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1. IHTRODPCriOK 

In the early experiments at the ISR it was found that the transverse 

•omeatim spectrum of produced plons followed a steep exponential fall-off 

at low values of p . Such behaviour was expected from the extrapolation 

of the low energy data. It came therefore as a surprise that in three 

Independent experiments1'*3 the invariant cross section distribution of 

charged pions was observed to deviate strongly from the e™ PT dependence 

•t large p... This discovery coincided with the advent of the quark-

.pirton s>oder*»s in which hard scattering of point-like partons wis 

expected to produce events with large p T secondaries, and it raised 

hopes that in such processes one had started to probe the structure of 

hadronic reactions at very short distances. The fast paced activities 

which followed during the next few years produced a vaet amount of data 

supporting the qualitative features of the parton picture. The quanti

tative description of the data required, howiver, sophisticated exten

sions of the parton model, e.g., quark fusion model, Constituent 

Interchange Kodel <CIM), etc. For the discussion of these models and 

the siwsiiry of the earlier data the reader is referred to other review,6"8 

'Today the Quantum Chroraodynamics (QCD) provides a framework for the 

possible high accuracy calculations of the large p processes. The QCD 

phenoaenplogy Is somewhat more complicated here than in the case of deep :; ' 

Inelastic lepton scattering or the Drell-xan mechanism; nevertheless, it 

appears to be quite successful. 

la the first part of these lectures I will introduce the description 

of the large transverse momentum phenomena in terms of the parton model 

and describe the modifications expected from QCD using as an example 
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single particle distributions. In sections 4 to 7 I will review the 

present status of available data, the evidence for jets and the future 

prospects. 

2. POIHT-LIKE DESCRIPTION OF LARGE p_ PROCESSES 

2.1 Definitions and Variables 

The basic diagram o£ the hard scattering process is .ihown in 

Fig. 1. In such process constituent "a" carrying the fraction x of 

the parent particle A momentum interacts with the constituent "b" from 

the target. The resulting constituents "c" and "d" then fragment into 

the experimentally observable final state particles, i.e., mesons, 

baryons, etc. Among those particles there is a final state hadron h, 

which tags the event as having a large p secondary. This hadron h 

carries a fraction z of the parent constituent "c" momentum. In the 

approximation when transverse momentum and masses of the constituents 

insde the parent hadron may be neglected, the subprocess variables B and 

t may be related to the overall center of mass variables by: 

S-Vb« • 

t - x t/s , 

' where t and u are defined as: 

t - ( p A - p h > 2 . 



{a + b -*-t+d) 

GbB("b-^Tb) 

Fig. 1. A general dlagran for hard scattering models of large p processes. 
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The general expression for the differential cross section distribution 

of the large p_ process is then given by: -

dp a, by a b c 

<W".\>wvV 71 <s-s> k/h^-V • ( i ) 

Here functions G represent the probability distributions of finding con

stituent a or b in parent particles A and B with corresponding fractions 

of their momenta x and x. . Similarly, function F represents the 

probability that the constituent c will fragment into the hadron h with 

fraction z at the c momentum. Finally, -?• describes the cross section 

for the aubprocesa a + b •+ c + d, 

2.2 Simple Patton Model 

In 1971 Berman, BJorken and Kogut calculated1* the expectations for 

the hard scattering process following from the simple parton model. In 

this approach the constituents a, b, c, and d were assumed to be quarks 

and the point-like scattering subprocess was expected to proceed via the 

vector gluon exchange. The aubprocesa cross-section. 

do _1_ 
d£ "" a 2 ' 

inserted Into formula (1), resulted in the differential single particle 

distributions of the form: 

E ^3 ~ *? £ ( V 8 > • < 2 ) 

dp 



wheTe X"2P_/I'B*. The power of the p_ dependence, n-4, was In agreement 

with expectations from the dimensional arguments. The formula (2) 

reflected the scaling properties of the parton model, i.e., the function 

f (x_.fi) depended only on the dimensionless quantities and vas expected 

for large x_ to be of the form 9 - 1 1: 

f (x_,e) ~ (l-x^* . (3) 

la addition, final state particles were expected to form four jeta: two 

cosing from the fragmentation of the scattered quarks and two from the 

spectator aysteas of the incoming hadrons. 

The large amount of the experimental Information collected during 

the following years at the 1^1 and in Fermi lab showed rather surprising 

characteristics. The data confirmed mon*. of the qualitative expectations 

of the slxple parton model, I.e., approximate scaling (see Fig. 2), 

existence of jets, shape of the scaling function, etc. The single 

particle p_ distributions had, however, much steeper fall-off than 

expected: n ~ 8 for plons and kaons and n ~ 10 -J- 12 for protons. 

Within the framework oi~ the parton model, two distinct classes of 

remedies of this problem were developed. 

1. The "black box" model. Feynman, Field and Fox had pro

posed 1 2* 1 3 that for some unknown reason the hard scattering subprocess 

violates the field theory expectations. Assuming arbttrnrily —r — t 

-8 '" 3 E 

which leads to p dependence of the single particle distribution and 

Introducing transverse momentum smearing, they have attained remarkable 

phenoaenological success in describing available data while preserving 

the simplicity of the partem model. 

http://x_.fi


Fig. Z. Plot of the function f(x-,0) for n + , ir~ and ff° (ref. 35). 
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2. The proponents of the Constituent Interchange Hotfel (CIM)11* 

and also the quark-fusion model 1 5 have argued that in addition to the 

quark-quark scattering there are also other subprocesses contributing 

to the data in the kinematlcal region of the available data. These are 

the quark-neson and quark-diquark scattering which include as the cross 

tent also the quark fusion process (see Fig. 3). For such diagrams the 

dimensional counting rules predicted n=8 for piona and kaons and n-12 

for baxyons in good agreement with experimental measurements. The model 

introduced unknown coupling of quarks to mesons and unknown distributions 

of stesons inside the parent hadrons. Its application was rather compli

cated due to many possible diagrams contributing to the large p process. 

nevertheless, it described most of the available data on single particle 

distributions and correlations. 

More extensive discussion of the above models can be found in 

Reference 7. Both of the above approaches encountered difficulties in 

explaining certain aspects of correlations in large p events and recently 

were abandoned in favour of the systematic QCD calculations. Neverthe

less* certain elenents of these approaches are preserved also in the QCD 

phenOBenology. 

3. QCB DESCRIPTIOH OF LARGE ̂  PROCESSES 

3.1 Perturbatlye Approach 

The arguments used in the discussion of the QCD description of large 

p_ event* follow che same pattern as those for the Drell-Yan mechanism.16 

Here again possible emission of gluons modifies the parton modal calcula

tions, la the perturbative approach, It was shown17 that in the leading 



-eP 
(b) 

Fig. 3. The diagrams of the Constituent Interchange Model. 
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logQ approximation one can faetarise the divergent parts ("mass 

singularity") of the contributions to the formula (1) due to the col-

linear gluon emission. These parts can then be incorporated into either 

distribution functions G(x,Q ) for finding quarks and gluons inside the 
2 parent particle or into the fragmentation functions F(x,Q ). These new 

so-called renormalisation-group-improved distribution functions are 

again the sane as measured in deep inelastic lepton scattering experi

ments, while the fragmentation functions are the same as measured in the 

e e~ annihilation into hadrons. The procedure is graphically illustrated 
2 in Fig. A. The large dimensional quantity Q , entering the scale 

breaking terms in the perturbative approach, is not uniquely defined for 

large p processes and will be discussed later. 

There are eight elementary subproceaaea which contribute to the 

leading power ±^TJ behaviour; these are qq •* qq, qq -*• qq, qq -*• qq, qg -*• qg, 

IS **" *J8» SB •*• gg» gg •* qq and qq -*• gg. Their cross section distributions 

have the general form 

where JAJ have been calculatrd10 for all first order in a diagrams and 

are listed in Table I. 



,r T . ° z ) 

Fig. 4. Illuatratlon of the diagrams contributing to the renormalisation-

group-lmproved a) fragmentation function, b) quark distribution 

function and c) gluon distribution function. 
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3.2 qCD Phenomenology 

The ptrturbative approach described in Section 3.1 results in thr. 

form of the differential cross section distributions analogous to 

Eq. (1): 



dp a,b J 

Ga/A 'VX/B^V^? f <* + b - c + d)iF c / h(z,, 2) . (5) 
The scaling, predicted in the parton model, is now violated following the 

pattern of the scale breaking of thr. distribution and fragmentation func

tions. Here, however, in contrast with the Drell-Yan mechanism, the eon-

volution of th». three components, each with its own pattern of scale 

violation, prevents the fonaulation of the intuitive predictions for the 

qualitative behaviour of the single particle distribution. 

There are several recently published papers19-2** with the phenome-

nological applications of Eq. (5) to the data on large p processes. 

In general they follow similar prescriptions, varying In particular 

choices for certain ingredients. As an example I will list the elements 

of calculations chosen by Feynraan, Field and Fox. 1 9 

1. Strong coupling constant. The general form 

12ff <V«T> ' (33 - 2nf)ln(TM 
is usually reduced by choosing the number of flavours n f * 4. Although 

the parameter A defining the scale of the perturbative calculations may, 

in principle, be process dependent, it is usually determined in the 

analysis o'£ deep inelastic lepton scattering data and in most of the 

phenomenalogical applications it is set 2 S to A = 0.4. 

2. Scale breaking variable Q . The identification of the 

large, dimensional quantity Q is not unique for the large p_ processes. 

The difficulty is introduced by the ambiguity between the s and' t 

channels of the subprocess reaction a + b + c + d. Feynman, Field and 



while Combrldge, Kripfganz and Ranft used18 

At very large transverse momentum of the triggering particle these 

choices are equivalent to the one used by Brodsky, Guni ID and their 

collaborators:22 » 2 3 

<,2 . - i . 
At intermediate p , however, the various definitions may introduce26 

differenced of up to 50X. 

3. Cut-off procedure. The subprocess cross-sections listed in 

Tabls I are divergent for s, t, or u equal to zero. This poses problems 

In the Integrations, particularly when one allows for a non-zero trans

verse aonenttna of constituents inside the colliding hadrons. In such 

cue the large p secondary particle may originate from hard scattering 

process with small c. In order to remo e the singularity, the variables 

», t, and u are usually replaced 1 9! 2 7 by « •: M , H - t and M - u 

respectively, with W - 1.0 CeV . TI1I3 arbitrary cut-off procedure 

afficti the calculations for the low transverse momentum secondaries; 

tue efi.its are, however, negligible for p > 3 GcV/c. 

4. The quark and gluon distribution functions. In the QCD 

approach, the quark distributions used for the description of large p pro

cesses are the same as those measured in deep Inelastic lepton scattering 

(DIS). The relevant range of Q is, however, rot covered by the existing 

DIS data. Therefore, the effective quark distributions are extracted from 



olated to high Q values using the QCD evolution equations.28 The 

analysis of ep or up data is relatively insensitive to the gluon distribu

tion Inside the proton. The gluon distribution function is assumed19 to 

momentum carried by the gluons, represented by the integral of G . , is 

equal to 502 of the proton momentum. 

5. Fragmentation functions. Here again the fragmentation 

functions are expected to be the same as measured in the e e~ annihila

tion into hadrons and to follow29 the pattern of scaling violation 

similar to that of distribution functions. The e e data are not yet 

sufficient for their good determination. Feynman, Field and Fox 1 9 

assumed the shapes of the quark, fragmentation functions, at the reference 

value of Q - 4 GeV , as given by their analysis of the data.30 An 

example of the Q dependence of F • is illustrated in Fig. 5 together 

with the gluon fragmentation function (assumed to be F ,. - (1 - z) /z). 

The resulting single particle spectrum, calculated using the above-listed 

ingredients, does nor scale. It can still be parametrised by the formula 

(2) but the effective power n depends now on the range of the transverse 

nunentum and x_. The changes of the parameter n introduced by the scale 

violating effects of each component of the calculation are illustrated19 

in Table 2 for the reaction pp-t-n°X in the range 2 <_ p <_ 10 GeV/c and 

3L - 0.2. 



A = 0.4 
— — Q z = 4 

Q 2=I0 
QE=50 
Q 2 = 5 0 0 

- i 1 1 1 1 1 | I | | 

(a) u—-if (b) gluon —*-7r° I 

Fig. 5. Scale breaking behaviour of the fragmentation functions U3ed by 

Feynman, Field and Fox 1 9 for the up quark and gluon. 
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TABLE 2 

n e £ £ 
No s c a l e breaking 4 .0 

« a «! 2 ) 4 .8 

Gfx.Q 2) 5.0 

F ( z , q 2 ) 5 .8 

So far, there Is an agreement among the theorists31»32 as to the 

correctness of this procedure of how to introduce scale violations 

although there are arguments about the details. There is still a sub

stantial freedom in parametrisatlan of the distribution and fragmentation 

functions In particular those concerning ^loons. '.he overall philosophy 

seems, however, to be generally accepted. The terms discussed so far 

arc expected to dominate the hard scattering processes at very large 

transverse momentum. The value of n «* 5.8 Is still, however, In clear 

disagreement with experimentally observed n = 8, It la obvious, there

fore, that In the framework of perturbative QCD the first order diagrams 

alone are not sufficient to explain the shape of the measured single 

particle p distributions and that the higher order terms are needed. 

3.3 Higher Order Effects 

There are in the liteiature two main approaches to the problem of 

estimating higher order corrections to large p processes. 

1. Higher Twists or "Norther California School." Jones, 

Gunion and Brods'iy and their collaborators22»23 advocate that the domi

nant contribution in the p range below p ~ 10 GeV/c comes from the CIM 

type r*f diagrams, which in the QCD language are called higher twists. 

The oubprocesa cross sections for those diagrams 



d 0 - „„2 1 
a z su 

yield the p ~ dependence of the single particle distributions. The 

results have characteristic features Blmilor to those of the Constituent 

Interchange Model buL the calculations arc now performed in the QCD frame

work. The phenomenalogical analysis of the large p_ data performed by 

Jones and Gunion22 does not, however, take Into account the CJ dependence 

of the first order QCD diagrams. This may lead to the ove restitution of 

the aize of the higher twist contribution because the precise normalisa

tion of the CXH terms is uncertain. 

2. Transverse Momentum Smearing or "Southern California 

School." Feynman, Field and Fox argue that all the higher order terms 

•ay be approximated by the assumption that partons Inside colliding 

hadrons havs non-zero momentum k_. This transverse momentum has two com

ponents: 

1) The primordial k_, due to the confinement of partons 

inside the hadrons. It is intrinsic to the basic 

parton wave function and is related through the 

uncertainty principle to the radius of the confining 

particle, 

ii) The effective k_ due to the wide angle gluon bremg-

atrahlur.g. In the pcrturbativc QCD approach it cor

responds to the 2 -* 3 particle -ubprocess. 

Both components, illustrated in Fig. 6, occur simultaneously and in 

the practical calculations are described by the single gausslan function 

with rather large Îs-*. The sane arguments apply also to the 
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Fig. 6, Illustration of the two components of k smearing. 



fragmentation of partons into hadtona. The values of the parameters, 

suggested by the dimuon data, are; 

In the distribnt .on functions: ^K„> =* 348 HeV/c ; 
1h+^ 

In the fragmentation functions: <kT> * 439 HeV/c . 
q+h 

The Introduction of large k_ smearing is somewhat controversial as the 

results become very sensitive to the cut-off parameters. It has also 

been pointed out 3 3 that the use of the off-shell kinematics greatly 

reduces the effects of TL, smearing. Therefore, one should interpret the 

large val-ies of intrinsic <k_,> not as a measure of the r^al transverse 

aomentiir of partons but as a phenomenological modeling of the neglected 

higher order terms such as 2 •* 3 subprocesses, higher twist terms, etc. 

In such an interpretation the values of the <k_> parameters depend on 

the method of calculations. 

Each of the above approaches is relatively successful (with some 

exceptions, as discussed in the next section) in depcribing existing 

data. The indications are, that they are complementary and that the 

elements o£ both are needed. The question of the relative sizes of the 

efleets will be answered when higher order terms in a contributing to 

the large p process and the radiative corrections31* are calculated. 

Such corrections are important in the tJCD phenomenology of the massive 

leptoo pair production and presumably are also important here, 

4. SINGLE PARTICLE DISTRIBUTIONS 

In most experiments the transverse »v ^ntum spectrum is measured 

for the particles emitted near 90° in the cm, system. The signal is 



expected to be clearest there and liast affected by the kinematic < 

effects near the phase space boundary. There are also existing some mea

surements of the p spectra at lower cm. angles, the angular dependence 

of the distributions Is not, as yet, well knouu. 

4.1 Fiona and Kaons 

Until last year the available data were limited to the p range 

below p - 8 CeV/c and x_ < 0.7. The results showed very good scaling35 

within the systematic uncertainties of the experiments. They were suc

cessfully described by the parametrisstion 

E ̂ § - A if" (I - O " . (6) 
dp J T T 

The values of the parameters n and n varied 3 6* 3 7 between n - 8 -f 9, 

m — 9 *i- 10 for the charged mesons. These values vere in agreement with 

the predictions of the dimensional counting rules. The exceptions were 

quoted recently38!39 for the scaling function of the it0 production witii 

somewhat flatter x~ distribution, m — 5. Presumably, they result from 

fitting the data at rather small x_ values and do not present problems 

for the dimensional counting rules, which apply for x_ near 1, 

Last year the first 1ST. tneasurcmevtts became availalIle3a^!»Q^1,I 

extending the range of the TI° apei tra to p i '6 GeV/c. The results 

presented In Fig. 7 show substantia^ .vlations of the invariant cross 

section from the trend observed at lower p values. 

The three sets of data differ by about a factor of 2 In the large 

P T region; nevertheless, all three present similar trends. The- depar-

tuie from the p_ behaviour is best illustrated in fig. 8 by the 
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Flg. 7. Transverse momentum distribution of irD,3 produced in pp collisions. 

The lines drawn arc the extrapolations of a) fit to the low p data 

(pT < 1 GeV/c) and h) fit to the intermediate p data (1< p T< 5 GeV/c). 
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compilatlon of values of the effective power n ,, obtained in these 

experiments at different values of x T. The n „ shows a systematic 

decrease from n f - 8.5 a t t " 0.1 to n . . - 4 + 6 for x^ > 0.3. This 

behaviour la, of course, expected in QCD. It reflects the diminishing, 

with increasi;.̂  p_, contribution of higher order effects (k̂ , smearing or 

higher twist terms) and the energlng dominance of the first order dia

grams. The examples of phenonicnological description of the plon spectrum 

b? the tvo approaches discussed in Section 3.3 are shown in Figs. 9 

w-A 10. 

4.2 Protons and Antiprotons 

The data available until now are limited 3 6* 3 7 to p_ Z, 7 GeV/c. For 

antiprotoim they are well fitted by the formula (6) with n - 9 and 

m - 14. For protons, the British-Scandinavian Collaboration at the ISK 

obtained the value of u - 10.38 ± 0.34 which is substantially =maller tha,n 

n = 11.8 Measured by the Chicago-Princeton group at Fermilab. Bath experi

ments reported similar values of m = 7.3. The new round of experiments 

under way now, hopefully will resolve this discrepancy. The steep fall-

off of the baryon spectrum is again compatible with the expectations of 

the CTM or higher twists approach, but creates problems for the proponents 

of the kj. smearing. Fcynmaa and Field speculate that at these relatively 

•mall p values, the baryon production may be still dominated by other 

than hard scattering processes and that the extension of measurements to 

larger transverse momentum ifl needed for testing the QCD phenomenology. 

The results have, however, a much more natural explanation in terms of the 

CXH approach. 
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4.3 .Eta 

Several experiments measured1*2~t*t* the Inclusive spectrum of n at 

large p as a by-product of the study of ir° distributions. The data 

show that the n spectrum Is parallel, ulthln statistics, to that of the 

it°. The ratio of n/ff0 production as function of transverse momentum Is 

shown In Fig. 11. It Is compatible with the value of about n/ir° -

0.5 In the range 2 <_ p_ <_ 11 GeV/e. 

4.4 Particle Ratios 

Even though In pp collisions the powers n of the transverse nosentim 

dependence of outgoing ir+ and it- mesons are, within errors, the aaae, 

their relative yield varies with p . This is due to the different 

shapes of the f(x-,8*) functions. In the QCD calculations of the first 

order diagrams* these functions depend on the quark and gluon distribu

tions. In the CIM approach, they are related to the initial meson dis

tributions Inside colliding hadrons. Both phenomenalogical approaches, 

discussed in Section 3.3, encountered some difficulties in describing 

the data. In pp collisions the steep p distributions of produced 

baryons is reflected also in the corresponding particle ratios. The k_ 

smearing model of higher order terms did not reproduce successfully pub

lished results. In contrast, the data were in agreement with the CIH 

expectations. On the other hand, the Chicago-Princeton group measured1*5 

recently the ratio of ir+/it~ for the incoming K~ beam. The data, shown 

in Fig. 12, are almost an order of magnitude below the CIM predic

tions.22 This disagreement indicates a substantial overestimation of the 

higher twist contributions to the large p processes, at least in up 

reactions. 
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4.5 Beam Ratios 

la contrast to particle ratios, which depend on both distribution 

and fragmentation functions, the hnqm ratios are related mainly to the 

quark content of the Incoming beam. In Fig. 13 arc presented the data 

froa the Calteeh-UCLA-FNAL-Illinois-Indiana collaboration experiment,1*6 

which measured the ratios of single particle and jet production for 

various Incoming beams* Several observations can be. made here: 

1. The beam ratios for single particle and Jet production are 

similar. The scale factor of -0.8 is compatible with value expected from 

the models of the fragmentation function.19 

2. The shape of the p/ir~ ratio reflects the differences of 

the proton and pion structure functions. At low p , it is approximately 

equal to the L'atio of the pN and nN tatal cross sections and then falls 

sharply with Increasing transverse momentum. This behaviour is compatible 

with the observations made in the studies of massive lepton pair produc

tion,16 that the average fractional momentum of the valence quarks in the 

plon la larger than that of those in the proton. 

3. From the observation that R(K/TT) - 1 one may deduce that the 

structure function of the Kaon is similar to that of the pion. 

4. Finally, the ratio R(p/p), which is consistent with 1 in 

the p T range below 5 GeV/c, confirms the QCD expectations that the anni

hilation subprocesses qq-̂ gg and qq+MM have small contributions to the 

large p_ processes. 

4.6 Direct Thotons 

In the framework of Quantum ChromodynamiC3 a real photon has a 

pointlike coupling to a quark. As a result, there .ire several possible 
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vpys to produce a direct Y- In every QCD diagram with the "final state" 

gluou, one can replace the gluon by a photon changing simultaneously In 

the corresponding formulae the strong to electromagnetic coupling con

stant: a •*• a . The first order graphs are now similar to those foe 

the Drell-Yan mechanism with largest contribution from the "Compton" 

scattering <g •*• ay (see Fig. 14). The annihilation process is expected 

to be Important in Trp, • p and pp reactions but is small in the pp col

lisions. In addition, direct photons may be produced1*7 through the 

faremsstrahlung from the scattered quark or through the higher order 

processes of the CIM type. The CIM terms lead to the p_ dependence of 

the yfn ratio. 

The rate of the Y production is suppressed vith respect to, e.g., 

no emission, by the ratio of the coupling constants o„j./ti . On the 

other hand, direct photon is not subjected to the fragmentation process 

which introduces trigger bias discussed in Section 2.4. One may expect, 

therefore, the two effects to cancel resulting in the measurable y/v° 

ratio. Experlcentally, however, the study of direct photon production 

la very difficult di,e to large backgrounds from TT°, n, etc., decays. 

l!suent',0»''9-,;;' results for the yfa° ratio, shown In Fig. 15, illustrate 

thes* uncertainties. The data indicate the rise of rhe yh° ratio with 

Ini-rcaaing transverse momentum. The energy dependence of the effect 

remains, however, unclear mainly due to the difficulties of relative 

normalisation of various experimental results. 

In both ABCSY and FNAL-John Hopkins experiments the Y/*° ratio 

shoved a trend of an increase with increasing cm. energy. Such behav

iour ±o consistent with the QCD expectations. 
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Also shown In rig. 15 are the results of two theoretical calcula

tions. The solid line describes the lowest order QCD calculations of 

Contogourls et al. 2 6 The dashed curve Is Che prediction of Rilckl et al. 4 7 

who included also the CLM terms in their calculations. The large system

atic errors of the experimental measurements preclude a quantitative com

parison of these curves with the data points. It is, however, evident 

that the direct j .ion signal 1* observed at the level expected in QCD. 

5. NUCLEAR TARGET DEPENDENCE 

aln.-e the density of a heavy au-.lear target la much higher than 

that of the hydrogen, nuclear targets .re often used to study the low 

crojs section processes. It is then an experimental problem of how to 

extract the cross section of a given process on single nucleon from the 

measurements Involving heavy nuclei. It has been observed in several 

different experiments that tho cross section has, to a good approxima

tion, a power law behaviour as function of the nuclear number A: 

o - OQAO 

In coherent processes, e.g., diffractiva production, where one expects 

shadowing effects to exist, the value of a * 2/3 is both observed ex

perimentally and expected from the Glauber cheory. On tt">- other hand, 

fot hard scattering processes involving partons, one does not expect any 

shadowing to occur. The incoming set of parcons should see thfc target 

as an ensemble of point-like constituents with their numbers proportional 

to the number of nucleons, i.e., a « 1. Such behaviour is indeed observed 

for the Drell-Yan mechanism. 



-37-

Th e experimental measurements of the parameter ft for the large p 

process are shown36 in Fig. 16. The value 01" t rises with increasing 

transverse momentum. In contrast, however, to the lepton pair produc

tion it exceeds 1 for p„ > 2 GeV/c. The maximum value of a, measured so 

far, depends on the particle studied and is equal to 1,15, 1,3 and - 1.45 

for the final state pions, kaons and protons respectively. As can be 

seen in Fig. 17, the rise with p„ is even more dramatic50 for jets. 

It depend* also on the beam particle and is less pronounced for the pion 

than for the proton beams. It should be remembered chat the difference 

in a of - 0.45 translates into an order of magnitude variation of the 

cross section extracted from the tungsten target. 

It has been suggested51 that this phenomenon, known also as the 

anomalous nuclear enhancement, is due to the large transverse momentum 

of colliding partons. An experiment registering single particles would 

preferentially select such configurations in which the parton k- points 

towards the trigger. The trigger bias may be thus sensitive to the 

variation of the parton transverse motion in different nuclei although 

it is not clear why it should be different for various particles. This 

trigger bias may be eliminated by measuring symmetric, back-to-back pairs 

of particles. The experimental results on symmetric dihadron production 

are not clear. The Columbia-FNAL-Stony Brook Group reported52 values of 

a close to 1 for such triggers, while the Purdue-Michigan-FNAL Collab

oration observed53 in a somewhat different angular region that a > 1. 

As the consequence of this model one may also expect that the influence 

of the transverse motion is smaller for the symmetric jets of particles 

because the fragmentation process with its 11, smearing would not affect 
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the results. The anomalous nuclear enhancement i3, however, even 

stronger for jets than for the single particles and recent results of 

the experiment E-260 at Ferailab show51* the value of t * 1.5 for the 

symmetric pair of jets with p£ e C = 5 GeV/c (Fig. 18). 

More promising seems to be the recent proposal 1 5 - 5 7 that the large 

values of a result from multiple scattering of partons inside nuclei. 

The intrinsic time scale of hard processes requires the outgoing quark 

or gluon to fragment well outside the nucleus. Therefore, it has the 

opportunity for multiple interactions. Krzyvicki, Engels, Fetersson and 

Sukhatme57 have calculated the nuclear dependence of such an effect ia 

the framework of QCD. The general series: 

arfo - A + c.A ' + c_A-4 / 3 - , 2 A 5 / 3 • 

arises from final state interactions vith 0, 1, 2,...nucleons in the 

target. Its coefficients depend on the colour factor of the partons. 

The effective values of a calculated from the first order QCD diagrams 

are listed in Tahle 3 for quarks and gluona. 

TABLE 3 

P t (GeV/c) 5 7 9 11 

a q 
1.07 1.07 1.06 1.11 

a 
8 1.15 1.Z3 1.23 1.27 

As can bo seen, the gluons (colour octet) Interact more strongly than 

quarks and as a result the fraction of final state gluon jets Is greatly 

enhanced in heavy nuclei. For example, for the uranium ca:^ct and 
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a => 1.5, i.e., p > 7 GeV/c, about 902 of all jets are due to the gluon 

fragmentation. 

Of course, there may he other sources of the anomalous nuclear 

enhancement which contribute to the same p region. The calculated size 

of the multiple scattering effect promises, however, an opportunity to 

study for the first time the parton-nucleon collisions. 

6. JETS 

In the parton picture of large p_ processes, the scattered quark or 

gluon Is expected no fragment59 into several particles. The process of 

evolution of constituents into hadrons is not, as yet, well understood. 

It is usually assumed 3 0» s e chat the outgoing quark carries a colour 

field in which the quark-antiquark pairs are created. The process, illus

trated in Fig. 19, results in a cascade of mesons among which there 

may be also resonances. The final state particles are expected to have 

limiteu transverse momentum with respect to the direction of the original 

quark and the ensemble of all those particles is called a jet. 

If one L.<!glects the correlations induced by the colour conservation, 

the sum of the jet particles should represent the global features of the 

original quark, i.e., the sum of the momentum vectors and energies of 

all the final state particles should roughly correspond to the momentum 

and energy of the parent quark. Therefore, If one is able to identify 

among all hadrons in the final state those which belong to a particular 

Jet one may study the properties of the constituents. 

In the u"i parton model one expects four jets: two from the 

scattered quarks and two from the fragmentdtion of the spectator system. 



Fig. 19, Graphical Illustration of the cascade fragmentation of quark into 

aeaoaa. 
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In Quantum Chromodynamics, the situation is somewhat more complicated.59 

First, one of the scattered constituents may be identified with a gluan. 

The gluon fragmentation is generally assumed to proceed vi,a the creation 

of the qq pair with each quark fragmenting independently. Intuitively, 

one expects therefore, that the jets due to the gluon fragmentation have 

higher multiplicity and consist of lower momentum particles than jetfl 

from the quark fragmentation. The second complication is due to the 

emission of gluons before or after the hard collision. The decay products 

of collinear gluons may coalesce with jets frc. u the constituent decays 

leading to broadening of the size of the observed system. Finally, the 

large angle emission of gluons, i.e., the 2+3 elementary subprocess, is 

expected to lead to the additional, veil separated jet in the final state. 

The frequency of such "five jets" events should be suppressed, however, 

by the paver of a (p ) with respect ta that of the "four jets" events. 

6.1 Triftfter Bias 

In order to understand the relation between th(j single particle and 

jet distributions it Is important to discuss here the so-called trigger 

bias effect. s o* 6 1 I -.-*1.! follow the example giwn by Ellis, Jacob and 

Landshoff61 for the simple parton model, In the first approximation 

most of the arguments apply also to the QCD approach. 

Let us assume that there is only one kind of a quark and that the 

fragmentation function of this quark into hadrons, F(z), scales. 

If one Ignores the transverse momentum of the fragmentation products 

with respect to the quark direction, the inclusive cross-section for the 

production of a hadron of large transverse momentum p at 90° in c.m.s. is: 



do * > /<^/>™(>T*n- (7) 

v1 

wbere 6oJi?i€t i s the cross section for the production of a jet with the 
r 

•omentua pj*e and is usually parametrised as: 

do A 

The integrated form of Eq. (7) is 

There are two observations to be made here. First, that the p 

dependence of the single particle distribution has the same 6 0 power n as 

that of the parent jet. Second, that due to large n, the values of z 

close to 1 contribute most to the single particle cross section. This 

means that the triggering large p particle carries most of the jet 

momentum. 

Far Che numerical estimate of the size of the trigger bias effect, 

it is necessary to describe the fragmentation function. The simple 

parametrisatianG1 

1 (1 - E)"1 

n + 1 z 
F(z) -

yields after integration of Eq. (8); 

do; u const. \ m.'(n - 3); | 
dp_ n-1 j (m + 1) Cm + n - 2)! f * 

For the canonical values of m and n discussed in section 4, i.e., m • 2 

and D - 9, the expression in the curly bracket is equal to / 7e f i-
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That number represents the suppression of the single particle CTOGS -

section with respect to the Jet cross section due to the trigger bias. 

Of course, che fragmentation function may have, In general, more 

complicated structure, e.g., 

F(z) - B(l - z)n/z + K5(l - e) + L + ... , 

where the additional terms correspond to configurations in which the jet 

fragments into one particle only, two-body resonance, etc. 

In QCD, the fragmentation function F(z) is not expected to scale. 

Therefore, the jet cross section does nit have necessarily the same 

shape as the single particle distribution, nevertheless, in spite of th • 

umall deviations introduced by the scale violation and the complications 

arising from the summation of many terms, the global effects of the 

trigger bias are expected to remain unchanged. 

6.2 Jet Experiments 

There are at present three experiments at Fermllab which have trig

gered on large p jets. Two of them <E260 and E395) have already published 

some of their results, whl^c the analysis of the third (E236) is still in 

progress. The details of those experiments have been recently exten

sively reviewed,6Z»G3 therefore I will comment only on their main features. 

The jet experiments select events with large transverse energy 

E > E carried by the aet of particles travelling together. Such triggers 

are obtained with the help of calorimeters. The tracking and particle 

identification devices situated between the target and the calorimeter 

provide the zoasurements of the number and type of particles in the jet. 
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The experiment E260 has in addition a magnet allowing for the measurement 

of the particles' momenta (see Fig. 20). Both E260 and E395 have a 

•ajor drawback of being unable to avoid the trigger bias introduced by 

the finite size of the calorimeters. In both cases some of the jet 

particles may remain undetected if they are emitted outside the angular 

acceptance of the apparatus. On the other hand, some of the particles 

not belonging to the jet, e.g., originating from the spectator jets, may 

eater the calorimeter thus increasing the measured energy. The analysis 

ot the data involve, therefore, rather complicated, model dependent 

Monte Carlo simulations. Since the raw measurements of the two experi-

Ments are corrected for different and somewhat complementary biases* it 

Is quite encouraging to notice that the final results are similar. 

In Fig. 21 is presented the comparison of the cross section1*6 for 

the jet production measured in the experiment E260 with that of the single 

particle data obtained by the Chicago-Princeton group.36 The effect of 

the trigger bias is clearly seen. The jet cross section is more than two 

orderti of magnitude higher than the pion data. The absolute cross section 

estimates of experiment E395 agree, within factor of four, with the E260 

results. Also shown in Fig. 21 are the QCD calculations19 of the jet 

cross section. The two curves, which correspond to the production of 

jets of a given energy or transverse momentum, differ by a factor of abjut 

IS. This difference reflects the uncertainty in the QCD phenomenology 

whether the relevant variable is the energy or njomentum of the jet par

ticles. The sum of the masses Involved is usually of the order of 1 GeV 

and due to the steeply falling distributions, it introduces a substantial 

variation in the estimates of the jet cross section. 
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7. JET ST8UCTURS OF LARGF p EVENTS 

lo the parton model description of the large p„ processes, depicted 

in Fig, 1, one expects four Jets. The two spectator jets should fol

low the directions of the beam and the target in the c.m.s. and the two 

jets from scattered ronstituento, called the "towards" and "away" jets, 

should balance the transverse momentum of each other. Such picture is 

only slightly modified in the QCD approach and the main effort of the 

past few years has been directed towardg the identification of those four 

Jets. 6 4 While the atudy of each individual jet provides the information 

about the process of fragmentation of constituents into ht> irons, the 

testa of the description of basic interactions may be obtained only by 

studying the correlations among the jets. 

The separation of par.idea belonging to a particular jet its not, 

however, straightforward, To illustrate the proalem, in Fig. 22 is 

presented the density of particles associated with a large p„ trigger at 

90" in the c.m.s. obtained by the British-French-Scandinavian Collabora

tion 6 5 at the ISR. This density is normalised to the same distribution 

obtained without requirement of the large p_ trigger (minimum bias events) 

in order to take into a-count the acceptance problems. As can be seen 

there ie a saail but distinct bump around the direction of the trigger, 

vhich eorrLBponds to the towards jet. The broad enhancement on the 

opposite side represents a superposition of many away jets emitted at 

different cm. angles. The strong overlap of the particles belonging to 

different jetg, in particular those with small p_, makes the separation 

of Jeta somewhat mcdel dependent. Therefore, one should take the numeri

cal results of the Jet studies always with a grain of salt. 
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Flg. 22. The average distribution of charged particles with p < 50D MeV/c in 

large p„ events relative to the distribution observed in minimum 

bias events. Also shown arc the definitions o£ variables uged in 

jet analysis. 
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Also shown in Fig. 22 are the definitions of some of the variables 

aaed in the jet studies. The two azimuthal regions containing the scat

tered jets are usually defined as M =• ±(30° * 40") around (towards) or 

apposite (away) to Che trigger. The total momentum of the jet is defined 

is the sum of momenta vectors of its fragments P. « 2 p . For each 

Individual particle in the away trigger the p and p describe the 

components of transverse momentum out of the trigger plane and balancing 

the momentum of the trigger jet respectively. In case when the trigger 

md away jets have equal momenta, the reduced component of p : x_ • 

? /P. f i t is equivalent to the variable z used in fragmentation function, 

rfhile p describes the intrinsic parton transverse momentum. 

7.1 Towards Jet 

The evidence for the towards jet, although clearly seen in Fig. 22, 

Is somewhat better documented i *gs. 23 and 24. The azimuthal dis-

:ributlons of charged secondaries associated with large p fp_ > 7 GeV/c) 

leutral pion (see Fig. 23) show66 strong peak at the azimuth of the 

:rlgger. The effect is prac-.ically independent of the p„ and the rapidity 

>f the trigger. Similarly, the secondaries in the same hemisphere are 

:orrelated with triggering particle in rapidity (Fig. 24). The range 

if these correlations allo-j for the estimate of the size of the towards 

let as Ay ~ ±0.75 and fl<$ - ±(30* f 45°). It should be remembered, however, 

:hat the jet is distorted by the trigger biaB, which preferentially 

selects narrow configurations. 

The effective mass distributions of the triggering purtlcle and of 

:hc identified secondaries, shown in Fig. 25, display prominent peaks 
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corresponding to p° , K* (890), A (1236), etc. The resonances production 

is responsible, however, only for a snail fraction of the large p trig

gers. For example, the British-French-Scandinavian Collaboration esti

mated67 that only about 12X of the charged pions in the p range 2.2 <_ 

p_ ̂  3.0 GeV/c originate from the p° decays. Nevertheless, the relative 

yield of resonances is comparable to that of e.g., pions at the same value 

of transverse momentum. This is due to the fact that the invariant dis

tribution is a steeply falling function of p_ and even small Q values of 

the resonance decay lead to big corrections of the measured cross sec

tions. The ratio of the cross sections of (i°(^(.v + IT") was found to be 

compatible with 1 for p > 2 GeV/c. Similarly the CERN-Saclay group 

measured60 (p + o )/n° = 1. In addition to the results mentioned above, 

also the observation of strong same charge correlations (sec Figure 24) 

indicate that the production o£ resonances is not sufficient to oxplaLn 

the origin of all large p_ triggers. 

Having established the existence of the towards jet ve can turn now 

to the problem of its properties. The studies are, however, difficult 

because of the trigger bias and because the number of associated particles 

clearly distinguishable from the background is small, usually of the order 

of few percsnt per event. The methods used vary from group to group. 

They include in general tbj three following steps; 

1. Selection of candidate particles by, e.g., rapidity, 

azimuth and j>_ cuts; 

2. estimate of t'ic Jet axis, e.g., as a vector sum of momenta 

of selected particles; 
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3, estimate of the background, e.g., by nixing tracks from 

different events. 

The results depend, of course, on the details of the procedure, accep

tance, cuts, etc. The answers obtained by different, groups are, however, 

in the same ballpark. The distribution of transverse momentum of the 

particles with respect to the jet axis, k_, exhibits a smooth exponential 

behaviour (see Fig. 26). The exponent of this distribution measures 

the average value of k_. The values of <k_> " 336 ±7 MeV/C for all neutral 

aecondarles and <kT> ~ 589 114 MeV/c for charged secondaries, observed by 

the CERN-Saclay group nay be compared with <k_> - 520 ±50 HeV/c esti

mated by the British-Scandinavian Collaboration. 

The distribution of z, the fraction of the jet momentum carried by 

its each component, was observed to scale in most of 'he experiments. 

The exception was quoted by the CCOR Collaboration69 which found the 

average value of <z> decreasing with p of the trigger. 

7.2 Away Jet 

The evidence for the avay jet Is not so clear JIB in the case of 

towards jet. As has been seen in Figs. 22 and 23b, there is an apparent 

a2laiithal correlation in the direction opposite to thac of the trigger. 

Such tendency of back-to-back configuration may result, however, from 

the transverse momentum conservation in the experiments with incomplete 

solid angle coverage or in which certain parti*. 1c types remain undetected. 

In such case, illustrated in Figs. 27a and Z7b, *hc trigger preferentially 

selects events with smaller missing transverse momentum p™ . In order 

to correct for the possible experimental biar, the A BCS Collaboration 
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studled7" the correlations of the large p_ n° pairs in terms of the 

total energy radiated transversely E_ • pi + p_ + p . The results, 

shown In Fig, 27c indicate a strong coplanarity of the two ir°'s at 

large values of their transverse momentum. Also here, the enhancement 

In the aziouthal distributions Is limited to - ±(30" - 45*) around the 

direction opposi ne to the trigger. 

It Is, however, not easy to localise the away jet In rapidity. The 

density of particles opposite to the trigger (see Fig. 22) shows a 

broad enhancement which covers the range of ±3 units of y independently 

of the rapidity of the trigger. In the parton model this behaviour is 

explained by a Lorenz boost cf the two collincar jets from their own qq 

rest frame to the overall cm. system. The direction of the towards jet 

is fixed by the experimental trigger and the observed enhancement on the 

apposite si<ie is the result of superposition of many away jets. la order 

to find those jets on the event to event basis, the CERN-Collcge de 

France-Heldelberg-Karlsruhe Collaboration proposed71 a procedure in which 

a particle with largest p™ opposite to the trigger is selected as the 

most likely candidate for the leading particle in the away jet. The 

remaining particles show then strong rapidity correlations with guch "jet 

leader." The range of the correlations, illustrated in Fig. 28, spans 

about ±0.75 units of y and is similar to the width of the towards jet. 

It is important, however, to remember that this procedure introduces 

also here the trigger bias similar to that of the towards jet. 

After establishing the evidence for the existence of. the away jet, 

one may review its characteristic features. In general, they are similar 

to those of the trigger jet. 



y(largest p )> 0.5 

- 2 0 
Rapidity , y 

Fig. 28. Rapidity distribution for charged particles with p_ > 0.5 GeV/c on 

th* away side when the "jet leader" is first seen with its rapidity 

in the shaded area <ref. 71). 



1) The pattern of correlations shows presenco of close pairs 

of large p particles. Both neutral and doubly charged 

configurations are present and the resonance production, 

although present, docs not dominate. 

11) The distribution of particles Inside the Jet appears to be 

symmetric around the jet axis. The transverse momentum 

with respect to the jet axis is compatible with being 

gaussiao with the average value of K_ In the range of 

<ly> ~ 450 i 600 MeV/c. 

Hi) The average multiplicity of the particles in the Jet is 

consistent vith logarithmic increase with the Jet momentum. 

iv) The fragmentation of the jet is usually well described by 

an exponential function 

dN , -Bz 
d z - " A e 

with the sJope 8 independent of the trigger momentum (see 

Fig. 29). The value of the alope depends, however, on 

the type of experiment and method analysis and may be also 

energy dependent. It is found to be B - 4.6 in the £NAL 

jet experiment72 and B - 7 aj the ISR- 7 3 The ISR experi

ment of A flCS group has found also an evidence for the jet 

fragmentation into the single particle occurring at the 

level of about 12. This observation may be interpreted 

bcth as the argument for the existence of the CIM terms and 

as the estimate of the size of their contribution.to the 

away side jet. Such an estimate is nevertheless Mased by 

the effects of the trig&.r on the towards aide. 
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Pig. 29. The constituent fragmentation distribution into n° measured by the 

A BCS Collaboration. 
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Several groups observed71*'75 a qualitative agreement of the global 

features of the away jet with those characterising jets measured in e e 

annihilations and ueep inelastic lepton scattering. In large p processes 

substantial fraction of final state jets is expected to be due to gluon 

decay. In contrast, in e e~ annihilations and vp interactions, the final 

state Jets are dominated by the fragmentation of quarks. The similarity 

of the various jets, if It is not accidental, i.e., if it does not result 

from the model dependent correction procedures applied during the analysis 

of the data, Indicate that there is little qualitative difference between 

the quark and gluon jets. The experiments with much larger p_ of the 

triggers and cleaner separation of jets are needed far more quantitative 

study of this problem. 

7.3 Correlations A^ong Jets 

The measurements of the correlations among large p_ jets provide the 

unique opportunity to study the parton-parton interactions. The topical 

problems addressed most often during Che past feu years ar>. the coplanarity 

and p_ balance of the jet, which are related to the transverse momentum of 

partons inside the colliding hadrons, and the quantum number correlations, 

which may be due to some higher order effects. 

1) Coplanarity and p balance. In the absence of pareon trans

verse momentum one expects coplnnarlty of the jots emerging 

from the 2*2 elementary subprocess. In addition, the two 

Jets of fragments of scattered constituents should Lsl'-nce 

their overall trar.sveree momentum. The first Indication af 

the possible deviation lrom such picture waB the observation 



by the CCHK group76 of the strong az.1.imithal correlations 

between the large p_ trigger and leading particles in the 

forward direction. In the extensive studies the British-

French-Scandinavian Collaboration estimated77 that the 

forward particles balance about 300 MeV/c of the trigger 

transverse momentum (sen Fit?. 30). Such value is com

patible with expectations, iiscussed in Section 3, for the 

Intrinsic parton k_ due to confirement. 

The studies of the imbalance of tie scattered Jets yield, 

however, ouch greater values of K*.- Afc the ISR such con

clusions follow from the meaaurents of p , the transverse 

momentum component out of the trigger plain. The distribu

tion of p is found6 S 6 9 to be gaussian with the average 

value depending on JL and the trigger p„. It is related 

to the intrinsic 11, by 

<po u t> - V « v 2 + * E ( < V 2 + ' V Z ) 

where <u describes the transverse momentum in the fragmenta

tion function. Several experiments obtained the values of 

<k_> of the order of 1 CeV/c. In Figure 31 the two typical 

values of <kT> extracted by the CERN-Saclay group75 using 

two different methods are compared with the values measured 

by the Fennilab-Lehigh-Pennsylvania-Wlsconsin two-jet experi

ment. 7 8 In general, they are compatible with the results 

of the analysis of massive lepton pa.T- production and are 

larger than *Kj> - 848 "MeV/c used in Feynman, Field and Fox 
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QCD phenomenology.19 Part of this effect is probably due 

to the contribution of higher order processes not included 

so far in their approach. 

11) Quant' -i number correlations. In the simple gluon exchange 

parton model, the point-like scattering of constituents is 

independent of the quark flavour. Small charge correlations 

are predicted due co the different probabilities of finding 

the up and down quarks in a proton. These expectations are 

unchanged in the lowest order Quantum Chromodytiaraica. In 

contrast, higher order contributions, and in particular the 

CIM terms, may introduce substantial charge and flavour 

correlations. 

In Fig. 32 arc presented the data obtained by the British-

French-Scandinavian Collaboration.65 For the negative 

triggers (especially K~ and p) the average number of posi

tive particles on the away side is substantially higher 

than that of the negative particles. Similar effect, shown 

in Fig. 33, is observed in the recent Caltech-UCLA-FtJAL-

Illincis-Indiana experiment,7^ In both experiments the 

measured ratio io greater than expected from lowest order 

QCD calculations indicating the contributions of higher 

order terms. 

8. OUTLOOK 

Vast amount of data on large p,- processes is now available. Most of 

those data ate described by the QCD phenomenology with impressive success. 
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Alaost all results for p < 10 GeV/c may be understood by the mixture of 

the lowest order QCD subprocesses and some higher order effects. The 

latter are A9 yet not fully understood and are probably negligible at 

larger transverse •omenta. Due ta may terms and the complexity of cal

culation* the field does not present any clean test of Quantum Chromo-

dynastice. nevertheless, it provides the unique opportunity to study 

parton-parton and possible parton-nucleon Interactions, The experiments 

om heavy nuclear targets and at the future high energy machines will 

—Hoabtedly yield many interest: ig results. 
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