA their s""ster::atic
can r

ot-idy should clarify the ¿jsneral features of particle production

sufficiently ,so that further progress can be T.s.de in the indirect

deterniination of the pri.r.ary cos.-aic ray corapoaition around 1000 TeV
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from air sliosíer measurements. On the other hand,hints for new phenomena

have emerged from cosmic ray studies at very high energies which night

be confirmed and their characteristics subssquently analysed by the

CER1T-3PS pp collider.

2,1 General Features of Hadronic Events A"bove 10 TeV .

Multiplicities and rapidity densities for charged secondaries hr-ve

been reported at 20 TeV which corresponds to a total C.K. energy of about

200 GeV • The average multiplicity measured in tT«o experiments is fo-x-.d
j

to be 19 ± 5 a n ¿ 25 ± 7 respectively • A logarithmic extrapolation
9)

fron accelerator data yields 18 ± 1 .¿he data may indicate an increase

l/4
of the charge multiplicity proportional to s . The l-.rge statistical

errors and s-.rcte:::atic uncertainties however forbid any pre.-K.ture conclusion.

The rapidity density at x=0 is reported to be 3«9 ± O.o . T>.ic value is

larger than that obtained at the 1SR. The 13R values ranje frori \,¿ to

1.0 in ihf rM;e 23.6 CieV < 5 1 / 2< £2.3 C-eV "'.

Becaise confio ray experincnts cannot precisely determine the ir.ttr-

action enet*TÍOS event by event ,it is not possible to aafce a very
7).

cignificant test of hadronio scaling. Analyses of results at 20 ~»V ''
3 10)

r.r.d of air nho-.-or nicasurenents up to 10" TeV indicate that the data

are not consistent with scaling in the fragmentation region .

k recent study of hadronie interactions around 50 TeV has show,

t'-.at raany of their features can be understood in terms of conventional

ideas extrapolated from accelerator energies .The inclusion of a l-.rge

fraction of hard scattering is needed to describe the large p^ characteristics:

and the increasing rraltiplicity.The falling enere- "pectru.-r; ';r.i t'r.e

fixed threshold in the experiments, however, favor selection of hi~h-

mltiplicity events.

?ho analysis of only 1000 events , generated b," the pp collider,

vri.ll ruffice to cettle most of the mentioned ite.T.s at the era. energy of

540 GeV which corresponds to a lab-energy of about 150 TeV .The events

can be collected within a few minutes.



431

2.2 jlew Long-Lived Heavy Objects

The presence of new long-lived ('Jf>10~ s) heavy objects is suggested

by experiments that study simultaneously the distriration of energies

and delay times of hadrons near air-shov/er cores , Several events

were observed with delays greater than 30 nsec and energies greater

than about 45 GeFj these events constitute a fraction of about 3*10

of the events , and could indicate the production of relatively stable

partióles with mass %, 5 OeV/c . Such massive stable particles could be

seen with a time—of—flight system which provides sub—nanosecond

resolution over a path length of about 3 m •

2.3 Anomalous Hadron Attenuation

Results reported from the very large calorimeter at Tien Shan ' show

that the attentuation length of hadrons in lead increases significantly

around 50-100 Tetf . Above 100 TeV most of the events are air shower cores.

At lower energies a significant subset of events are unaccompanied hadrons

interacting in the calorimeter. Because of the small ratio of radiation

length to nuclear mean free path (l/30) the incident electromagnetic

component is in equilibrium with the hadronic core, and the rate of

energy deposited is characterized by the nuclear absorption length.

In a normal cascade, energy deposition in the calorimeter is expected

to be dominated by pions . The corresponding attenuation length is
2calculated to be r>» 700 g/cn . This is the value found experimentally

up. to about 50 TaV . Above 100 7eV,however,the attenuation length in
p

about 1100 s/'cra .

Such on effect could be due to copious production of unstable pnriicles

(including leptons) if by chance they had decay modes and life times

appropriate to the calorimeter.further studies of the calorimeter would,

however* be useful to eliminate the possibility of energy dependent biases.

Although the pp collider will surpass the 100 TeV threshold,it is not

a priori' clear how the anomalous hadron attenuation will manifest itself.

The used calorimeters do not widely differ from the Tien Shan set up,

but the latter operates in the laboratory frame while pp collisions

will
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will be observed in their eenter-»f-:nass frame.The fact that the

production of the new component has to be exceptionally copious will

probably be the best experimental clue .

2.4 Hadron-to-Photon Ratios in Events Around 500 TeV.

The large ratio between hadron and photon energies in the original
14)

Centauro events ' continues to defy a conventional interpretatioa.The

primary interaction responsible for the event happened to be close

enough to the emulsion chamber so that i t s height could be estimated by

triangulation. Because of the lack of photons incident from the atmosphere,

i t happens that at most one If was produced in the atmospheric inter-

action which produced at least 49 hadrons . Correcting for hadrons not

interacting in the chamber ,one estimates 74 hadrons were produced in

the original interaction.Keeping in Bind that only the electronanietic

portion of h--.dronie interactions in the chamber is seen, the interaction

energy is estimated to be soiaewhat greater than 500 TcV.

A rc-eent ar^i'-sis of the data on atmospheric interactions of 100—1000 To 7

cosmic rays su~.-ests that there could inieed exist a larger group of

anomalous events with very l i t t l e energy in secondary pions . The

group comprises two of the five Centauro events fron the Brazil-Japan

experiment and three mini-Centauros, including one event fron the Panir

experiment .At least 5i of the events around 1000 TeV appear to be anonalous.

The fraction coulc! be much higher,since Centauro interactions high in

the atmosphere would probably be obscured by subsequent atnospheric

cascading .

Two classes of explanations for Centauro events can be imagined:

(a) those involving ar.otic cosmic projectiles such as exploding blobs

of ultra-dense matter yüietastable high-strangness states , or

condensed nuclei " , and (b) those involving a new kind of interaction

of ordinary- hadrons beyond some threshold energy. Assuming that

explanation (b) is the one to hold, Centauros could be produced at

the pp collider and were seen by the detect.ors ,if their production

threshold is not too sharp and below the energy range of the machine.
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Their discovery would pose uncomfortable problema since a point-like

production mechanism can already he excluded. The fluí of high energy

quarks carrying a fraction of the primary cosmic ray energy does not

suffice *,o explain the observed number of relativistic heavy Centauro-
19)

fireballs ,and the absence of neutral 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 •

1

3. Large-p Physics

Hadron production at large p, is considered to probe hadronic short-

range interactions.The point—like constituents undergo hard scattering

processes and subsequently fra.^aent into jets of hadrons. Perturbative

?t.?D predicts the jet and the particle cross sections,with scale der>er.dent

.7.orcr.tu.Ti and fragmentation distributions being used.

3.1 QCP Predictions 2 C '

Characteristic features are ; (l) the jot cross section depends or. the

pr-rton .-aoraeiitusj distributions and the differential cross section of the

periurb-tive subprocesses between cuarks nsd/or ¿IVLOV.S, (2) i t fixed pA

the crocs section increasos with energy, (2) since SO,".» of the hadron

.T-oneatca ir. carried by gluons at low I . ,their influer.ee ¿rrovs c-'y-

st-r.tially at hi./her snerjy, {¿) dus to the proiuctior. of rrcsc=tr"'.-lung

^luono (vjhich becon:2S r.ore inport.s.nt T-rith ^rován- cnerry) s. sirple scale

"or'ea:;ir.,~ pattern enerves at fi?:ed c.n.-an.~le, (5) -"t fixed p+ the sinrle

hadron yield is 2-3 orders of magnitude below the ¿et yieldj details

depond on the steepness of the p. speetruni of the ;et, ana on the

frar-ientation function, (6) the two-jet events are csfilar.ar, ?nd co ere

their loading1 herons} at higher energies the coplanarity is spoilt

by nultijet production, (7) the ferrd motion of the nartons nanifects

itself in the primordial transverse noaentur., (9) gluor. jets are

different from £uark je t s . Oluon jet characteristics are : hi ^icr srjlti-

plieity due to the larger color charge, a soft hadron spectrum and the
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absence of leading fragments,the overall compensation of its ou

numbers, and a growing jet cone <iith increasing jet k+ .Quark jets

have a smaller jet cone and a lower multiplicity, and their non-
21)

vanishing «charge retention1 ' reflects in the raean the quark charge»

quark jets are occasionally accompanied "by a gluon jet.

Although this picture is well defined, approximations are needed in .

practical applications. The comparison between theory and ezperiner.t

suffers from ambiguities due to the problems : higher order SCI correction
04)

uncertainties in the partoc distributions , nuclear and multiple

scattering corrections ,higher twist effects ~ ,lar£:e primordial

transverse momenta ; .

2S)
3.2 Fxperirnental features at ?3kL and I3R -.r.ergieg '

The typical configuration involves two jets at vide angles, and the

sraall-p forward ar.d baciivard spectator jets.One of the vide angle jets

is associated with the jet trigger particle (to-.:ards-jet),ar.c the other

with the recoiling constituent (away-jet) .

"(l) Jets involve a "burst of neutral raid charged hadrons (mostly rionr)

:ji:ich are isotropically distributed around the jet axis. Thí r.czn

rrjiltiplieity of the charged jet-fra^sents increases fro.-a 4 to 12 in

the flT range 5-25 GeV of the two wide an£le jetr.. The positive-to-

ncgative charge ratir- increases v:ith the ao.-3entu.Ti fraction s in pp

collisions. Among the leadinr jet fraTnents pairs of opijocite charge are

favored. The near, tranrverse ¡aosentus: with respect to the ¿et-r.xis

is ^ 1 ; ^ W O.55 OeV/c . -Jet fraTr¡entation reveals approximately scaling.

The s-cistricutions are well described by an exponential fora with the

elope as in e+e" annihilation . Identification of the frluon jet in the

e+e~ planar three-jet events have sofar been possible on a rtatistical

basis or.ly, and no dramatic differences between gluor. ana t̂ unrk jets

h^ve yet been observed ' .

(2) The jet cross section at fixed p is typically two to three orders

of magnitude above the single particle cross section, and their ratio

increases with increasing x. (» 2p /is) . Jet pionisation dissipates about

1 GeV in mass and transverse notion to* slov moving particles /which

.23)
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introduces an uncertainty in its actual yield of up to an order of

magnitude* Pions and kaons are more efficient producers of high-p,

jets than protons, with R( vfa?) ftí R( P/K ) decreasing from 1.5

to 0.5 as p. (Á 6 GeV/e) grows. Jets from pions are emitted more

forward since their constituents take a larger raonentura. fraction. The

density of opposite spectator fragments (all with. p. r>» 100 MeV/c)

decreases with growing transverse momentum of the trigger jet.

(3) IJhenever, triggering on a large p. particle one is likely to select

a particular and rare configuration» the characteristics of the tovards-

jet are severely distorted and the production oross section is greatly

reduced.

The high-p event structure is compared to a normal inelastic event

via the ratio dn,/dn. (1^) . dn . (IT) represents the average number of
t 1 *t re-

partióles per event emitted in some phase space direction' pi..'p+dp* in

a high-p (t) or normal inslastic (i) event. One notices :(a) around

the trigger direction the ratio enhances,(b) in the opposite direction

the enhancenent is even stronger and "broader,(c) at fixed asimuthal angle

ff'the ratio decreases with growing yj a sizable value of the ratio is

li!nit_ed to I7I- 41 ( m) near the towards (at?ay-) direction, (d) the

large ratio on the avay-oide Í3 due to a substantially higher overall

multiplicity w-hich follows froa the trigger-Mas effect.

T'ost of the jet noaentua is absorbed by a single ?T.rticle with less than

10 j left to the acconpf.nying secondaries.The associated raorr.entua,

originating,to a large fraction 25—50^ from prominent TisoT.r-aces, grovs

noderately -.iith increasing p, .

' The number of negative (positive) associates is bi/̂ rer in a tovrards-

sitle jet, triggered "by a íí+,than 9t~ (if" than V *) . This conpensation

becomes more pronounced as the transverse aomentusi of the associates •

increases, iñth little dependence, however, on the p. of the. trigger

pion. The charge- conpensatjon effect for the a'.:ay-side secondaries is

smaller and tends to die away as their transverse momentum increases.

There is essentially no correlation between the charge of the high-p^

trigger particle and the charge of the highest p. particle on the awa-r-cide.
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Within the away—side system i t s e l f one finds strong charge compensation

similar to the towards-side system. The charge correlations for the

trigger particles K*fp,p are similar.

The particle ratios p/*? + , p/tf~ ,K~/K~ r ise with increasing x. and

f a l l off again beyond 0.2j the ratio K + /* + however level» off. The large-p+

1C / X ratio i s practically p. independent in V~ p col l is ions and

seems to rule out the CIM mechanism a ' j i t increases in pp- (remains

*+l in pn- ) col l is ions as expected, from hard scattering models .

(4) The simultaneous production of two iñde-angle jets .preferentially

in an azimuthal 'back-to-hack configuration,was experimentally verified.

The (away-side) particle density reveals a characteristic maximum around

the rapidity y bf the away-side trigger ,where y determines i t s angle

vdth respect to the heam axis . The momentum component out of the

trigger plane c i v e s a clue on the primordial k. and on the non-planer
X

gluons . Per-turbr.tive iCB predicts ^P ^ to increase viith p. and a
OUT »

vjhich is ohoerved for the unbiased away-jet.The transverse momentum

imbalance "oet:;eeri the tiro vide angle ¿ets is roughly gaussian t-dth a

width of ahout 2.4 GeV . The production of symmetric pion pairs is

considered to be a clean test' of perturbative 3C3, and the data are in

agreement :ri,th the predictions .
(5) The inclusive V* distribution at 90° and p < 6 GeV/c is

proportional to n=8,m«10.6 . As p. further increasesx
the p. exponent approaches n 91 4 at larger x ( > 0.3) ,the value predicted

30)by the counting rules . Measurements at angles off the cer.tral

region reveal "radial scaling" . The angular dependence is accounted for

bv rct>lacir.£ x. by x_ » (x7 + xT)"' • Data in the lower p.—range
. t H t Jj X

indicate for the inclusive production of K* , p n=S, and for p n=12 .

(6) 3one of the experimental results are not fully understood . The

observed proton yield is an order of magnitude above <CD estimates. The

z-distribution of the avray-side V°'s ,triggered by a laxge-p. 1^°,

shovra a departure froía the exponential shape at low z values . The
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intrinsic transverse raoaentum of the colliding partons makes the

observed p^ dependence steeper * phenomenologi'eal analyses hint at a

value of 1 GeV/e which, is far aTjove the .primordial transverse momentum

33 determined in other processes.

3.3 (Theory Analyses

The production of large—p hadrona/jets is calculated in the franework
\ t

of perturbative '}CD. The hard-scattering process is described by the

parton cross section using É5CIt.?ayr-aan-rttles.Gluon ¿avise invariance is
in the Feynnan gauge maintained vis the ghost graphsj the axial gauge,

V)as em alternative,loads to tnore complicated intern3diary expressions • .

The soft-gluon radiation causes via-its renoxraalisation group summation

Vie scale dependence in the noaenture dictrilnitions and gives rise to

the rawing coupling constant in front of the parton cross sections.

r.czrl:; all ph^noaeiiological s,nalycss -J.SG the laaling-lor p-ranctrisations
2¿r<)

froTa dee?-inelastic scattering1 v:hsre theii* noivnaliz-'-tion i.-, fixed.

Present l~r.re-p+ phsno-enolosir (in the 13H er.erg;- ran-e) is to c large
2

extent "based on ilie <ii,ag and gg initinted oriar-c ^raihn -..-here'by tho

~l"¿3.i initiated ?rocaB3as contribute a fr^ctian

.'is;.':.:p-":otic."ll7 each sufcprocoss real33 =.s pj . Tor p̂  j¿ 3 Hc'.'/c the

sir.irle p^riicle crocs sectian however f~lls off f-.stcr ¿uc to the icale

'lopcidence ir. the running ooupling constant -r.d in th« T.omoi.-tMn

distributions» For P+Sí --2 "eV/c the loninant zvCbprocess is ic~

cca.tti.ring :.*i*h non—r.ogli •i'-sle gg and ig contrilrationsi In the inter—

r.3-ii!\t2 p.-region the z~ zni s¡; contri"ou.tions arc rcspo.-.-i'ble- for the

correct sr-oss aaction sis-3 s,nd fall-off, -..hereas a; l~rg» p^-val-aes i<i—

scattering cocones predoninrint. The ju'opro'csss ¡j.il~"*!ii 1 -~~^*il can

for all p.-vsl-jres imore:1.. Par p. 3(k 4*5 5eV/e She ¿ata s.re -;?ell

described v.'hereas for smaller px-valuos the predictions nre too lo;?.

In the a'sove siTinle picture thera are several particularities •which

we no:/ consider s
o

(l)The fraedoa to choose the dynaaical emansion variable ^"=-! or

2 stt/(3 +t +ü"),follo-Jinj froa the aahiguity in -aaso factorisaüon,-

influences the cross section size. S,t,3 are the Mandslstaa var

or
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of the 2 -*2 subprocesses. The second choice leads to smaller 5

and a larger eros3 section ', '.

(2) The introduction of an intrinsic transverse momentum ( "k.-smearing" )

lifts the cross section substantially in the p 4 ¿ 4 GeV/c region and

generates a steeper decrease. Pits with values <k>«»»l GeV/c,larger

than expected from other reactions, lead to qualitative agreement with

the data. This procedure is theoretically motivated by the partons

intrinsic transverse momentum due to their Fermi motion, and by their

"effective k " from the 3rensstrahl-jng of gluonsj the evaluation of the

2 -»3 subproeesses will partially account for the latter reason. It should

however "be clearly realized that "k.-smearing" serves as a cut-off for

the mass and/or infrared singular prrton cross sections, and the problems

in the description of the low-p. region still exist. The correct inclusion

of primordial ̂

l=ad to luite different results

is unknown and different prescriptions for shearing
27)

The inclusiva cross section thus decreases as for p.^ 6 GeV/c,
t-f, '_/ . t

goes over to p ( the naive p. of aq-scattering t)lus the scale

dependent o(,̂ (3~) and u(x,Q ) ) in. the intermediate region, and reaches

p ' at large p^-valucs »

(3) Hirhar-*-.:ist giechanims, contfiliuting to each parton suhprocess

p~ ,pT ,... terms (apart from the leading p~ ), might be another source

of the theory-data discrepancy bfelow v±Á 6 OeV/c . The Qonstituent-

interchr.nge-T.odel (CIM) J ranges in this class of terns. Partons do

not scatter paint-like) pairs of quarks and/or gluons from a given hz-dren

instead a-iy jointly participate in a coherent nanner in the hard-

scattering process.Their influence in large-p. reactions, in particular
X, has been estimated via the subproeesses q.g •»• Vg and qq. -» Vg

v/hich are the only 2 -»2 processes giving p. contributions to the cross
tí

section. The absolute normalization ic fixed by the pion weak decay

constant, or in terns of the piob electromagnetic form factor £.t large

V «The higiicr—twist cross section decreases less rapidly as xx •-*• 1

and there is no trigger-bias supression since the final V is produced

without the necessity of jet fragmentation . They scale as s~ ¿ná -t
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are qual i ta t ive ly important for p < 6 GeV/c and x V 0.5 . A t / T . 1 0 Ge7
* x be

the q.£ i n i t i a t ed contribution i s roughly an order of magnitude more
3.T

imnortant than the analogous q.g subprooess. An overall correction to
., th

the inclusive cross section of at least 30$ is expected •ahich grows
with increasing x. and even dominates above x. > 0.65 .In V 3 - » Hr K

•t * di

the higher-twist effects cause a charge-ratio substantially above unity.

Spin-spin asymmetries in p(t) P(t) •* V x might offer another possibility

for their detection .
The search for high-tifist effects lead recently to a special class

Mi
of high-p events which might allow for the isolation of a clean hi¿h-

twist signal. The entire energy of an incident aeson is delivered into

production of a pair of large-p. jets at wide andle excluding any final

state particles along the beam axis. At fs « ̂ 0 GeV the predictions
or

account for 3-5^ of the reported inclusive jet yield. The veto,,
•9,-iluding particles along the bea-a direction,and the simple two-body

26c) s-i" -odv
fcinematios simplify the goal .

fr
(4) The existence of the Yang-Mills three-glaon vertex has beer, denon-

313.) 2 r~~

otrated " ' through its dominance in the order 3 Z3 •>'lu ̂ obprocess _

(fig.l) . The single-particle cross section for p? -* f- + X '..-as

measured at fs*='52 OeT ..The significance of the ~,c subprooess as

comparad to sinple q.g-scattering is inferred fro.-r. the ehar~e rr.tios ir.

tho r.',:r.;r-side ¿<st ar.d between the tar~et r.nd bear, spectator ;etc

. direction (a 2f 20 ) . The- ratio of the !£ to on contributions ir at the

above conditions predicted "by ¿C3 to be ?. d 2i in qualitative -̂ recmer.t

"ith the experimental observation R?l 1 . The oninrion of the triple-

rluon vertex (fig.lc) changes "the tr«j contribution b.v .r:ore than an order .

of nagnitude,leaving HCÍ0.1 . Siffsrent choices of the so=oat and

fra^entation distributions oar. not change this insight.

(5) The leading-log phsiionienolô y of the sin-le particle ir.clurive

processes assumes that the nert-to-leadin^ corrections J , fros ^ "Ve

•t (-1*") expansion of the coefficient function ,are =r.all . Thtir ar.al;,'3is

needs conciderr.tion of all orctér-g ÍCT graphs with real cs well as _ :aJ3

virtual gluon lines, and the resulting parton cross sectior.3 snirt * *~*
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be evaluated up to the constant terms. The ultra-violet divergences

are renonnalized, and all infrared divergences are cancelled "between

the real- said virtual-gluon graphs - / 4 a ' . The regaining nass singularities

are via mass factorization •" assorted in the raosnentum and fragmentation

distributions. The resulting «( correction term of the coefficient
s

function has been determined for qq-scattering and was found to be l^rge.
2

In the present Cl -range the non-leading corrections therefore are large

and the leading-log1 approximation is without theoretics! foundation.

Might—be this problem will disappear once the bound state nature of the

quarks is taken into account* The analogous ig- and gg-parts ,;?kich sre

of prime importance at collider energies,are still missing» Vie point here

also to the problems arising from the non-cancellation of the higher

Mb)
order QC3 infrared divergences .
(6) The ttro-pc-T+icle inclusive cross section allows for correlation

" a '

1 as

"t

studies -"a'. QCD calculations at p.- 4 GeV/c ,tfs*= 53 CeY reveal the

fol-lOTrinc percentaje for the trigger-recoil constituents : q& (27'0- J

<lCr (45.Í) > <!C (ll*) t €C (17Í) • The trigger constituent is therefore no

a quark (72j6) and th« recoil constituent is" quite often a rluon (t2').

The away—side ¿rluons produce enutil number of positive and negative

hadrons. 1-ittle variation of the away-side hedron multiplicity -.:ith gro

trig-.̂ er transverse momentum should occur.

The measurement of back-to-back lar<~e-p events disposes to a large

extent of the fc.-smearing effects. Keeping the trcmoverce- nossentuss

rctio z » P.{aw)/p+(tr) fixed (/»*l) , the two-particle inclusive

P * t t

cross section increases smoothly :-ri.th growing tric^er transvorce

.-aosicattfa» The k -smearing effects,strongly felt in the sin^le-pcrticle

iíiclurivé cross, section at low-px»do not influence i ts shape oinco the

trigger "bias, favoring the initial quarks moving towords the tri/rgoi-,

is removed. Thu=,two-p=-rticle back-to-back cross sections reflect more

closely the p.-dependence of the basic subprocesses without the

additional scale-breaking due to k.-saearing . • .

The k.-cr»earins also results in a .-noísentuai component P of the
X OuX

away-side constituent out of the trigger plane. ^P ^ hoiiever is too
P

/



low and the discrepancy may be due to the 2 «• 3 constituent processes

contributing to a large P .-tail which at higher energies is more
.,201)) o«*

pronounced •
26^

The experimental tests coiifirra these insights .

(7) Analysis of the three-.jet processes based on the 2 ->3

parton cross sections (with radiative gluon graphs only) are fruit-

ful as long as the distributions differential in all three-

jet momenta are considered . However , there are-

infrared singularities which in the kinematioal region of their

dominance must be cancelled by the viriual-gluon -graphs, and there are

mass singularities whose dominance signals the onset of confinement

effects. In all 2-*»2 versus 2 -*3 comparisons their predominance is

prevented by cuts on the angle and energy-fraction, (o ,€ ) of the

Steman-ííeinberg jets and/or by restricting the kineraatical variables,

such as for instance three-jet events in the transverse plane only.

With these uncertainties in mind we summarize the nain insights
T7)

from 1CB three-jet analyses :

(i) !íith€*'0.2, dfrJ 0.25 and p,(tr)?i 2.5 GeV one finds

§"(3j)/tT(2j) i-J 20-30/J for. the qg.,ai and ag initiated parton cross

sections. The gg -*3j processes instead are much larger than the

corresponding gs ->2j contributions. There is no qualitative change at

higher energies if x and the cut-off parameters are kept fixed.

(ii) The hadron initiated 3-jet as compared to the 2-jet cross section

can "ay suitable cuts be enhanced or suppressed. Cuts on the transverse

energy and azimuthal cause a suppression factor 3-10,in addition to

(i) above. X sraall pA-cut (^ 2 Ge7/c) at fixed transverse energy

(S, «"* 10 do?) hov:ever enhances the relative importance of the 3-jet

events. Hard gluon emission is estimated to contribute a f 20.J

correction to the lowest order large-p. cross sections. At ICR er.erjies
the iTiáin contributions cone, from the q.g,q.q.

at collider energies gg -*sgg id.ll doiainate.

subprocessestv;hereas
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( i i i ) The -fcranavw thrust dls-trifattion offer» in the ISE

energy range l i t t l e hope to find signatures of 3-jet events» At

collider energies however,the gaussian tai l of the siacarad 2-jet

contributions is 1-2 orders of magnitude below the significant 3-jet

ta i l which essentially results from the ig *Hgg subprocess and i ts

anti-part J ' ' ( f ig.2) .

The P • -distribufion of * ° -5$ correlations can not "be explained

by the smeared 2-jet-contributions whereas the 3-jet curve,after

smearing has "been applied,can fit the data a ' (fig.3) •

(iv) A detailed comparison of different 2 -»3 -parton processes in

the transverse plane reveals : three-jet events depend strongly on the

particular production process» Process-dependent variations make the

predictions based on "jet-universality" questionable,in particular so

in the small-thrust region. The considerable variations viith changing

jet an~alsr radii signal large differences in the jet-widths of marks

and gluons. Perturbative three-jet configurations are typically 2-4

times more important in hadronic production than in e e annihilation.

Jets from hi~h-p+ hadronic processes are considerably broader than

• those froa c+e~ annihilation at the sane energy, and sharply defined

jet structures i-áll be much less evident.

Thus,measurable jet properties can be largely process dependent
37b)

loading to. doubts on the concept of universal luark -ind gluon jets .

I.A Jets at the Collider

?he inclusive t£° spectrum as measured at the I3R is shown in fig.4 •

The cross section i= several orders of magnitude above the naive

extrapolation of the exponential shape seen in.the sniall-p region.

Nevertheless, large-p particles are rare. Houcrhly one Vo at p̂ , « 5 Ge;r/c

is 3een in 10 interactions in a p -bin of 1 GeV and per steradian. 7he

jet-rate exceeds the single-particle rate by 2-3 orders of magnitude

(see fig.5), but i t is s t i l l small, Jurthermore any jet trigger has to

face conciderable difficulties» "Sultiplicity fluctuations into the solid
33)angle of the jet calorimeter may byfar outnumber the "true" jets .
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The situation at the pp collider may be drastically different.If the

gluons continue to sh.irs 5O;5 of. the momentum fraction.and if their .. give

distribution its proportional to A» (l-x) ,thcn their scattering will give - '-"

rise to a larga jet rate. A cross section of <"»» 2 mb is expected for

gluon jets of p.= 5-10 GeV/e . Ho fancy jet trigger would 'be needed . c

"t •

anymore since a large fraction of the events contains two 5-10 GeV/c - -¿3ive

jets attached to the usual longitudinal phase space cigar. The inclusive c ¿aing

jet yield at high transverse momenta is presented in fig.6 . Assuming ± -"t-<1

23 —2—1 '

the luminosity L =10 cm '"s , one may expect about 250 jets/hour with ¿

pjjet) £ 20 GeV/e . . - '^

The medium and large p, physics may be accessible in the very early . '«•ever,
t

phases of collider expermentation. An event with jets of 20 GeV/c,however, E =ted.

does not cone for free: among 10 minimum-bias events only 1 is expected.

A calorimeter trigger is therefore needed. On the contrary,jets of

5-10 OeV/c are o::pacted to be abundant.

The significant sise of the jet yields at low x^ ( < 0.25,at 90°) ;
Li

follows from the steep rise of the gluon nsoraentum distribution. At • "luon
iTs" = 540 GsV and px= 7 GeV/c the percentage of t5ie different «luarl-c-gluon " Ig ->1 {'•

processes is .estimated as : CJL -*Z (3'0»°-9. •* S (̂  l')» 4S "*S (l3.'*)»4g -><1 (25^) - -ntua

35 -*q. (3j5) v £g -*s (45y«)» Tí
1— numbers vary for different gluon momentum cea,

cUstr-ibrtions. The inclusive jet yields follow the ordering gj^u&.dii sea, c --Hy

'.;ith c2,'í (25;í) from yiuons (luar'cs) • ?hs cubprocesses are preferentially -> -Dn—

initiated b" -̂  (4Sio) -nd by qg (43JÍ) scattering. As p̂ . grows the gluon-

jot yields .nr.intain their leading r6le up to rather-large x+-válues - -

(::4.< 0.3). 'jluon jots arc therefore expected to dominate over the full
71 -2 -1 r

p -range covered by .the collider at the luminosity of L=10" cr. n .
t •>

Vihilst looking at the y-rlistribution at fixed p we vary the cm.
a t

angle , since y = - ln(tan -s). Over the wide angle region |Ayl = 1 i r e

/ O\

gluon jots dominate. At forward angles {r* 30 ) ths valence quark jets are

more likely nith u> d>g^sea,:;hereas at backward angles (^150 ) the a

valence anti-auark jets ü"> d> g>sea take over. The angle 9 is chosen

•:ith respect to the proton bean.
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If quark and gluon jets are indeed produced as predicted iy
correlation measurements can provide detailed information a'rout the
underlying hard scattering processes. Using t? for instance as the
trigger particle (around 90 ) favors a u- je t . The away-jet in the for.srá
region (*•» 30-60 ) will originate fron a gluon. alraoct as frequent as frota
a u-iiuarl£| at wide angles (t* 60-120°),however,gluon jets iri.ll doninate.
Choosing instead- the trigger particle in the forward cone (Ó 30°) favors
in the opposite wide (small) angle region the production of quark (gluon)
j e t s . "She in i t i a l and final partons in such collisions are (almost)
the sane since the gg initiated processes are negligible. Since the
P .-distributions are "broader for gluons than quarks one expects to
OUT
see such broadening effect whilst passing from .the wide to the ŝ sall
angle region

Since large p+values can be reached,the iCD scaling violation effects

are expected to be nore pronounced in both the structure and the

fragmentation' functions. They dampen the single particle p iistributions

by a factor 0.1-0.2 at the highest possible p,-values .
~ t

The large amount of gluons initiating the large-p reactions has
t

three ecser.tial consequences: (a) excessive gluon processes in the lov?

tf region, (>>) likely production of glueballs,. (e)hcavy flavor

creation in bound ami unbound form. In the following ue expand on (?)

and (b) .

3»5 Gluon Processes

In t?:e lower xA region moct of the subprocesres are initiated "by gluons.

Two aspects are of"particular interest : the gluon momentum distribution

and the interaction among gluons only.

The ,-rluon momentum distritnition can not be directly measured. Gravitons

have been suggested as a probe in Gedanken experiments . Apart from

the fact that •'-'^0% of the nucleón momentum is carried by gluons there

is little solid information. The measurement of the jet cross sections,

in the p. region where the gluon initiated eubprocesses dominate,will

hopefully give more insight. Several theoretical models have been
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suggested to describe the x-dependenee of the gluon .momentum distribution.

the counting rule pnraaetrination is in the x -»1 limit fixed by the

number of constituents left-bahind in the nucleón J , and for x •» 0

i t is related to a Pomeron dominated Regge pararaetriz'ation, giving

x(j(x) = 3 (l-x) .,The bremsstrahluns-model follows frora a convolution

over the <L,c[,g 'irreducible11 'distributions,and the resulting paranetrization

is composed of several (l-x) powers «Finally,the bag-bremsstrahlung nodel

follows from a counting rule plus a bag-type parametrization,the latter
19a)with, aa exponential x-dependence . The IOW-T increase is strongest

for the "bag".and relatively flat for the "•bron-.sstrahluns" parametriaationi

the naive counting rale form lies inbetueen .

However,these attempts are of limited value in the low rian̂ r-tun». rs.-n.on.

It will be necessary to extend the QCD calculations by including

realistic bound state w-ve function and finr.l state interaction effects.

y.ie influences of the coherence cs.ncollitions and of the h^dror. size
'4)have been analysed . An explicit dependence on the nur.bcr of valsr.ee

1-jsrks was fctmd. ?he coherence effects in the color ~ir¡.rlet bound ntcte

rleniniate the q.uark mass singularity.Such color cancellations are

i^portcr.t for all x—%raluos :i.il23S tr.3 ~luon tr-nevcrse r.o-cr.tMn;,a3

compared to the inverse hadron size,is large.

The x-aependence of, the jluon dirtriTration follovc the -.u^lita-tive

rule: roftor than the valence quark i.ictribu.i.iann,but harder i'r.zr. the

sea-an.ti<iuark distributions. This i/isdom was recently put to dsiict \zw

a nev? phar.onsnolorieal 3mal;.-sis "*'" of the dcsp-is-.lsstie i-ta -here

the 'sofar ignored) eh ira threshold offsets :.-ere ta:rer. i .it o ."cerur.t. k

vcxzr broad ( i . e . h.ird) gluon input distribution eaerced,sinil=-r to ihe

one proposed in ref. 24e • After the -rrynptotic f:-eedos corrections

have been applied, the familiar steep increase to-.ruris low x-valucs i s ,
2at the considered 3 -values, s'een again.

The' gluon fragmentation function is even less known, and countin¿-

rule parametrizations are usually employed .
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Strong evidence for the existence of aialti-~luor. couplin TS has

energed from ISH large—p .measurements cinco the throe-jluon vertex

in q.g scattering dominates' at large suber.er,^ies ""' '" ' . "ediurs energy

jets at the collider will predominantly originate from- ~- and qg

collisions, further tests on gluon celf-interactionsj-'ith -.-«"bprocecses

as gg •• (ng) ,are therefore likely to "become possible and to rive nore

insight into the color octet dynamics of nor:—a"beliah r̂ "-1"0 theories

Interesting theoretical aspects are : the var.ishin;- of clr.cccs of .ior.-

planar graphs ,the (non-) cancellation of the infrared singularities
¿A)

the influence of the asymptotic freedom correetior.s , the ' gluon-

rt .+i # ~.jje t r a r l 3 i t ion from, the perturbative to the confinement

is marked "by a phsae transition v:hose charr.cterictics are stymied

in lattice calculations , and in statistical models .

Due to the three- and four-gluon couplings,one expects cascades of

gluons in the ~~ initiated subprocescos which -renerr-te a swarm of

relatively nlo'.-: moving haárons :d.th overall flavor-neutrality.The

nultiplici:y oT :v.cl-. events is anticipated to rro:-: significantly -.rith

increasing- cr.orjy "reaching n-̂ ch hi~her values than for/iuarJi-jetc.

'i'ho par-icle ration tc / * " > K /K~ ,p/p should approach unity ir. the

re.^ior. •..•here ,-luonr dominate "" •

3.6 Olueballa

At short distances .¿CD involves color-octet spin-1 gluons vhich at

larc~e dii-.tances are expected to form color sin-let composites, called

jlue'oallo " ' • ' . The detailed raechanisa is unknovm but a number of no2cl

calculations have given, hints at their properties. The oir.plect boimcl .-t:ts

consist of 2 or 3 gluor-s .A pair of color-electric (or -narr.etic) fields

might bind to J*« 0T,2f states, v.-hcreas color-electric and —sa^netic

¿luoTis could fora 0~fl ,2~ states. A rich spectrum of excited states

is expected which decays into lot: nasc hadrons via qs. creation .^There are

several unkown aspects:

(a) Spectrum : Glueball' masses have been estimated by several asthsSs:

field theory analyses ** ,M1T bag models ,potential models with

r.?.ssive spin-1 'lumps of gluons1 , a relativir.tie wave equation r;ith
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* 52} 53)
a QCD motivated potential ,lattice calculations '(Connection with.
the IP- trajectory ,phenomenology of OZI-ruls violation , and

*6)

partial v;ave analysis of the gg-channel ' . Thess calculations indicate

the glueball mass spectrum.in the 1-2 GeV range.

(t>) Decays: The decay aodes of the glueballs depend on their masses.

Decays into the knot» low-mass hr.drons arid their excited states «hould

occur without suppression of the strange quark states . Zieunples of two-

laody decays are: **,KK><tV1EP'KK-*Zaa xk &P*>VL$,&%,1(\y...
 4 3 ) .

Phase-shift analyses for theftV- and ICK-channels night rev-eal the

«T = 0 .2 lov;-lying st~.tes,v?hereas the 0 has the »• quantum nuasers

and could nix J \ Zany of the states have the 31T,4W,5ie' deoay charléis

open uhioh ofiers l i t t l e hopevfor a, significant signal.

(c) Widths t Glucball vridths are either ¿coraetrically inberpolatinj

between the.02I-ruls allovjed and suppressed hadronic docaj's : P rO 10 MsV

or , cinco \'3 r.re prinarly ioaling vrLth 2. cor.finoment pro"ol-era, they

could -oc *vJ 1/3 of the typical h-dronio -ridths: P Q M 50 üeV.5^.

3pacific predioiion3 thu3 "oecone assunption dependent.

(:l) Prodaction: ¡~^-initiT.tsd ¿*l.:i2"b-ill production at txio collider m=.;.r be of

ciT^.ificrxnt siae.PhGnoaenolOoioal analyses arc,ho'.:GVGr,r3isains. oince

l^rre-Pj. /rluor. jots occur aoundantly i t nsy bo 1 proiising pl-ce to

look for ¿l-ao'salls in n specific jet decay .-sods. Cha -r.izsinc; ^-ss cryctea

of inslu-ive 4* or X production in e+e rnnihilction or electroproduction

couli be another source* The'f1 and QC r:iiritive decays are o-psctod

to rsvoal such, o'catss in ths 2V -cpoctrun as a ao-isure 3? the i~:v'iri?.r.t

~?.as ' ' . Tzie appearance of the IKIC" onhcnoe^er.t at 1440 "c? in the

invariant mass cpc-c-Sran of ^-i'XX h-.a recently raised the iu?.~tion
59)v»h«ther i t could be intorprsted as a s^'-13^!! .

low-p.

aspect
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4» tow-p. Physics ' ' '

The expectations for the total and elastic differential cross sections

are presented and the attempts at an understanding1 of inclusive soft-

h-dron production covered.There are essentially two franevorkc i -"ueller-

ee theory *" and parton model . Although the description of the

^ phenomena in the framework of perturbative QCD is lacking solid

foundation there is considerable paenomenological progress.

4«1 Total and Elastic Cross Sections /

"eas-arements of 5*. , and Q (« Re A(c)/ la A(0; ) will decide

about the dispersion analysis In s—increase " and the corjnon pp and

pp limit, Similarly the elastic differential cross sections should

merge. '.Jill the low- |tj slope and dip-hump structure,novinj -z the
•is)

forwar- pca'c shri.-i'M, s t i l l obey geometrical scalir.g ' ? Or •.•••ill thore

be several iipr; -s predicted by the factorisable eii:onal model " ? Or.e

'..'onders about tho proton shape as r.iasured by the opicitv and total /

elastic cro"3 cict:.?.". ratio ~ •

Tho cor.s?i'.icnces of a Poneron vievred ~s an iTifinity of porturb^tivc

soft-jjl-aon -::c'.-.:-.r.Tos have bsen analyzed in (cut-off rs-j.liriz2d)

perturbative iCD . I n the csynptotio Regge-limit strong similarities
68)to Reggeon-f i eld-theory e-nerged '.:hich leads on« to -.lor.der ::'- -tr.^r

Vr.iz l i t t e r theory co-.il- perhaps pr-ovide i r. format i or. or. the cor.fi-: ener.t

aspect of 3CD|for a l^yo'it of this prô ran». we refer to ref.•-•? . 3CB trith

color 5U, and 16 flavors -both necessary conditions for the critical

?3-sron- .̂ ŷ be the essentially uniiue theory rivin- fsctoriiatior.,

asymptotically rising cross sections and equal particle~antiparticle

differential cross sections.' The scaling f-anctioKD and critical

exponents of the critical Ponieron are exactly calculable :-±ereas the

siae of the non-leading -terms is estimated with present-day data. The

total and elastic differential cross sections, extrapolated into the

pp energy range "J ,might eventually provide tests for this scheme.



In phenomenologioal investigations the Pomeron is approximated by

two-gluon exchange (Jow-Nussinov model ,fig.7a) ,with the higher

order gluon exchanges assumed to cancel but . The exchanged gluons

can interact with eaoh of the two/three hadron-quarks giving rise to

71)
negative coherent besides of the incoherent contributions _ (fig.7b).

Immediate consequences of this picture are t multiparticle production

follows from the separation of color and the consequent gluon radiation,

zero flavor but color quantum number exchange, interference effects

cancel infrared divergences, a constant or logarithmically increasing

total cross section due to the vector nature of gluons,generalized quark

counting,sensitivity on the size of the colliding bound states with *

dependence on the (heavy) quark masses . The total cross section size

is achieved at the expense of Oi V, 2 (i) , and the non-perturbative

effects are mostly ignored. The above insight were derived from simple

model calculations based on gluon radiation ' . Their extension to

diffractive excitation * predict» a far bigger cross section and

raean <p.> if compared with traditional approaches •

4.2 Inolusive Soft-Kadron Production

The stability of the longitudinal phase space and the logarithmic

increase of the average multiplicity, as predicted by Mueller-Regge

74)
theory , are here of foremost interest. Could the rapid development

of the.central rapidity plateau and its increase with energy signal a

new phenomenon (see section 2*1} and will the p. distribution still be

damped ? Correlation measurements,giving insight into the process of

cluster formation and fragmentation ,are not expected to change drastically,

particle ratios should vary

little ^

and similarly -still based on ISR experience

3)

The data of the single particle inolusive cross sections ' are in

the fragmentation region parametrized as x_ (d5*/dx_) » C (l-x_) •

XL, (» 2-p /'fa ) is the, Feynraan scaling variable and the exponent n changes

for different processes, e.g. n(p-»7v+) =5 3, n(p-»W~) =* 4 , n(p-* K+)ci 2.5 .
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Three characteristic observations emerge: (i) the fragmentation domain

depends on the quantum numbers of the fragmenting and the produced

hadrons but the momentum shape in the central region is quantum

number independent) the cross section size can be understood from quark

statistics, (ii) pion production in the nuoleon fragmentation region

reflecte the valence quark distribution in the nucleón ,(iii) the

longitudinal,"transverse and multiplicity behaviour of the produced

hadrons are similar to the e*e~ and deep-inelastic jets from quark

fragmentation "̂  •

Whilst exposing the existing models,we first discuss the central

and subsequently focus on the fragmentation region«Multiparticie
72) -

production in QCB ' is presumed to occur as a result of color

separation * After the (Lov»-Mussinov) two-gluon exchange has taken

place the octet 'mesons' radiate gluons which in turn create iq. pairs

and/or multi-gluonsrsoft-gluone from the exchanged gluons can also

occur (fig#7c) . Ultimately these radiation products form through non-

perturbative means the final state hadrons.Sxactly how much radiation

or particle production takes place and how the radiated particles-are

distributed is controlled by the relative momentum of the colored

part cms leaving the gluon-exchange process» Model calculations for

hadron and e+e~ initiated processes indicate characteristic asymptotic

features : for transverse momenta q small as compared to the typical
- 2 2

bound state momentum •£. the rapidity distribution d N/d^_ dq of

the emitted gluon is uniform with a o7 decrease as in e e~ annihilation.

The difference in color—charge of the radiating octet jets results in

a factor 9/4 larger hadron plateau than in e+e~ annihilation. At large
«j. there is a q~ decrease du« to the cancellations among the full
* "* _2 + _

gauge invariant set of hadronic subprocesses. The q -tail in e e

annihilation causes a logarithmically rising central rapidity plateau

dN/diĵ  with growing c m . energy .whereas the central gluon plateau in

hadronic collisions does not increase (in this order of perturbation

theory) . The hadron/ e+e~ ratio thus decreases,with estimated values

' <"» 1.0 (rv 0.6) for fa"- 18 (30) GeV. The fall-off at larger p -values

is essentially responsible for the energy dependence of the central-



plateau .If (q.) „ **»» f'VS" .the q~ -tail generates a logarithmic rise.

Viewing particle production as : color separation,streched flux tubes,

qq creation,the plateau height is anticipated to depend exclusively on

the available energy of the separating color system* Such function,»» 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 cm. energy. If <t.^£. the

competing contributions to dN/dy can cause a dip near y=0 which is

absent in e e annihilation . The hadron siae influences ( via *.) the

plateau height,smaller hadrons give rise to a higher plateau. QSD-like

gluon radiation from separating color charges predicts the charge

multiplicity to increase as a second order polynomial in In s 'or
76b)

even stronger •

At sufficiently 'high energies low-p. collisions can generate partons

with large invariant masses where perturbative Q.CD again applies*

Assuming independent and coherent quark-quark scattering with a fixed

I

momentum transfer A ^ l GeV the main features (additional to the above)
77)of such processes are s the low-p. hadronic system arises from two

components,the "spectators'* with fixed transverse spread, and the

"struck" quarks (with Vp /»J 10 GeV) giving rise to progressively broader

hadron jets (similar to e e~-jets) .,possibly of a forked structure. The
2

<p.> is thus expected to rise by a factor /» 2 as we go to collider

energies and the longitudinal momentum distributions should soften with

a possible violation of Fejmman scaling. Gluon radiation from the

incoming quarks causes a reduced invariant mass of the 'struck* quarks

and hence smaller ^p./and <n>than for events due to valence quark

scattering •

The dual-topological-unitariaation(J?TtT) approach ' to multipartlcle

production assumes that during hadron collision tube-like color-singlet

systems are created consisting of 3 and 3 color charge at the two ends.

Their moving in opposite directions streches the connecting gluon flux
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lines 5 resulting in hadron production • Since in each colliding

hadron there are minimal two quarks one may expect two (or more) suck

processes simultaneously to occur.The proton in these calculations is

treated as a 3(9.) and 3(qq) system tthe latter carrying most of its

parent-hadron momentum. Practical calculations involve convolutions

over the joint probability that the two-quark system takes fractions

x, and i« of the incident momenta and over the e e fragmentation

functions* The Pomeron thus arises through unitarity as a reflection

of two non-interfering"chains" of particles each with its own rapidity

spectrum as found in e e~ annihilation(at the corresponding energy) >

The two spectra can be different in shape and mutually displaced,and -the

central plateau region can consequently arise from different scenario.

At present energies the heights follow : (pp) 4. (¥v) ^ (pp) where

(h.lO indicates the two hadrons initiating the single particle soft- -

inclusive process» (pp) is the sum of heights of two shoulders while

(pp) is the sum of two central maximal the (ifp) case, of (pp) and (pp)

type,falls in between (fig«8 a,b) . Further characteristics are : no

spin-1 and color exchange and no dependence on the size of the initial

hadrons,quark counting applies ,at higher energies appearance of a rapidly

rising bump in (pp) near y=0 ,the hadronic central plateau heights

eventually reach similar values about twice the e e plateau (at the

appropriately reduced energy).The partonic three-chain mechanism

(fig.8c) involving (q,q) chains only (as opposed to (qq,qq.) and (q,q)

chains for the Pomeron) leads to a spectacular increase of the pp

central multiplicity height which at asymptotic energies lies a factor
79)

3/2 above the Pomeron expectations •

In the valon-recombination model ' multi-hadron production in the

central region is due to the glue and sea of the colliding hadrons.The

valence quarks ,on the contrary,wil recombine*with a parton from the sea

to reproduce a hadron at large x. Sinoe the sea parton has very small x,

the momentum of the final state hadron will essentially be the same as

that of the valence quark • In the further development of this model a

distinction between the constituent quark ( s'valon1 ) and the current

quark ( * 'quark' ) is made with a valon momentum distribution in the
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nucleón G_ / (x) and a quark momentum distribution in the valon 2?_(x)

oonstruoted such that their convolution reproduces the deep-inelastic

structure functions (fig.9a) . A valon is physically interpreted as a

- valenoe-q.uark plus its associated sea quarks and gluons due to the

dressing process in QCD. A low-p. hadron-tiadron collision is then viewed
(l) (2) (•>,)

as a multi-stage process: initial hadron *—* valona *-*partons i^*

valona *2*produced hadrons . Stage (4)/giving the probability of two

(three) valons to reoombine into a final state meson (baryon) (fig.9b),

is governed by the recombination function (a joint multi-valon momentum

distribution) whose open parameters are fixed by phenomenological analyses.

This model describes successfully many single particle inclusive distributions

in the fragmentation region,and its application on other processes (e.g.

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 quark and diquark fragmentation into hadrons is needed.

Point-like vJCD fragmentation of quarks assumes that qq-pairs are

created out of the vaecum by lowest order quark-gluon diagrams with

subsequent two^-quark association into mesons . The fragmentation functions

follow fron folding the perturbative process (motivated by the far

off-shell mass of the quarks) with the meson bound state wave function. •

Simple analyses lead to dlí/dz •">•» (l-z) «here n « 2 IL. + n - l i s
K p

specified by simple counting rules . n = number, of 'point-like'

spectators to the emission and n_ » number of 'hadronic' spectators.

The analysis of simple graphs indicates nal,2 * This reasoning,extended to

diquark fragmentation with higher n-values,permits a .qualitative under-

standing of the data. Talon—recombination instead operates with 3CD
81 }

evolved valon momentum distributions. Using the rules of the jet calculus ,

a two-quark momentum distribution is defined by valon-gluon splitting.

The fragmentation function finally follows from a convolution over the

two meson-quarks involving the recombination function. As a result

dN/dz rsi (l-a) * where s(p ) is the standard evolution parameter in

in the
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quark off-shell mass p y for typical values the exponent is

The above two methods are distinct. The,(l-S) power in the first one.is due

to the off-shell propagator in the tree-amplitude whereas it results from

the convolution in the second one . ".

We turn to hadronic. fragmentation» Three models exist: (a) gluon-

exchange with point-likeJlCD. fragmentation is in practical cal-

culations viewed as a two-3tep process: q(or 2a.)emission from the „

fragmenting proton according to the QCD predicted momentum distribution

and subsequent QC2 bremsstrahlung leading to meson formation. The overall

process is therefore a convolution over the probability Q(x) to find the

fragmenting parton system with momentum fraction x and over its QCB

fragmentation function discussed above. Since the fragmentation process

is predominant ,its counting rule powers appear again in the final result.
78)

(b) DTU hadron formation follows the same rules. The fragmentation

function however is parametrized with a n = 1 — 2 OL (t) exponent as

predicted by the triple-Segge limit, t is the squared momentum difference

between the fragmenting and the inclusive hadron * (c) Valon-recombination

has been discussed earlier.

Significant differences of these approaches in the fragmentation regions

are sparse. Definite conclusions about the validity of one or the other

approach,which in the end even might merge,is premature. For a comparison
75)of their predictions with the data we refer to recent reviews '.

5. W* and Z° Production

One of the main motivations for constructing the pp-collider was the

experimental verification of the weak intermediate bosons : W- and Z .

Their discovery permits direct tests of gauge theory models. In the

Vieinberg-Salam model their masses are uniquely fixed by the 'rfeinberg-

angle sin &,( - 0.23*0.015) with values : a,.« 77.9 GeV and m_o- 88.8 GeV.

The total widths,proprotional to «C „ fdepend on the number of leptons

and quarks in the -theory.Leptonic branching1 ratios are : B(W*-*"t if )CZ8%

' and B(Z^«t+4"*) Ü 3$. The production cross sections (see Table i)

• 80)
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are estimated by the parton.model where the scale dependent momentum

distributions (in leading-log approximation) are fixed-by deep-inelastic

lepton-hadron-soattering •
-~ 29 —2 —1

At the "reasonable" luminosity of Ii-10 cm • (which possibly will

be reached daring the first year) one expects io collect 5-10 events

per day of the type W * — v ^ * y (fig.10) . Dae to their weak coupling,

the W* are expected to be produced with polarisation which causes '

considerable asymmetry in the lepton spectra in the forward direction

(fig.ll) 4'.About 75SÉ of the W* decay into hadronic channels» (heavy)

quark and gluon jets are quite likely. The channel Z° •* £"*!" is

experimentally cleaner,but an order of magntidue lower in cross section

(fig.12) . The experimental effort is ooncentrated on the leptonic

decays* They are' thought to be the most promising ones with respeot to

signature and background because QCJ) jets of large p, will probably out-

number the quark-jet decays of the qeak bosons.

Weak boson production and subsequent decay into leptons is a rare

process. About one event, of the type W~->-£"Vis hidden among 10 normal

hadronic events.The rarity isyhewever»compensated by effective triggering . '

The discovery of the W* and Z° will open the possibility for several

interesting investigations • As an example we mention the renorraalization

group summation of the perturbative QCD corrections • Z production.--
2

offers the possibility to test its predictions at a large Q point where
Ck (Q ) is small and the next—to—leading corrections are sufficiently
s

dampened. The collider will start running at the highest possibly energy.

By decreasing fs (at 4 » M_o) we vary "C to larger values • The QCD corrections

manifest themselves strongest at the smallest tí—values with, substantial

cross section decrease as tí grows. Comparing with the simple scaling

predictions, where the cross section remains roughly constant,we notice

a significant difference (fig.13) -which can be verified by the

experiment. ' • •
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6. Drell—Ya» and Related Processes

The study of Prell-Tan lepton-pair production ' with the collider

• is limited by the (l/Q4) fall-off of the oros» section (fig.14). %r

going to large s->values the small and smallest fr'-range is therefore

better tested than in earlier experiment«.We further mention:the s-

dependenoe of the t*-pair average transverse momentum ,the QCD-modified

parton distribution at smallest rr-values,the E-factor,correlations

between the off-shell photon and a jet, and the dynamical behaviour of
87)

low-p. hadrons associated with a Drell-Yan trigger , '.

The production of heavy-narrow QQ-states such as j/f ,"2£»is of

high interest. Several production mechanisms contribute: QZI-rule suppressed

transitions from standard to heavy quarks f heavy quarks involved in the .

2
structure^function of the coll iding hadrons (particularly at large Q ) ,

two-gluon annihilation producing a C«+l bound state which radiatively

decays into vector mesons. The production cross sections for the presently

known states follow a phenomenological scaling law . 's (1"^) . M dP*/dx_ «

f(s/H ,x^) . H i s the meson mass , f*. the partial width of the meson

decaying into ordinary hadrons, and x , - 2p / | 5 * i s the Peynman scaling »

variable . The search for narrow vector states i s limited by the overall

production rate rather thaa by the background (fig.15) . With sufficient

counting rates,correlation measurements between the narrow states and

opposite jets become possible giving more information about the underlying
90}quark-gluon processes '» 9l lThe production of open flavors ' i s more copious than the production

of massive lepton pairs.Perturbative 3CD calculations assume either heavy

flavor "creation" via o.uark/gluon annihilation or flavor "excitation" from

the sea» They suffer from several shortcomings such as the precise knowledge

of the distribution functions,the bound state effects ,the influenee of the

primordial p ,A-dependence e tc . Por an extended overview we refer to

ref.92 • The cross section for open-beauty production i s estimated

N 10 u b ( f i g . 16) . However, due to i t s chain-like decays into lower mass

hadrons,the experimental signatures are not clear enough to permit efficient

triegering»Jfulti-lepton signatures or measurements of dilepton correlations
• 93)might possibly disentangle a beauty-signal from background ' .
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The production of prompt photons "4»'-" i s another clean source of

information on the constituent dynamics.rts O-th order constituent

process i s QCD hard scattering (confinement type effects are ignored)

such as qfl - • •g'+g ,qg •» q.+ 'fi and 0.0. -> q.q,+ ft . As we go towards

large x -values the q.}f final state i s expected to dominate whereas at

low x. g y i s predominant. The • iT/)C ratio increases beyond 1 as p-

reaches 3o-4O GeV/c . The single-photon inclusive distribution decreases

roughly exponential «The order— d» vJCD processes give rise to away-side
S )

q.uark/gluoB jets whereas accompanying towards-jets can only come from
2

the order cK Q.GD graphs «Several studies come to mind «the gluon dis-

tribution can be determined, x.—scaling can be verified over, a wide range,

correlations with the away-side jets permit the study of their fragmentation

functions,higher->twist effects might be isolated.

7» Higgs Particles,Technicolor>Three-Boson Coupling.

The standard SÜ«xtJ, model of the weak interactions describes successfully

a wide range of phenomenological data with one single parameter sin~$,

and it provides definite information about the w and Z masses. However,

there is a corner of the model that is still obscure,i.e. how the aass-

generation comes about* In the original form,the intermediate boson masses

are generated by the fundamental scalar Higgs fields '. Three of then

are used up for the raass-generation, and a neutral Higgs boson H is left

as a physical particle. Though its coupling to the intermediate bosons

and quarl-cs are given by the model,its mass is completely unconstrained.

Theoretical predjudioe favors nuo ̂  10 GeV.

Estimates of the decay modes as a function of its mass indicate a

predominance of H°-»'¿V, ce , bb in .the mass range 4 GeV < nuo < 12 GeY,

while for 12 GeV < OLJS < 200 GeV it preferentially decays into the

heaviest 5Q (or L+Ii~) pairs. This suggests that H -decay may contain

prompt leptons and/or strange particles. The cascade decay involving heavy

quarks results in several final state leptons. '

In hadron initiated reactions Higgs particles can be produced in several

ways: (a) via two-gluon annihilation. The cross section in the collider

energy range is estimated C*Ho *
N> 10 ' cm (fig.17) • A recent study
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93)
on trilepton events 'ooneluded that useful signatures emerge from

their dilepton^mass spectrum and some newly proposed transverse momentum

variable .An overhelming background could malee such attempt rather

difficult, (b) via Q§ (or Z°) -*• H°+ $ with a peak in the photon

spectrunu The large number of y resulting from TC*°-decay will form a

.considerable background problem . (c) via Higgs-bremsstrahlung off vector

bosons (fig.18) '. The bremsstrahlung of the H° by a Z° produced in

hadronic scattering shows up as a bump in the di-lepton mass distribution
qq)

with a fast fall-off at ft - m_o - HLO 7I» This possibility is however

constrained by the large suppression factor of 10 -10 as compared to

simple Z production, quite apart from the,fact that the number of Z°

decaying into lepton pairs is restrained, (d) if BLO » 2 nu ,triggering

on two hadron jets could offer another possibility.

The system of spinless Higgs-particles generating masses in the standard

SILsU theory is unsatisfactory » technicolor as an alternative

was recently proposed. The ••sential ingredients are : (i) a new set of

massless technifermions »(ii) a corresponding set of gau^e-technigluons.

which confine the techniquarks into technicolor singlet bound states -

similar to QCD though at the <sf 1 TeV mass scale, (iii) chiral symmetry

breaking of the technicolor Lagrangian leading to a large number of-0

Goldstone bosons,(iv) they take over the role of the Eiggs bosons . This

scheme predicts a wealth of new particles notably the color-sinclet

bosons ? ' with masses ¿3 CeV , and P* with their masses anticipated

in the 3-14 GeV range. The production of P via two-gluon annihilation

is estimated to be predominant. The rate lies a factor 5 above analogous

H -expectations . The X. v decay mode offers a possibility for P

detection although under a considerable background . Similar reasoning is

applied on the (techni-) color—octet states Pg'~ > Fg . The production

rate for the neutral state,again estimated via two-gluon annihilation,is

at the pb-level| the rates for the other states are substantially below.

The dominant decays of PQ ,its mass is estimated around 250 GeV,will be

into gg and heavy Qi. A significant signal could be t events with pairs

of heavy quark jets.
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. Non-abelian gauge theories allow for tri-linear couplings such as 2c

W+ff~Z° or W-W^X • m The next step after the intorraediate bosons are

discovered oonsists in an experimental verification of their existence. e

If,for the identification of these processes,the weak decay nodes are e.

used,one aims at the experimental verification of higher order weak

interaction effects. Based on simple Drell-Yan qq annihilation the

simultaneous production of two weak bosons (e.g. w W + X) has been (

estimated (figs.19,20)j the cross section rates are s (y(íf W~)$y

tfO^Z0) rJ 10"36cm2, 6Xz°Z°)r¿ 10"37cm2 and (T(W±¿r) rJ 5«io"35cm2 .
x ± 2

He thus expect about 1 event in 10 H events to contain a second gauge r. .

bosoa. In pp collisions the W+ (W~) is preferably emitted along the ce

proton (antiproton) initial direction ) the Z however are emitted in both

forward and backward cones..We bare also indicated the rate for W^Jf ^ both

production which allows for the determination of the W- ¿C -factor

appearing in its magnetic momentum s J*,j = K/AH^J (A+-3&) , (

The angular distribution of pp •*- W y + X ,with ©_H chosen as the p —> ',1

angle ,reveals a characteristic minimum around cos©.,.»! -0»3| its size * W~

depends sensitively on 5t . The standard SU-xtL model predicts * = 1 with

a vanishing cross section at the minimum point (fig.21) . with

8.Summary

With this paper we aimed to sketch the physics at the pp collider by

extrapolating from the present-day available theoretical and experimental by

information to the soon accessible energy range of maximum 540 GeV center- stal

of-mass energy. The covered fields are : (a) insights fron cosmic-ray , r.ier—

data on the general features of hadronic events and possibly surprising

new phenomena,(b) production of hadrons at large- and 3aiall-p ,(c) experimental ' t ng

verification of the weak bosons W* and Z »(d) production of ¡nassive oeriaent

lepton pairs,new flavors and direct photons,(e) search for Hig^s particles

or technicolor, and the verfification of the triple-boson couplings via icles

bosou-pair production. Our presentation repeatedly encountered La

perturbative QCD in i t s varioui applications , and i t oovered several key

features of electromagnetic-weak unification .
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Weak Bosons

Kass

Total Decay Vidth

Production fiate

at fT = 540 GeV „

Leaton Events/Day

( I = 1030 c=-2 s-1)

K^ » 77.8 GeV

f ^ = 2.47 GeV

/N» 3 pb

50 - ICO

Z°

y^p = 88.6 GeV

f j = 2.49 GeV

- M 2pb

5 - 10

sr

P

F

F

:.6 GeV

49 GeV

Table 1
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Figure Captions

2
Fig . l t Order-g QCD diagrams contributing to ag-scattering with

the triple-gluon vertex shown in (c) .

Pig.2 t Transverse thrust distribution for the different sub-
prooeMesjthe dotted curves indicate the p.-smeared
two-jet contribution»

Pig.3 s P + distribution with a trigger momentum pt^jJ-S GeV/c at
various z -bins* The «Beared 3-jot contribution i s shown by
the dashea curves*

Fig.4 : Inclusive tí° production at large-p. as measured at the I3fi.
x

Fig,5 : Comparison between, the jet— and single particle rates.

Fig.6 : Predicted jet-rates at the pp collider.

Fig. 7 » a) Two-gluon exchange in the Low-Kussinov-model for the Ponieron

b) Four of the 16 diagrams contributing to the coherent
Low-liu33inov-ood»l jthe last two diagrams contribute
with a negative sign*

c) Soft-gluon radiation in the low-Sussinov-model.

Fig.8 : a) Two displaced chains in the DTU-raodel and \hm resulting
y-distribution*

b) Short-long range chains in the DTU-model and the resulting
y-distribution*

e) Three-chain contribution in pp annihilation!the resulting
y-distribution is oooptrad with the analogous of the Ponieron.

Fig.9 s a) Deep-inelastic scattering in the valon-recombiaation model.

b) Pion generation via valon-antivalon recombination.

Fig.lO : P -spectrum of leptons originating from W-,2 and Drell-Yan .
x

ig.11 i Three dimensional distribution of the single-lepton spectrum
in pp collisions.

Fig.12 t Total cross section for Z production with (solid curves) and
without (dashed curves) QCD corrections.

Fig.13 t The Z°- and sr-production cross sectional A and B are defined
in ref. 85 .
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Pig. 14 s Invariant mass spectrum of lspton pairs via Z , BI and
heavy quarks •

Fig.15 s a) Inclusive cross sections for J/j^(.) production ,and
scaled up fi (A.) and <V* ( D ) predictions .

b) Production of Iepton-pair3 via heavy onia:inclusive cross
section times branching ratio •

Fig.16 : Total cross section for 'beauty production in pp collisions*

17 s Inclusive Hig.-rs-particle production via two-gluon
annihilation at Is** 27,60,400 GeV (fine,horizontal,vertical
shading) .

Pig.18

FiS-19

Sate of associated production of Higgs meson with W- or
•.ri. th Z° versus JL, expressed as a fraction of total if*
or Z production .

":I W pp *>;i- 3 +The t o t a l cross section for pt> -> ":I W + X , pp *>;i- 3 +X»
and pp •* Z°Z°+ X (xssin 6 » 0.2) .

ross

-ieal

s Total cross section for pp -v '.f H 4-X as a function of the
>}-raass.

Fisr.21 : The differential cross section dCT/dcos0 for pp -• ;l y" + X
and pp •*• W~y + X • d is 'the angle between the W~ aid the
proton in taii w"y <J.m. system . Is"1» 5^0 GeV and H. * -55 GeV.
&. photon cut B y> 30 Ge7 has been applied.

-5 3e

(a) (b) U)
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JETS IN e*Vrt<NIHILAnCN /*C QCO

Fernando Berreiro

Ge«amthoch«phui« Si*g«n, S l a g » , Fed. R*p.G«rmny

03 Introduction

Recently { great deal of attention i s Ming paid to the

study of j«t fprmat(.on in hadron-hadron, lepten-hedron and lépton*

lepton interactions.

In th« case of the hadronic final «tatas produced in •*• '

annihilations.evidence far tuo Jet production uas found at SPEAR wd

DORIS | 1 | . The connection between the observed tuo jet structures and

the production and subsequent decay of a quark-antiquarK pair uas

established by looking at the angular distribution of the je t axit

with respect to the bee» ) 2 | .

With the aduent of the high energies available at PETRA,

evidence for a departure fro» the tuo j e t tocology wa,s found | 3 |

Our current understanding of multljet production Ja based on QC9.the

dynamical theory of. quarks and uectors gluans | « | . In this theory

the originally produced quark -an tiquarif pair aay radiate gjuons ur.ich

in turn nay devalope into independent J^T*. in qu^jitatiwa «greeaent

uith tha data at PETfif\ energies.

A quantitative comparison betueen d«ta an̂ .QCO predictions

has aluays to Tace a serious probien, namely th« presener qf nen-per

turbatlue e f fects , not yet calculable.The aost popular approach

to this problem consists in folding onto a perturbatlue SCO predic-

tion to a given order the fragmentation properties of quarks and

gluons (5 .6 .? , a| . A «ore unorthodox approach consists In searching

for «cesuras uhlch
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I «3 don't depend or'depend «iniaally on fragmentation effects or

bj whose dependence can be educately guessed with an analityeal

parame tr iza tion•

The aia of this lecture IB to illustrate how these

approaches uork for the purpose of ,

13 determining the strong coupling constant -

iiT determining the spin of the gluon

iii3 understanding (he energy dependence of jet Measures

13 Determination of The strong coupling constant

The departure of the two jet topology found at PETRA.re-

suiting In some golden «ases in explicit three Jet events, see flg.1.

is best established by looking at the population density in a Dalits*

like plat aplanarity us. sphericity C or thrust us. trlpllclty3 or

else by looking at the broadening of the pt distributions with res-

pect to the jet axis, figs 2-3-4 . It Is coanonly believed that se-

lecting events uith large sphericity end saell «planar ity (a)terna.-

tiuely snail thrust and large trip!icity3 results in canpjjng a re-

gion ricn in three Jet events .whose nunber is,directly proportional

to the strong coupling constant, and where the contamination from tuo

jet events is alniaal.Selecting events with snail sphericity Cor lar-

ge thrusts results in sampling a region rich in tuo Jet events with

a non-negligible contaainatlon of Three jet events where the ealtted

giuon is highly col linear with respect to the parent qqer|c-Xn ord-

er to extract fro* the data a value for the strong coupling constant

|S|. the strategy adopted by aost of the groups working, at PETRA uas

«3 Get a rough estlaate of e^ fro» the nuaber a,f JhrM,J«t events

in a region where the contaainatlon ?roes tut Jet events is

•lnlaal * '

b3 Oeter«ine th« frageentatlon paraaeters using • saaple doalna-



led by supposedly two Jet euents

c3 With the values for the fragmentation parameters previously

obtained repeat step a] and study the systemstics

That using this approach in th« context of the Monta Carlo

calculations described in ref |7| ope is able to separate fragmenta-

tion From perturbative effect? is bpst ejfempl}f¿ed in fig.5. Here

TASSO data on sphericity, aplanarity and )ongltu4lne¿} spectra «t 13

Gev Cfragmentation dominated! and 33 Geu (where per turbativa, effects

*re already sizeable! is shown.

The PLUTO -group has followed a different ftpprqach j)*Std of)

the cluster aigorith» described In r»T J10|. The algorfthp H^TH? as

follows

13 Collects particles 1,J In preclusters wh«¡n ¡̂? *H

Collects preclusters k. 1 Into clusters uhen Q « 3

S3 Order clusters according to their energy

33 Take minimum number uhlch satisfies E 4 * E£*
 t'fj*' ̂  f1"^ 3

where E stands for the c.a. energy.

4 3 Identify those clusters whose energy is greater than a, given

threshold E ^ ^ i typically 2 Geu2 with jets and measure, their

four momenta

The parameters «Í, a . € which enter In the algorithm

are fixed to those ualues which allow an optimal reconstruction

of the number and directions of hard partons generated in typical

tuo and three Jet Monte Carlo programs at 38 Gev en. energy, see

fig 6. Mien applied to tha data the resulting nunber of jets though

doainated by rvj*2 shows a non-negligible amount of three "jet euents

see fig.7. The number of three Jet euents can be explained neither
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by a two Jet Monte Carlo, no natter which fragmentation parameters

are put in, nor by a linear combination of two Jet and phase space

events with arbitrary admlxture.lt is houevar wall described by a

linear combination or two and threo Jet events yielding a, ua)ue or

34*0.15 at 30 Geu c.n, «nergy.

Selecting tha, tf«o Jet sample on» T{x»f the fragmentation

parameters in particular flT- to 290*20 M«v. Selecting the threa jet

sample and Imposing additional cuts which minimises the contamination

rrora two jet events one is able to reconstruct tfie directions arid

energies of the orlglpa.1 hard partops. These ere used to determine

the thrust distribution at the parten level which can be directly

compared to the first order GCO prediction |12|. The results shown in

rig. 8 yields

«=ts «a.IS • 0.03 • CB.023

A summary of the results obtained by the four groups

JADE, MARK J. PLUTO and TASSO Is presented in Table I. All four

determinations agree pretty well within quoted errors. This Is no

surprise since all four groups have based their analysis on QCO

predictions in first order and the same phenomenological model for

the description of fragmentation effects. It would be desirable to

haue a complete inclusion of second order effects in the Monte Carlo

programs which are currently used. Equally desirable waul4 be to in-

vestigate how sensitive this deterninatin of <*, is to fragmentation

effects described by other models than that of Field, and Piypnen.

To really establish that the separation between, qCD and

fragmentation effects haue been done properly an extension of current

investigations at higher, enrgies would be extrenly Important in par-

ticular to see whether « Is behaving with energy as expected.
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.113 Determination of the giuon spin

The comparison described at the end of section 13 between

the thrust distribution measured at the parton level and the first

order QCO prediction not only serves tp de?era.4na «|f but also cart be

used to discriminate «gainst sea|ar gluon Vieoriaa. The pean thrust

expected in a scalar gluon theory is f .371 it? dltagreasent with the

experimental value pf 3.S3S • B.00S. see fig. B. Actually The sphe-

roclty dlstrinuttpn ftf the parton. levej . fig. e. offer* b.atTtr dis-

crimination power.

The TASSO group has fqilouc^ a ^iff«f«nt approach |13¡

originally suggested in r«f |14|, They ws» the nethOd Of senpral|3ffd

sphericity |1S| to reconstruct the directions Q,. ̂,,©and energies

xi.xS x3 of the three jets. These are ordered su.ch |hat x1fxf>x3

and satisfy the normalization property M«x2*x3»3 .Slants ĵ ith x1>a.S

are considered, fis Illustrated in fig. Ipa th* fuvnf \3 bqgsted into

the rest frame of the second and third jet , on» Of p^ich because or

the previously discussed ordering is mojtt likalp the aluor, jet. In

this reference system the ansie Q between the fasts$f jet and the

direction of the 2-3 axis is sensitive tp g}uon, sp}r|. ̂ ;a ]<3b shaus

hou this angular distribution compares with the qpp aregicfion,vector

giuons. and with the expectations fro» « «calar gfgo/i poda^. Clearly

the spin a assignment is disfavoured.

Ill 3 The energy depence of jet Measures

1̂ 3 Thrust

Traditionally the Jet character of the hadrome final

states produced in e*"«'annihilations has been investigated in tenes

of variables like thrust |1S| or sphericity |17|. Thrust is aefined

T » M X 7" I "' C13
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uhere the sun runs over all particles in a given event and p.,. stands

for the comporiept gf the moaentum of the lth particle parallel to the

Jet ax is. Preliminary results frpj» PLUTO are .shown in fig.11. fill par-

ticles charged end n,eutral haue (j««n included in th» analysis and co-

rrections -fsf diteojpr acceptance and resolution as uell as for inl-

Tiai state relativa effects have been taken into account.lt can be

saen h,ow the fhrust distributions become narrower as the energy ln-

Qreases ulth the pcsjtlci pf the peak shifting towards T—*-1 .

At tho hjghor energies these features of the data

are well described by. Monte Carlo calculations which include GG3

effects in the first, second or leading order |6,7,8| while Fields.

Feynman |5| fails at describing the data above 28 Gev. For comple-

teness f4e alfo show the pure QCO predictions in first |12| and lea-

ding order |1Sf. One can see that even at the highest energies avai-

lable at PETRA there are large deviations between data and bare QCO

predictions.indicative of the Importance of non-perturbative effects,

ft better understanding of the interplay between per Turba t loe and nan

perturbtive effects can be gained by looking, fig, IS. at the mean

<1-T» values as a function of cm. energy. As shown in this fig..a

good description of the data can be obtained by adding to the QCO ,

prediction a non-perturbatiua contribution of the fgrq |1p|

wnere <n> can be extracted from our data and <pr>)^.s Tlxed to 303 Meu

The resulting DC is good and the values for tha only frea parameter

lnuoiued in the fit is «tjC3g Gev> 3.16 * a.31 in good agreement

ulth previous estmates discussed in Sect. I.

S3 Jet opening angle

A stellar analysis cannot Be aada in taras of spheric¿ty(S)
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distributions because of tha infrared unstable properties of this
table. However tha quantity

3 E . sinay
<sin H >» * -- > C33

v vs
uhieh is somahou related to <&• can be safely caleujafed |n perturba*

tiue QCD |13|'. In C33 E denotas tha energy of tha Ifh parfiel* 9**

^ stands for its angle uith respect to fhe Jet «xty. The; ¿«.fa. fully

corrected for detector and. initial state radiative effects *c shown

in fig. 13. It can be uell described by fhe linear auf of a pCO tara;

and a non-perturbatlua «attribution na»e|y

Z <*.- C • <PT >MP

uhere C Is a parameter describing the energy dcpanCf Qf |he aean

charged BultlpXicity as <i >« B* C Ins , The renjlflpp v^M* for

X/lCF is 1 J and the fitted values for tn« two frfa parfiatars invol-

ved «re «,C30 Seu> 0.18 • 0.02 and C -«Tyj^-a.^S t g . ^ «jgafp tn 9004

agreeaent with previous estlnates..

C3 Jet transuarse momenta .

As can be seen fro» fig: 3 one of-th* Rocf s|gnlf|cant

features of e e'annihtlattion final states is the broadening of the

transuerse nomentua distributions as a function of increasing energy.

A useful quantity which has been recently shcun to be calculable in

QCD perturbation theory is «£07 » uhcre p T stands for the transver-

se nonantu* of the 1th particle uith respect to tha Jet axis and Ine

sum is running over all particles in a given final state. The follow-

ing prediction in the leading log approximation can be foums in ref

< ¿. p- >
.29 «, CS3



¿96

where a* is the strong coupling constant. Corrected values for the

left hand side of Eq. £53 can be found in fig. 14. Also shown are the

results of a fit to the previously discussed prediction. The resul«

ting X is ie Tor 7 degrees of frcedoi and The beef est}«et» ivr A

the only free parameter In the fit trough the relatan «¿fi^in fsX/fr J

is 600 • 25 (lev yielding oi,CC-3B Q«u3 - a.SB • B.ej. Notice, that

but for the points «t IE «id 13 ^ M which are sllg^fjy higher, reflic-

tlng the crossing of the bo threshold , the data shjpus a saootn ener|y

dependence *s expected fro» CS3. Note hoHfuer Wi*t because our data,

spans a relatively saall energy range we arc nof sensitive tq exclude

the presence of snail ( «nd constant with en»rgy3 fragnantatlen con*

tributioris.

D5 Energy-energy correlations

It ha.s bean suggested |E0| that energy pelghted dlstrlbu*

tlons should be less sensitive to fragmentation effects. In particu*

lar this Is expected to be so in back-to-back efiergy-energy córrela*

tlons.The PLUTq group |S1| has Measured the energy-energy correlation

A* r f AS
ftO> -Í- » 2 ¿-

¿9 a.bj S"

z^dz^dz^ C63

unere za|>are the fractional energies carried *uey by hadrops a and

b and © is the angle between their directions of flight-Tn»se mea-

surements have been taade over a uide rang* In energies and fully co-

rrecting for detector and initial state radiative effects. The data

is shown m fig. 15 along with the expectations fro» Monte1 Carlo cal-

culations (5,51 and from pure perturbative QCO predictions derived

in the LLfl for the forward and backuard reglacs ¡2Z.S3} and in first

order for the central region 1.». A> 90 .

It is clear fro» this figure that while the ILA calcula-

tion in th* forward region and th* first order prediction stay « fac-
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tor of 2 lower than, the data the U_ calculation for back-to-back jets

describes roughly the data, at energies aboue 20 Gev.

fit bettor understanding of the Interplay Between OCD and

fragmentation effects In the cepfral region can be gained by looking

at the energy dependence Qf the Integrated, cross section

which as shown in ftp. 1S can be waU described again by the iinear

sun of a QCO term an,d a non-perturbativa contribution of the for*

Bli C «pT>V]p i

• where gC03 can be calculated fro» first principles and C -*p_»-Kp has

been previously discussed in connection with CO. The resulting X 5 is

goad and the following values for the two free parameters involved
J

or* «1SC30 Geu> 0.23 * 3.82 »nd C tpT»'Hp^ I.a • 0.2 .

It has been suggested that a clean signature for gluon

bremstrahlung would be the observation of a foruard-backuard assyme-

try in the energy-energy correlation. Pertinent dala Is shown in

fig. 17 along with Monte Carlo expectations. |S.S| and CCQ predictions

jSt|. The following observations can be made

/ «3 The assyaetry distribution seems to be very little energy depen-

dent in the cm. energy range 7.7 to 31.S Gew

til It is well described by Fleld&Ftynnan rtonte Carlq ^x low ener-

gies .

c3 At high energies the inclusion of QCO effect* i$ »4fidatory

d3 The contributions To the assyaetry due to fragmentation effects

seem to be dying auay like 1/s

•3 ñt 20 Geu they are negligible thus explaining why the assysetry

data can be alternatively well described by the pure first or—

1 der QCO prediction.Thus higher statistics data of this type

1 could in the future provide a clean uay to deterain» qt.Know-

i ledge of the lnportance of second order effects is highly de-

I sirabl*.
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PJ Mean charge-multiplicity

I waul $ fjpally Ilka tp make a comment on the behaviour

of the mean charged multiplicity es a functlun of cm. energy and

a Jet measure like thrusf , sphericity or the jet mass.

The average charge multiplicity for hadrons produced In

s* e*annihilations rises with energy mi|ch faster fhen the simple

In s dependence expected, frpn lop energy data. The onset o,f fhis Be"

hauiour being at PETRA energies, uftere evidence for g)uon bpenstrah*

lung has been found, leads one to tentatively «s^uva a. corrfspon-

dence between both phenomena. In this context the •mpartanef Of co-

rrelating the fast increase in <ntjv> with the Jat prppertifj pf the

hadronlc final state-s has been recently stressed; 1251 , Jn fa.ct a

distinctive feature of QCO is the expectation flf a, fast li>fr«ase in

-̂ iti(> not only for those euents with «an if «it th.r«a Je| sti»ycture.

characterised by say large sphericity, but also fqr fhgfe î t̂h stron-

ger tuo jet configuration where tht effects of fh,* epff quark cascade

should manifest itself.

In order to ¿at into a detper understanding |f ^is partl-

cu.lar point ne propose to measure <"c|v
> «s a function nqT <if.ly of en"

energy but also for different slices in a J«t «•asura, be \} thrust

sphericity or the jet mass. Pertinent da,ta qprracted ffr defector

effects and radiation in the initial state ara sh.owp in fig, Is» Tha

follouing observations can be nada

i 3 At a gluen energy the mean multiplicity """î *- is larger-the wider

the J«t

11D <n
til

> rises faster Than In s depending very Httla within our

error bars on the Jet character of the final state

¿113 tha dependence of < n c^> on c.n. enargy and tha width of a Jet

is uell described by. the nonte Carlo calculations discussed in

rtf. |S|. The nodel of Field and Feynaan also glues a fair des-

cription of the data but for tha highest energies and the caall
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thrust Cor else large sphericity or mass 3 reglonsCnot shown 1

It has been found that the euojutlon of the pe%n charged

nuilplicity with the virtual i ty C mass 3 Qf fr>« qq pair |ES|

glues a good representation of the cinta |29J- If I* interesting to

see whether the evolution of the multiplicity of a, sjngif quark Jet

with its uirtuality CijasaJ is similar |33|. Pig. 19 shons fcr the

combined 2?. 6 - 31. f ¡$ev data the depertdencf of < neiv'"-eL
 o n i I*

mass. The curve repre^entf the results of a fi| to expression C91

uhere c has been fi*e<$ to 2.4 and A to S0Q Mew. The values for a and

b resulting from the fit are 1.8 • 3,1 and C.013P • 0.O3pS respecti-

vely not far fron those obtained fro» the s <jep»pdene« O,f The event

multiplicity |29|. in support of tho theory flf ?hj casc^e evolution.

Wl Summary and conclusions,

The main results obtained at PETRA on jets and OCX) can

be summarized as follows

13 All PETRA groups have measured ct$ -al 3Q Seu. They all agree

within each other. They all »r« subject to the sane uncertainties

namely the dependence on a phenomenological model for describing

the fragmentation preperties of quarks and gluons.Furthermore

they all depend on CCD calculations in first order.The importance

of second order corrections should be cleared up. It would be

desirable to reach higher energies so that determining «ij as a •

function of c.a. energy would show whether qs extracted this way

is running or at least walking,

ill Early evidence for a s«1 gluon coding fro* the PLUTO analysis of
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the r decay |2S| is confirmed in the analysis of Three Jet

events at PETRft.

fil3 Distributions on Jet measures shou that GCO predictions not su-

pplemented by some knowledge qt the fragment at for) effects cannot

describe the data.The energy dependence of jet jeasures, like <T="

or < sin ri^ can be uell described by the sun qf «. QCQ tarsi,slouly

variying with energy and a fragmentation terp tying away )ike t *

Data at high energies and knowledge of the importance of second,

order correction» would help in confirming this emerging picture.

f=CKN0WLEDGB-ENT5: I would Ilk* to thank the organizers of the (neetlng

for their warn hospitality- . Thanks are also due to «any a «ember qf

the PLUTO collaboration for helpful discussions . In̂  particular I «p

very grateful to Prof. S. Brandt for help and ancouragenent in the

preparation of these notes .

TABLE I

A summary of recent determinations of <$ at 38 Geu

GROUP UALUE and ERROR fETHOO

JftQE B.T8 • 0.02 +. IQ.SZI Thre» Jet events

MARK J 0.19 • 0.82 • C^.0^3 •

PLUTO 0.T5 • 0.B3 • C9-B23 r

TASSO B.17 • 0.0a • Ci.023 '

PLUTO 0.is • e.02 Energy dep. *sin^a

PLUTO 0.1S • 0.01 CPiei»gu cjep.y\-T>

PLUTO 0.20 • 0.B1 Energy dep. «¿p,. >

PUJTO 0.20 • 0.02 Energy-energy eorr.
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FIGURE CAPTIONS

Fig. 1 : ft three Jet event from PLUTO

Fig. 2 : Triplicity vs Thrust for PLUTO data at 38 Geu.

Fig. 3 : Observed mean values for longitudinal and transversa

momenta as a function of cm. energy. The dotted l(nt

shous the expectations from Field & Feynman Mont* Carlo, 9" '

the solid Jipe that of poyer *t ai.

Fig. 4 : TASSO data qn_ the < fíp »•._ and < p T >. . The

Fig. S :.Sphericity, aplanarity «n^ longitudinal spectra af 12

and 30 Gey as measured by TASSO. The curves shgw the ex- *?' '

pectatlons from All et aj, Monte Carlo calculations.

Fig. S : The distribution in th» number of jets found by the cjusttr

algorithm described In r-ff. [1B[ applied to different Mori» •

te Carlo generated samples *3- -'

Fig, 7 1 The distribution in the number of Jets found bw the cluster

algorithm of ref. |10| «hen applied To PLUTO data at 38 Gev

Fig. 1

Fig. S : The thrust distribution at the parten level measured fro»

a sample of three jet events from PLUTO. The solid line

shows the first order QCD prediction. The dashed and da-

shed-dotted line show the expectations from scalar glúon

and constituent interchange novels.

Fig. 9 s The spherocity distribution at the parton Jeuel gessuretl

from a sample of three jet events fraa PLUJO. 171a »olld

line shous the first order QCD prediction. The ciash.es line

shous the expectations from a scalar giuon, modej. rig. ¡i

Fig. 10 • a2 Cinemática! illustration of the EUis-£ifllr|«r' ln9le-

b3 TASSO data en the £11is-Karliner angle «long uith a

comparison to a «odel uith vector Csol id line 3 and

scalar Cdotted line3 gluons.

Fig. 11 : Normal Had corrected thrust distributions measured by 9"

PLUTO froa 7.7 to 31.6 Gev. fit 3a Gey and to illustrate



502

hou significantly different they are, the expectations

from the Field, & Feynman ponte Carlo Cdotted line] and

- those from noote Carlo calculations a }a Koyer et al. Cso-

lid line 3 and Odor ico C dathed-dptted Una) ara shown.

Fig. 12 ¡ The dependence on energy of <1-T» steasured, py PUXTq. The

solid line represent? the r-esults of a 11% to the ¿{near

sum of a QCD tern Cdptted line) and a phen.P«enoloo,ipal

" simple fragmentation tern. See text for details.

Fig. 13 : The dependence on energy ef <*'»>[> measured py fLLTTO. The

solid line represent* the results of a fit te. the linear

sum of a QCD tero Cdotted line} and a phenqmenological

simple fragmentation term. See fext foe datable.

Fig. 1<» t The energy dependence Of < 2.HT» . Th,e ipiid, )ihe rtprf-

sents the results of a fit to a QCD pred,lcfian (n the
.i . .

leading log approximation. See |axt for d.̂ tefl».

Fig. 1S ! Fully corrected data or» the energy-energy eormjatlpns

from 7.7 up to 31.6 Geu. The solid lint ropraspnts |ho

expectations fron Monte Carlo calculations, ttjl Jou #ner-

giea Field t Feynraan model was used, at high energies

first order QCO effects a 1& Hoyer et al. uere included.

The clotted line represents the QCO predictions of KUJ

Cforward region], B8EL Ccentral region3 and DDT Cpqckuard

region 3.

Fig, 16 : The dependence on energy of the integf-ated ffroni 6Sf To

123°3 energy energy correlation measured by PLUTO. Th»

solid line represents the results of a fit to. the linear

sum of a CCO terra Cdotted line3 and a phenomenologlcal

simple fragmentation term. Sec text for details.

Fig. 17 : The assynetric component present in the energy energy

correlation Measured by PLUTO. The curves show the expec-

tations fro« a pure fragmentation model C Field I Feyna»n3.
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from a model where QCD effects ere taken into account

C Hoyer et al. 3 .as well as the results of the bare

first order QCO predictions by BBS..

Fig. 18 : The mean charged particle multiplicity as a function of

c.n. energy and the width of a Jet C Measured ty thrust

sphericJty or its*'Invariant «ass 3

Fig. IS s The eetn charged «ujtlpllcity of quark Jets produced, $n

e*e" annihilations at 2?.S - 31.S Gay as a function qf

the Jet invariant «ass.

KErtKENCES

f*| G. Hanson et a l . , Phys. Rev. Lett. 3S £753 60S

PLUTO Collaboration. Ch. Berger et a l . , Phys. Lst?. 788 t?S3 178

|2| R. F. Schmtters et a l . , Pnys. Reu. Lett. 3S C?S3 1230

|3| JftOe Coll . , M. Sartei et a l . , Phys. Lett. 888 (793 171

tvea J Co l l . , D. P. Barber et a l . . Phys. Reu. Left. «3 C7S3 83Q

PLUTO C o l l . , Ch. Berger e t a l . , Phys. L e t t . 850 f7S3 «19

TASSO C o l l . , R. BrandeIlk e t a l . . phys. L e t t . ESP £?S3

|<(f H. F r l t zsch . h . Gell-nann and H. L tutuy ler .Phys. L e t t .
478 C73D 36S '

D. J . Gross and F. WiXczek, Phys. Rev. L e t t . 30 C733 13*3

0. P o l t t z e r . Phys.Reu. L e t t . 30 C733 13<iS

J5| R. 0 . F i e l d and R. P. Feynman . Phys. Rcu. DISC773 2553

16) P. Hoyar a t a l . , Nucl . P h y s . B I S I C7S3 3AS

\7\ A. M i e t a l . , Phys. L e t t . 32b C733 1233



504

|S| P. ttazzanti and R. Odonco , Phys. Let t . SSB C8B3 133

Q. Fox and S. Wolf ran. Nucí,' Phys. 8168 C803 285

| 9 | JADE C o | l . , S. Yamada , proc. XX Jn| . Conf. High, Entrgy Phys.

Madison- Wtnsconslp •

MflRK J Ca\l.. p. P. Barbep mt • * • • P"*8- * • • « • 898 C7S3 139

TftSSO C o | l . , R. Brandellk * t a l . . Phys. La t í . S4B CS30 <t3?

| i e | H.J. Oaum , H, Meyep and J . Burger. 2. tur Phys.ca C813167

¡11 | PUJTO Collaboration, Ch. Bargur- «t a i . , Phyf. U t t ,

|12| A. de Rujula at a l . . Nucí. Phys. B

|13| TASSD C o l l . . R. Brandelik « t a l , Phys. L»tT. STB C883 4S3

|1<t| J . E l l i s and I . <ar l inar . Nucí. Phys. B148 C793 141

|1S| S.L. Wu and G. Zobernlg. Z. fur Phys. C<t C893 8?

|16| S. Brandt et « 1 . . Phys.Lett. 12 C54Í S7

E. Faiir i , Phys. Rev. Let t . 39 C?73 1SB7

J. D. Bjorken and S. Brodsky, Phys. Rau. 01 X.7Z1 1416

|18| G. Schierholz. DESY 79/71

|19| C. L. Basham at a l . . Phys. Rey. 017 C783

Yu. L. Ookshltzer, D. I . D'yakonou anij S- I - TrPy*H. H^ys-

Let t . 7SB C783 290 "

| 2 1 | PLUTO Collaboration,Ch. Berger at a l . , Phys. Le t t . SSB CS1 3 232

|22| K. Konishi, A. Ukaua and S- Uenaziano. Nucí. Phys. B1S? C7S3 45

|23j G. P a r I t i and R. Petronzlo. Nucí. Phys. 31S4 C7S3 427

|2<t| C. L. Basha» at « 1 . , Phys. Reu. La t t . 4U783 1S85



505

|2S| G. Parish , Priuate comunicatlon

¡2S| Pluto Coilatjcratjoi). Zelts. tur Phys.CS C313 1S1

\SP\ B. R. Weber . pfyendish Labonatory preprint, HEP 83/10

|28| W. Fupmanski anei S. Pokorski, Nacl. F îys. 1SS3 C?S3 12S3
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