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Experimental results on hadroproduction of high-pt particles is reviewed in the context
of QCD.

PACS numbers: 11.10.Np, 13.85.-t

1. Introduction

In the parton picture, which grew out of deep inelastic electroproduction experiments
in the late 1960s, a nucleon consists of three valence quarks and a sea of quark-antiquark
pairs, a meson of a valence quark, a valence antiquark and a sea. With the advent of QCD
a cloud of glouns was added to the constituents of hadrons. In parton models certain classes
of hadron-hadron scattering factorize into an interaction between two of the constituents,
carrying significant fractions of the incident hadron momentum, and an interaction between
the remaining “‘spectator’” partons. In this picture a hadron beam is regarded as a wide-
-band, unseparated parton beam (wide-band because the partons have a wide range of
momentum and unseparated because all types of partons exist in the beam).

The best-studied situation is hadroproduction of lepton pairs. In the parton model
the reaction proceeds through q annihilation as proposed by Drell and Yan [1] which
is shown in Fig. la. The factorization is ensured by the mediation of the virtual photon.
In perturbative QCD the diagram of Fig. la is the lowest order diagram. This so-called
Drell-Yan process provides an excellent testing ground for QCD. It will not be reviewed
here! since there exist excellent recent reviews [2].

Factorization is also expected to occur in the production of large-pr hadrons [3]
pictured schematically in Fig. 1b. The interaction is then described by the structure functions

* Presented at the VI Autumn School of Theoretical Physics, Szezyrk, Poland, September 21-29,
1981, organized by the Silesian University, Katowice.
** Address: University of Nijmegen, Physics Department, Toernooiveld, 6525 ED Nijmegen,
The Netherlands.
! This was reviewed in my first lecture at the VIth School.

(691)



692

of the colliding hadrons, the scattering matrix for the binary parton interaction and frag-
mentation functions for the scattered partons and for the spectator partons. The hard
binary scattering is thought to take place over a much shorter time scale than the fragmen-

Fig. 1. (a) The Drell-Yan diagram; (b) High-pt hadron production

tation, resulting in the factorization. An outgoing parton in Fig. 1b can be replaced by
a photon, in which case there is of course no fragmentation. It is this case which will be
reviewed in Section 2. In Section 3 the case of high-py hadrons will be examined.

2. Hadroproduction of high-p; prompt photons
2.1. Introduction

In the last few years the subject of high-py photon production in hadron-hadron
interactions has attracted a large amount of interest, both theoretical and experimental.

Theoretically single, prompt, high-pr photons are expected to be produced in a hard
scattering of two incident partons, the remaining partons in the incident hadrons playing
only a spectator role (Fig. 2a). Such reactions are of particular interest because the lowest
order QCD diagrams (Figs. 2b and 2¢) all involve gluons. Note that these are the same
diagrams which make up the first-order QCD corrections to Drell-Yan. Experimental
evidence of these processes thus provides support for QCD (as opposed simply to a parton
model which does not include gluons).

The study of these processes is experimentally quite difficult. There are several compet-
ing sources of single photons: Brehmsstrahlung from an outgoing quark, for example in
a qq — qq subprocess (Fig. 2d); photon decay modes from mesons (e.g. n, ®, ...); the
conversion of a virtual vector meson 1o a real photon. In addition there are purely experi-
mental problems with y-pairs from n® and 7 decays: The two photons may be spatially
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too close together to be resolved by the detector (the minimum angular separation 'of the
two photons from n® decay is only 16°/p in GeV); or the decay may be very asymmetric
causing one of the photons to miss the detector completely. The.requirement is thus for
a detector of fine spatial resolution and large acceptance, which is expensive. Lacking
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Fig. 2. (a) A hard scattering producing a prompt photon; (b) and (c) the lowest order QCD diagrams
for prompt photon production; (d) production of a high-pr photon by quark brehmsstrahlung; (¢) a higher
twist diagram which produces an unaccompanied prompt photon

fine enough granularity it is possible to separate the single photon signal statistically using
the fact that the first photon conversion of a pair will on the average occur earlier in the
detector than that of a single photon.

In all of the above sources of background the photon should be accompanied by had-
rons, the other particles of the high-py jet. Other processes such as higher twists (Fig. 2e)
could also lead to unaccompanied photons.
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2.2. Cross sections

Early results [3] suggested the existence of prompt photons bat were not conclusive
having signals of less than 2 1/2 standard deviations. The more recent results Qf the AABC
collaboration [4] on the ratio of photon to n® productions as function of p; are shown
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Fig. 3. The v/=° rado observed in p-p collisions at 4/s = 63 GeV. The curve represents a Monte Carlo
calculation of the ratio assuming no direct photon production [4]
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Fig. 4. The fraction of events atributed to direct-photon production as a function of pririgger in p-p
collisions at 4/s = 62.4 and 44.8 GeV. The errors are statistical; there is in addition a systematic error
of 5% [5]
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in Fig. 3 together with a Monte Carlo background simulation. A prompt photon signal
becomes apparent around py & 4 GeV/c and increases with pr. The CCOR collaboration
[5] using a statistical separation technique (and thus able to go to higher py) finds that
the prompt-photon signal continues to increase with py as shown in Fig. 4 where the
fraction of events attributed to prompt photon production is plotted. A Fermilab experi-
ment has also observed the y to mn° ratio to increase with py [6].

Uneertainties in calculating ¢(=°) or in the measured o(n°) at high p; aad uncertainties
in o(y) from other sources (n — v, etc.) combined with uncertainties in the structure func-
tions (in particular, f§ is almost unknown) resulted in very different calculations of R(y/r°).
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Fig. 5. Calculations of the y/r° ratio for pp collisions at 4/5 = 63 GeV from (a) Ref. [7], (b) Ref. [8],
(c) Ref. [9], and (d), (¢) Ref. [10]. The difference between curves (d) and {e) is the gluon structure function
used: g(x)~ (1—x)* in (d) and g{x) ~ (1—x)% in (e)

The situation just two years ago [7-10] is illustrated in Fig. 5. The appearance of experimen-
tal data resulted in a convergence of the calculations and rather good agreement with the
data: Fig. 6 shows the background-subtracted AABC data on R(y/n°) compared with
curves calculated by Contogouris et al. [11]. Inclusion of soft gluon corrections (solid
linss) improves th: agreement compared to curves calculated without these corrections.
Figure 7 shows the same data but now expressed as cross sections; the data and the different
calculations are in fair agreement [12]. The soft gluon corrections will improve the agree-
ment. The /s = 63 GV data and the calculation of Halzen et al., are repeated in Fig. 8
whare the qq and qg contributions are shown separately. It is seen that the qg subprocess
dominates. This is due to the absence of valence antiquarks in p-p collisions.
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Fig. 8. The direct photon cross section at y =0 vs. py for p-p collisions at 4/5 = 63 GeV compared with
the calculation of Halzen et al. [13] (solid line). The contributions of gq — yq (dotted line) and qq — g
(dashed line) are shown separately. The gluon structure function was chosen as g(x) = 3(1—x)®

2.3. Correlations

The QCD processes (Figs. 2b and 2c) should produce photons unaccompanied by
hadrons. To investigate this the AABC collaboration [14] looked at rapidity correlations
of same-side hadrons (charged particles and n%s) with a =° trigger and with a v trigger.
The distribution of rapidity difference between the trigger particle and same-side charged
particles is shown in Figs. 9a and 9b, respectively. The curves are a Monte Carlo estimate
assuming uncorrelated particles. A large excess of particles is seen at small 4y in the n°-
Atrigger case; a smaller excess in the y-trigger sample. Monte Carlo simulation of known
sources of background (coalesced photons from n° decay, wide-angle 1 decays, etc.) show
that about 429, of the y-trigger events are not in fact prompt photons. Accordingly, an
appropriate amount of the n°-trigger distribution (Fig. 9a) is subtracted from the y-trigger
sample (Fig. 9b) to produce the prompt-y distribution shown in Fig. 9c, where no excess
of tracks is seen above the uncorrelated-particle estimate. The same conclusion is reached
from examining the rapidity difference between the trigger particle and same-side =%’s
(Figs. 9d, e,f) and same side-n®’s having pr > 0.5 GeV/c (Figs. 9g, h, i).

The CCOR collaboration looked at the fraction of events attributed to direct-photon
production accompanied and unaccompanied by another particle [5]. Events with at least
one charged or neutral particle (in addition to the trigger) with p; > 0.3 GeV/c and within
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the range 4¢ = 90° and having pseudorapidity 1 in the range —0.7 < 5 < 0.7 were termed
accompanied; other events unaccompanied. Figure 10 shows the fraction of such events
as function of the transverse momentum of the triggen The fraction of unaccompanied
photons rises with pr as expected. The fraction of accompanied photons is consistent
with zero except for the highest -data point at py & 11 GeV/e. Neglecting this last point
for the moment, we sze that the data are in qualitative agreement with photon production
by the QCD diagrams. Ths last point, assuming it is a_réal effect, could be caused by the
onset of significant quark bremsstrahlung (Fig. 2d), as has been recently suggested [15]..
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Fig. 9. The rapidity difference between charged tracks and the trigger (a) =°, (b) y-candidate, (c) pure v;

the rapidity difference between s and the trigger (d) =°; (¢) y-candidate, (f) pure v; the rapidity difference

between ©%s with pt > 0.5 GeV/c and the trigger (g) =n°, (h) y-candidate, (i) pure y. The curves are the
expected distributions assuming uncorrelated particles produced uniformly in rapidity [13]

-—

In p-p collisions antiquarks must comz from the sea. Consequently, the inverse Comp-
ton process (Fig. 2b) is dominant over the annihilation process (Fig. 2c) as we have seen
in Fig. 8. Since thz quark charg: squared enters the cross section and since there are twice
as many u as d valence quarks, we expact (neglecting the sea) ug — uy to be eight times
more frequent than dg — dy. This should result in more positive than negative tracks on
the away side. CCOR [5] finds R = (number of positive particles) | (number of negative
particles) & 4+1.4 for direct photons but only & 1.84-0.2 for a n° trigger at pr & 10GeV/c,
in qualitative agreemznt with thz expzctation. However better statistics are clearly needed.
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Fig. 10. The fraction of events attributed to direct photon production vs. pr trigger fOr those events where
the trigger (a) was and (b) was not accompanied by another particle in the trigger hemisphere [5]

2.4. Conclusions

The data establish the existence of prompt photons, which are required by QCD.
Further, the experimental cross sections are in fairly good agreement with QCD calcula-
tions. However this apparent agreement can not yet be regarded as more than qualitative
support for QCD, since the validity of the calculations is open to several questions: (1)
The calculations depend greatly on what is assumed for the gluon structure function,
which is poorly known. In the Drell-Yan process the gluon structure function enters the
order o corrections. A recent experiment on high-mass u-pair production [16] extracted

g(x) = 2.55 (1 —x)***%2 ysing a model [17] which included the order «, corrections and
1

a primordial ky distribution and forcing the normalization § g(x)dx = 0.5. While calcula-
0

tions using g(x) ~ (1 —x)* agree reasonably well with the prompt photon data (Fig. 7),
particularly if soft gluon effects are included, it must be pointed out that the value of
4.I+0.2 is subject to, systematic errors which are probably larger than the quoted 0.2
statistical error and to model assumptions. Determination of g(x) in other experiments
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would be very helpful. (2) The effect of higher order diagrams needs to be included. (3)
The effects of higher twists need to be investigated. Inclusion of higher order terms and/or
higher twists could affect the g(x) needed to fit the data.

2.5. Future experiments

Apart from increased statistics, experiments in the near future will produce data
using different beam particles and will examine better the features of the away-side jet.
In particular it needs to be established that there indeed is a jet on the away side.

The use of different beam particles is particularly useful since the relative role of the
annihilation and Compton diagrams depends on the antiquark content of the beam. As we
have seen, in p-p interactions the Compton diagram dominates. However, the annihilation
process will be important in n-beam experiments (and relatively more important in
n—p than in nr-p), increasing relative to the Compton process with increasing pr since
valence quark distributions are harder than the gluon distribution. In p-p experiments
the annihilation process is still more strongly favored. Thus use of different beams
provides further tests of QCD. Experimentally there are also advantages in looking at
ratios such as R = o(np — yX)/a(n*p — vX) rather than at the cross sections separately,
since then systematic errors in absolute normalization will cancel, or at differences
D = o(np = yX)—o(ntp - yX), where systematic errors in y/n°® and y/n will tend to
cancel.

Study of the away-side jet is particularly interesting when different beam particles
are available. As we have seen, in p—p production of prompt photons the away-side jet
is predominantly a quark (mostly u) jet. In p-p interactions it will be predominantly a gluon
jet. Such experiments have the potential of investigating the difference between quark and
gluon jets [18].

It is also worth noting that the production of two high-p; prompt photons is also
interesting. It proceeds by qq annihilation as in Fig. 2c but results in two photons instead
of a photon plus a gluon. The structure function dependence is the same as Drell-Yan,
but the QCD cross section and higher order corrections are different being related to the
qq — yg process. In lowest order the two photon process is the same as the qq — g process
except that the cross section is a factor of about 130 smaller since it contains a instead
of «; and has a color factor of 1/3 instead of 8/9 (coming from the sum over outgoing and
averaging_over incoming colors). This lower cross section will make the process more
difficult to detect. But if it can be detected it has the advantage of simpler interpretation
since there is only one lowest order diagram and since there is no jet fragmentation.

3. High py hadron production
3.1. Introduction

As discussed in Section 1, high pr hadrons are thought to be produced via hard,
binary parton interactions with the other partons in the interacting hadrons playing a spec-
tator role. This picture, as shown pictorially in Fig. 11, gives rise to four jets, two at high
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Pr and two spectator jets. Since the cross sections for these processes are small it is necessary
to use a trigger so that only events containing high-p; particles will be recorded. The
first such trigger employed was a single-particle trigger. Conceptually (see Fig. 11) this
is a small device placed at a reasonably large angle which measures the momentum of
a particle passing through it. Only if this momentum is larger than some preset value is

l:l calorimeter trigger

single particle trigger
C

toward jet

ﬁ(% spectator jet

away-side jet

Fig. 11. Pictorial representation of high-pt badron production

the event recorded. The invariant cross section for the reaction thus measured A+B
— C+X which is assumed to proceed through the subprocess a+b — c+d is given,
neglecting initial parton transverse momentum, by [19]:

1 1
d3c 1 . do(ab - cd) 1
By = | o | awreoried CRE0 e,
Xa, min Xb, min

where the longitudinal momentum fractions are x, = pa/pA, Xp = pb/pB and z = pC/pc
The Mandelstam variables of the subprocess are given by § = x,xys, i =x t/z and
@i = xyu/z. The lower limits of integration are determined by the condition 5+%+u = 0
and z = —(u/x,+t/xp)[s <1 to be X, pia = —u/(s+1) and Xy, min = —Xut/(X,+u). The
parton distributions are denoted by P: Pi(x,) is the probability of finding a parton of
type a with momentum fraction x, in hadron A. The fragmentation function DS(2) gives
the probability that a parton of type ¢ will fragment to a hadron C having. momentum
fraction z. The functions P and D should be the same as found in other experiments such
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as deep inelastic lepton scattering or (for D) e*e~ annihilation and (for P) the Drell-Yan
process.

In naive parton models whare P and D are assumed to scale and the subprocess to
be quark-quark scattering via vector exchange (photon or gluon) dafdt ~ s~ *~p;*.
Consequently, scaling behavior

d3c

dp?
with n = 4 was expzcted [20]. The early data (py S 6 GeV/c) showed, however, a pr°
dependence. We shall return to this point later.

~ pr "f(*, cos 6%) @

3.2. Evidence of jet structure

Let us now briefly list the evidence for the jet structure implied by the above picture
[21]: The trigger particle shows a strong azimuthal correlation with away-side particles
but little or no correlation in rapidity. On the other hand, away-side particles are correlated
with the fastest away-side particle, and this correlation increases with the p; of the fastest

59.32 nb
dp3 \(Gev/ec)?
0},
- AQG?
10° }F 0 <
i 1
0° | ﬁi
i mf o
0 F * R
» “e
0} . +T
- . 700#
03 |
m—ﬁ { 1 | n | {
0 ] 2 3 A 5 B 7

P, [Gev/c)

Fig. 12. Invariant cross section for pp — jet + X (squares) compared with single particle production
(triangles) [22]

particle. This is suggestive of jets which fragment with limited transverse momentum.
Although the toward jet is strongly biased by the trigger towards jets which fragment such
that one particle receives most of the momentum of the parton, the away jet is not. Proper-
ties of the away jet have been compared with jets produced in e*e~ and vp interactions.
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The -multiplicity dependence on energy is similar although it is systematically somewhat
higher for the hadron-hadron case. The fragmentation functions agree very well. The
transverse momentum (with respect to the jet axis) distribution is also in reasonable agree-
ment. We can conclude that there is a jet on the away side with properties similar to jets
in ete~ and vp interactions.

Having gained support for the jet picture, we can replace the single particle trigger
by a calorimeter trigger (Fig. 11). A calorimeter is a device which measures the total energy
of the particles entering it. By choosing a calorimeter of appropriate size so that all of the
particles of the jet will enter it and thus triggering on the jet energy, the above-mentioned
trigger bias can be removed (or at least greatly reduced). As would be expected the jet
cross sections are much larger than single-particle cross sections as function of pp as is
seen in Fig. 12. The use of a jet trigger has the calculational simplicity that the fragmen-
tation function docs not have to be known; in Eq. (1) D¢ is replaced by §(1—2z).

Another bias has not yet been mentioned, namely the preference for events where
the initial partons had a net transverse momentum in the trigger directicn or where an
upward statistical fluctuation occured in the calorimeter response. This bias is not removed
by using a jet trigger, but can be reduced by a two-jet (or double-arm) trigger where
a second calorimeter is placed on the away side. The trigger is than on the sum of the
energies found in the two calorimeters. However, such a set-up imposes an apgular rela-
tionship between the two jet directions.

3.3. Perturbative QCD

In perturbative QCD collinear gluon diagrams are taken into account to all leading
log orders in «, by making the structure functions and fragmentation functions Q2-de-
pendent. However, in taking these functions over from deep inelastic lepton-nucleon
experlments it is not clear what quantity to use for Q2 [19]. Common choices for Q>
are —1, (stu)'/3, 2stu/(s2+12+u3), or sn’nply 4 p2. Diffcrent choices of Q2 combined with
uncertainty in the gluon distribution cause lowest order cross section calculations to
disagree by an order of magnitude at SPS/FNAL energies. An additional difficulty for
the fragmentation functions arises from a different color structure of the fragmenting
systems. In deep-inelastic lepton-nucleon scattering and in e*e~ annihilation the fragment-
ing systems (quark-diquark and quark-antiquark, respectively) form a color singlet,
while in high-p; hadron production the two partons responsible for the high-pr jets may
or may not be in a color singlet. Their fragmentation could thus be influenced by the
spectator quarks.

In addition to the qq — qq process of the naive parton model, several other processes
may occur (Fig. 13). The cross-section formula (1) must then be summed over all sub-
processes, each of which involves different structure functicns, different fragmentation
functions, and different ‘tA- and #-dependence, and hence a different pr-dependence. An
example of such a calculation [23] is shown in Fig. 14. The relative importance of qq
processes will be greater in n—p reactions where the beam particle contains a valence
antiquark. At the highest values of py the qq — gq subprocess dcminates. We should there-
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Fig. 13. Lowest-order subprocesses contributing to high-pr hadron production. Similar subprocesses
involving q instead of q are not shown
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Fig. 14. QCD predictions compared with data for pp — n°X at 6* = 90° and 4/5 = 53 GeV [23]. The
contributions of the various subprocesses are shown
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single inclusive high-pt cross section. (b) The n~/r* ratio measured in #~p —» ©X at y = 0 as function of
prat 200 and 300 GeV/c [28] compared to the results of a CIM model [29] and a QCD model [30]
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fore expect a py * scaling behavior to set in. As seeh in Fig. 15 there is some suggestion
of this.

Higher-order processes may also be important although at present the situation is
not completely clear. O(a?) corrections have been calculated only for quark-quark scat-
tering of different-flavor quarks. The conclusion of Ref. [26] was that the corrections are
very large. It has been pointed out [27] that these terms can be minimized by an appro-
priate choice of the renormalization and factorization prescriptions. However, in making
comparisons with high-p; data, the structure functions used must have becn obtained
from deep inelastic scattering or Drell-Yan data using QCD formulae calculated (to
sufficiently high orders) using the same prescriptions. Nevertheless, the choice of scale
variable, i.e. 02, is free and should be chosen so as to minimise the importance of higher-
order terms.

The situation appears better with respect to higher twists. The constituent intercharge
model (CIM) was originally invoked to explain the pr® scaling behavior. Naively, one
would expect CIM diagrams to contribute asymmetrically to charged meson production.
For example, a n— beam would be expected to produce more high-p; 7~ mesons than o+
mesons through the subprocesses shown in Fig. 16a. The results [28] of a Chicago-Prin-
ceton measurement of the n~/n* ratio-from n—p collisions are shown in Fig. 16b together
with the predictions of a CIM model [29] and of a QCD model [30]. Strong CIM contri-
butions can clearly be ruled out, even at quite low values of py.

3.4. Initial parton transverse momentum

If we assume that the initial partons can have non-zero transverse momentum, equa-
tion (1) is modified to include a transverse momentum distribution and an integral over
the transverse momentum for each parton. Some transverse momentum arises simply
through the uncertainty principle. The average value of the transverse momentum is
then related to the size of the hadron and should be of the order of 300 MeV/c. Further,
the transverse momentum is independent of the longitudinal momentum fraction x and
should follow a normal distribution. In addition there may be a non-perturbative, “pri-
mordial® parton transverse momentum associated with confinement. It is not at all ob-
vious that such contributions to the parton transverse momentum are either independent
of x or normally distributed. Nevertheless, the approach taken so far in calculations
is to assume a Gaussian form for the transverse momentum in the structure and fragmen-
tation functions with the average value of the transverse momentum <{ky» being a free
parameter to be determined from experiment.

Calculations [32] including these effects greatly improve agreement with experiment
(Fig. 17), particularly at low values of py and help to explain the py® scaling behavior
there. The value of (k> needed, roughly 800-1000 MeV/e, is much larger than expected
from the uncertainty principle and the size of the nucleon, though roughly consistent
with values found in Drell-Yan experiments using a similar parametrization [2]. In view
of the above-mentioned uncertainties in the cross-section calculations one should not
place too much importance on this result.
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The transverse momentum of the initial partons can also be studied by looking at
Dour» the component of momentum of particles in the away-side jet perpendicular to the
beam-trigger plane. Assuming the picture that high-p; particles are prcduced only via
2 — 2 parton scattering, p.. is non-zero because of two effects: the initial parton trans-

PYE i;-:% (mb-Gev®)

0’
[ e A=04 (before smear)
o |~ A=04 {atter smear)
10 - A=06 (after smear)
0k
102 =
10
1 4 Rl | 1 | s ko ol

P (GeV/c)

Fig. 17. p} - Ed®c/dp? versus pr at fixed xt = 2py/4/5 for pp — nX at y = 0 [31] compared to QCD cal-

culations [32] showing the effect of including parton transverse momentum. The structure and fragmentation

functions were parametrized as Gaussian distributions in k1 with <k1) chosen as 848 and 439 MeV, re-
spectively

verse momentum kp and the transverse momentum acquired in the parton fragmenta-
tion jr. The CCOR collaboration has analysed its pp — n°X high-p, data in the following
way [33]: The quantity

—_ . 2
Xg = =~ PTtrack pT(rigger/lthrigger
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approximates z = p;;/p; becoming equal to z for pj, = — Pririggerr Making use of this
it has been shown [34] that

<|pout|>2 ~x 2<lkTy|>2x12~:+<UTyl>2(l+x125)’ (3)

where {|k,|> and {|j,|) are the average values of the components of &y and jy out of
the scattering plane. For small xg, p,, is kinematically limited to small values. The analysis
is therefore done using only tracks with pr-> 1.4 GeV/c. For different regions of xg, {|pyu!>

<jpyl > (Gev/e) K> (Gev/e)
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Fig. 18. The average fragmentation transverse momentum as function (a) of pr trigger and (b) of s as found
in pp = n°X by the CCOR collaboration [33]

1s evaluated, and a fit is done to Eq. (3). The results show (Fig. 18) that {|jr,|) is indepen-
dent Of pr jgger and of s, consistent with the model assumptions. Assuming then a Gaussian
shape for jr, and that jr, has the same distribution, they find (jZ)!/? = 0.70+0.01 GeV/ec,
which is somewhat higher than the value 0.55 GeV/c found in ete~ experiments using
only the high-momentum hadrons [35]. On the other hand, {kq,) is found to increase
with both pr g and s. The systematic uncertainties are different if one uses only events
where xg ~ I, i.e. where the total transverse momentum of the away-side charged particles
balances the trigger transverse momentum. Then equation (3) leads to

CElpoul>? = 2{kry 5%+ {Ljny 152 @
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Using the value of {|j5,|)> found using Eq. (3), {|ky,|)> is then found using Eq. (4). These
values (see Fig. 19) agree reasonably well with those found from Eq. (3) directly. They
correspond, assuming the same Gaussian distribution for ky, as for kqy, to (k) varying
from ~0.6 to ~1.3 GeV/c, the same order of magnitude suggested by the cross-section
calculations. The rise of {ky)> with p; and s is suggestive of a constant primordial ky
plus a contribution from gluon emission which was not taken into account in the
analysis.

<|kry|>(GeV/c) : V<k%> (GeV/c)
4116
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0s | .o ]
ow b 4 + :”0.8
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- 4 . 0.0
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06 | by ]
M 108
0& B + @ B ’
02 104
1 1 { 00
0 3 6 9
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Fig. 19. The average transverse momentum of the incident partons as function of the pr of the trigger
particle as found [33] using Eq. (4) in pp — n°X at 4/s = 31 (squares), 45 (iriangles), and 62 (circles) GeV
33}

Initial parton k; has also been examined at FNAL using a double-arm calorimeter
trigger [36]. With a calorimeter on each side, the experiment triggered on |pr el + 1P rignt-
The difference between the left and right calorimeter signals is then a measure of kry.
As may be seen in Fig. 20, {k¢) is around 1 GeV/c [36]. This experiment also found an
increase of (ky) with pr.
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Fig. 20. Difference in pt between the left and the right calorimeters for events where |pries] + |PT right!
= 6.0 to 6.5 GeV/c in pp collisions at 200 GeV/c [36]

3.5. Large acceptance calorimeter experiments

The results examined thus far have come from experiments with single-particle,
one-arm or two-arm triggers. The single-particle trigger suffers from biases in favor of
trigger jets where one particle receives most of the fragmenting parton’s momentum and
for events where k¢ is towards the trigger. The one-arm trigger is biased in favor of narrow
trigger jets and has the same kg bias as the single-particle trigger. The two-arm trigger

Y HADRON - CELL

BEAM  TARGET

CALORIMETER CALORIMETER - FRONT -VIEW
Fig. 21. The transverse energy trigger of the NAS experiment

is biased towards events where both jets are narrow and also have a fixed angular sepa-
ration. : ‘

To overcome the narrow-jet bias as well as the k; bias, a calorimeter trigger having
large acceptance in rapidity and full azimuthal acceptance has been proposed. Triggering
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on the total transverse energy Ex = X|py], such a trigger is not biased towards the four-jet
picture. Observance of jets in such events would establish the correctness of this picture.
The first to use such a trigger was the NAS (Bari-Cracow-Liverpool-MPI Munich-Nijmegen
Collaboration) experiment at CERN [37]. More recently two ISR groups, R416 (CERN-
Collégz de France-Dorlmund-Heidelberg-Warsaw Collaboration) using the split-field
magnet (SFM) [38] and R807 (Brookhaven-CERN-Niels Bohr-Lund-Rutherford-Tel Aviv
Collaboration) using the axial-field spectrometer (AFS), [39] have analyzed their minimum-
bias trigger events simulating the NAS trigger in software.

The NAS trigger (Fig. 21) is provided by a cylindrical calorimeter of 3 meter diameter
whose axis coincides with the beam. A hole in the calorimeter allows low-p; forward
particles to pass through. The calorimeter is divided into an electromagnetic and a hadron
section. It consists of 10 radial rings each of which is divided into 24 azimuthal-cells, the size
of the cells varying with the radius such that each cell subtends approximately the same
CMS solid angle (40* = 9°, A¢ = 15°). Each of the 480 cells is individually read out using
wave-length shifting acrylic rods [40] providing a signal E'. The total transverse energy
which is used as the trigger is then a sum over calorimeter cells:

Ep = X sin 0(E{™ + E;***°")

which for relativistic particles is approximately Z|p;]. The calorimeter was positioned
such that the polar angular acceptance was 45° < 6% < 135° corresponding, after imposition
of a fiducial region, to —0.88<y<0.67 for a 300 GeV/é beam. Three trigger configurations
were used: (1) full calorimeter where the sum extends over all cells, (2) double-arm where
the sum extends only over cells with 0° < ¢ < 90° or 180° < ¢ < 270°, and (3) single-arm
where the sum extends only over one quadrant of the calorimeter 0° < ¢ < 90°.

The AFS and SFM both have (nearly) 2z azimuthal acceptance and good momentum
analysis for charged particles produced centrally. They analysed events taken with a mini-
mum bias trigger (an interaction trigger with about 959 efficiency) in terms of Ex = Z(p2
+m?*)1/2 of chargad particles produced centrally with |y| < 0.8 (AFS) and [y| < 0.75 (SFM).

3.5.1. Preliminary results

The results [37,41] of all three experiments are preliminary. The NAS data are com-
pared to two models:
(1) A four-jet model having two largs-py jets and two forward-backward spectator jets.
The cross sections are calculated using QCD matrix elements for two-constituent scattering,
structure functions taken from vN and Drell-Yan experiments, including scale breaking,
and «, = 127/25 log (1 + Q% A)? with A = 0.2 GeV and Q? = 4p2. Primordial parton ky was
included with (k2>'/? = 1.2 GeV/c. Thz partons were fragmented following the Field-
Feynman prescription such that each of the two jet systems resembles jets in ete™ collisions.
In this model with the full calorimeter triggsr Ex > 12 GeV about 93% of the pr of the
two high-py jets is seen by the calorimeter and about 409 of the F; in the calorimeter
comes from particles in the spectator jets.
(2) A low-p; cluster model which includes leading particles. Clusters are g:inerated uni-
formly in rapidity with an exponential p; distribution and an average mass of about
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Fig. 22. Cross sections versus trigger transverse energy for the full calorimeter trigger (full circles), the

double-arm trigger (crosses), and the single-arm trigger (open circles) as found in the NAS5 experiment

for p-p interactions at 300 GeV/c. The low-pr cluster and QCD-4-jet model predictions are shown with
full and dashed lines, respectively

Fig. 23. Event rates versus total transverse energy of charged particles having |y] < 0.8 in a 929 azimuthal
acceptance for pp interactions at 4/s = 63 GeV (full circles) and aa interactions at 4/5 = 126 GeV {open
circles) in the R807 experiment. They are compared to a phase space model

-2 GeV. They decay isotropically with an average charge multiplicity of about 2.5. An
overall KNO multiplicity distribution was enforced. The final particles have {p2)'/?
= 0.36 GeV/c. The cross sections are normalized to the total inelastic cross section.
This model reproduced well the features of low-py events observed in bubble chamber
experiments. The calorimeter resolution and acceptance were included in both models.

The cross sections da/dE; are shown for the NAS data in Fig. 22. At large values
of E; the full calorimeter trigger cross section is roughly 100 times that of the double-arm
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trigger. If four-jet events were dominant this factor would be much smaller since the accep-
tance differs only by a factor 2. The full calorimeter trigger cross sections are 10-100
times larger than that predicted by the four-jet model, the difference increasing with Er.
The double-arm trigger cross sections are also significantly above the four-jet model
predictions. On the other hand, the low-py cluster model seems to agree with the data

do/dT E; [jub/GeV]
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0'@ Adlm

i +| llllll'
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—4—
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Fig. 24. Cross sections versus total transverse energy of charged particles having |y| < 0.75 and within
azimuthal acceptance regions of 2= (full circles), © (squares), and w/2 (open circles) for pp collisions at
4/s = 63 GeV in the R416 experiment

for all three triggers. The cross sections for the ISR experiments are shown in Figs 23
and 24. The AFS results (Fig. 23) on p—p and a-a scattering agree with a phase space
model containing independent particle emission and a KNO multiplicity distribution.

The scaling behavior of the n—p cross section was investigated by the NAS collabora-
tion using the parametrizations

pE 2
ELL o prf(xp)  with  xp= -\%
N

e &)
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and

do —n . E
o Ef'*f(xy) with xp=—

(6

for the single-arm and full calorimeter triggers, respectively. For the single-arm trigger n
seems to rise with x¢, as is shown in Fig. 25, consistent with FNAL experiment E260
results [42] and contrary to the expectations of QCD models which expect n to decrease

n
o @ in
o7 NAS 1 -
.0 n/z} 5 150,300 GeV/c t-p
°©(Q E260 130,200 GeV/c pp
12F
,
10

Low p;
Cluster

ﬁ + model
{21 -trigger)

L | 1 ] ]

0.2 0.4 06 08 10

X1
Fig. 25. The scaling parameter # of cross sections measured by the NAS experiment with the full and single-
—arm calorimeter triggers. Results from the FNAL experiment E260 {42] are shown for comparison. Also
shown is the prediction for the full calorimeter trigger of the low-pr cluster model described in the text

with xp, approaching n = 4 as indeed was seen in single-particle trigger experiments
(Fig. 15). The full-calorimeter triggar data also rise roughly linearly with x;. This is the
sort behavior predicted by thz low-p; cluster modzl, although the values of n in this
model lie below the data.

We now turn to the structure of the high-p; events. The NAS collaboration performed
a planarity analysis in the transverse plane using the transverse momenta derived from
energy clusters in the calorimeter. The planarity was defined as P = (a—~b)/(a+b) where a
and b are the sum of the squares of the transverse momenta projected onto axes which
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Fig. 26. Planarity distributions of events selected by the NAS full-calorimeter trigger for n~p and pp
interactions at 300 GeV/c for different trigger thresholds. For comparison, the planarity distributions expec-
ted from the low-py cluster model and the QCD 4-jet model are also shown
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Fig. 27. The mean circularity <S) for charged particle multiplicities ncp > 4 versus the trigger threshold
YEr as found in the R807 experiment
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are chosen so as to maximize ¢ and minimize b. Thus P = 1—S with S the two-dimen-
sional analog of the sphericity, which we shall call the circularity. For an isotropic event
P = 0 and for an event with pencil-like jets P = 1. Figure 26 shows the planarity distri-
butions for 300 GeV/c n—p and pp events with the full-calorimeter trigger for three different
trigger thresholds. For comparison, the planarity distributions obtained from the low-p
cluster model and the QCD jet model are also shown. The data appear to be somewhat
less isotropic than predicted by the low-p; cluster model for all thresholds. However,
the data are much more isotropic than predicted by the QCD model. Also, the planarity
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Fig. 28. The ratio of the transverse energy in the trigger arms to that in the entire calorimeter for a two-arm

trigger in the NAS experiment for pp interactions at 300 GeV: (a) the average value of this ratio as function

of the transverse energy in the trigger arms and (b) the distribution of this ratio for a trigger of about 6GeV
compared with the predictions of the low-pt cluster model and the QCD four-jet model

distribution does not change very much with increasing transverse energy. This is also
seen in the R807 experiment: As shown in Fig. 27, the mean circularity is too high for
dominant jet structure and is independent of the transverse energy.

The two-arm trigger should preferentially select planar events. The NAS collaboration
examined the ratio of transverse energy in the trigger arms to that in the entire calorimeter.
The ratio is found (Fig. 28) to lie between the predictions of the low-py and QCD models.
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Fig. 29. The mean charged multiplicity as function of the trigger thréshold as found for 300 GeV ©p
interactions using a full calorimeter trigger in the NAS experiment compared with the predictions of the

low-pr cluster model (full triangles) and the QCD 4-jet model (open triangles)

<ney?
hr
N0, e
20F -
1% -~
NE -
r—
L l..{ L 1 1 1 H
a{] 2 & 6 8
£p,l |Gev/el
<nca>
20.-
J®
3 N
16 F t ot +
L3 B3
1®
12 I | 1 1 1 1 | 1
0 2 A 6 8
P, GeV/c

Fig. 30. The mean charged multiplicity measured in pp interactions at v/s = 63 GeV in the R416 experi-
ment (a) as function of the total transverse energy of charged particles and (b) as a function of the transverse
momentum of a single particle emitted at -6 ~ 52°
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Thus events selected with the two-arm trigg:r are also less jet-like than expected in the
four-jet picture.

The charged particle multiplicity was determined in the NAS experiment from runs
where a streamer chamber surrounded the targst. Figure 29 shows the mean multiplicity
as function of the transverse energy seen by the full calorimeter. The multiplicity rises
rapidly with transverse enzrgy reaching a value of about 24 at around 8 GeV and then
remains roughly constant. This behavior agrees with that predicted by the low-py cluster

<Ney>

15}

L)

10 ++++

ZE; [Gev]

Fig. 31. The meancharged multiplicity within the acceptance versus the trigger threshold for ppinteractions
at 4/5 = 63 GeV as found by the R416 experiment with {»| < 0.75 and full azimuthal acceptance (open
circles) and the R807 experiment with |y| < 0.8 and 92 % azimuthal acceptance (full circles)

model. Thz QCD four-jet model predicts much lower multiplicities. A similar rapid rise
in multiplicity is observed by the R416 experiment when simulating the full-calorimeter
trigger (Fig. 302). However use of a single-particle trigger results in a multiplicity distri-
bution (Fig. 30b) more as expected from a four-jet picture.

The chargad particle multiplicity within the calorimeter acceptance was found by
NAS to be {n.,> = 13+1 for 300 GeV/c pp collisions with Er > 10 GeV, which is between
the prediction of thz two models (15 for the cluster and 10 for the jet model, respectively).
The ISR groups have looked at the rise of charged multiplicity within the acceptance
as function of the total transverse energy of these particles (Fig. 31) and at the aver-
age total transverse energy as function of the number of charged particles within the
acceptance (Fig. 32). Th2 averag: multiplicity is seen to increase rapidly with ZEr, and
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the average (TE7) is seen to increase linearly with multiplicity. However <{n,> = 10
occurs for LE;~ 7 GeV, whereas (ZE;) = 7 GeV corresponds to ng ~ 14. Thus the
{Ey) per charged particle in the acceptance region is larger when triggering on XE; than
when triggering on .,

< TEp > [Gev]
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1 '/

/ 1 1
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Fig. 32. The mean transverse energy of the charged particles as function of the number of charged particles
as found by the R807 experiment for pp interactions at.4/s = 63 GeV

3.6. Conclusions

The data of the single-particle trigger experiments and of the FNAL one- and two-arm
calorimeter trigger experiments are in qualitative agreement with the QCD four-jet picture.
There is also reasonable quantitative agreement, but this may be fortuitous in view of
uncertainties in the calculations. The many subprocesses involved make calculation of
even the lowest order diagrams uncertain because of the lack of experimental input for
such quantities as the gluon structure and fragmentation functions. Although these prob-
lems seem to disappear at the highest py where the qq — qq subprocesses should be
dominant, the problem of higher order corrections remains. Nevertheless the jet picture
provides, at present, the simplest qualitative interpretation of the data, in particular of
the correlations.

The hope that unambiguous evidence for jets would be found using a large-transverse
energy trigger has not been fulfilled. No evidence for a jet structure is found using such
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Cop /crn-p

25 . @ in
o OO s

10 F

*%u 10w
;
1.0 | \?(h,# #4'

05 | bt

15 F

| 1 { [ 3 { 1 1 e
0 02 04 0.6 0.8 10
X1
Fig. 34. The ratio of the pp and ©w~p cross sections as function of xt as found at 300 GeV in the NAS
experiment

a trigger; the events resemble in many ways the events of low-p; (interaction trigger)
experiments. The NAS two-arm trigger results also do not appear jet-like. Nor do the cross
sections of either the full or the two-arm trigger agree with a QCD four-jet model.
These results suggest that the interpretation of single-particle and one- and two-arm
triggers should proceed with caution. As an example, we show in Fig. 33 the ratio of the pp
and mp cross sections at 200 GeV as function of x; obtained with a one-arm trigger in
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the FNAL experiments E260 [44] and E395 [43]. The decrease in this ratio with xy was
interpreted as due to the harder n structure function which occurs because the ® contains
two valence quarks compared to the proton’s three. This behavior was used [45] to extract
the pion structure function using two-arm trigger data. But the NAS data (Fig. 34) shows
a very similar behavior for the full-calorimeter triggzr data where there is no evidence
for the jet picture.

I would like to express my thanks to the Organizing Committee of the VI School,
and in particular to dr M. Zralek, for inviting me to give these lectures and for a most
enjoyable stay in Szczyrk.
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