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Abstract

We discuss physical effects given by QCD 2—9 3 scattering subprocesses.
Transverse thrust distributions, jet and R*™X® azimuthal correlations,
Pout distributions have been calculated at different energies with various
cut-offs and are compared with the available data. Effects of transverse
momentum smearing and jet broadening are also estimated. It is pointed out,
that if the QCD description is correct, 3 jet effects will be revealed at
transverse energies above Eye= 20 GeV and transverse jet momenta above

jet

p,°’= 5 GeV in future ISR, SPS pp collider and ISABELLE experiments.



Introduction

The study of large transverse momentum phenomena in hadron-hadron collisions
was started by an ISR experiment in 1972 in which anomalously large inclusive
cross section has been found for inclusive production of large transverse

-n? ' . . .
momentum s as compared with the naive extrapolation from the low py

1

region "7, It has provided some evidence that quark-quark scattering might

be studied experimentally in the large transverse momentum region.

Motivated by the parton model, different hard scattering models have been
developed which all have predicted production of tramsverse jets in hadron-

hadron collisions 2_4).

In the naive parton model the large p, production of hadrons is described
by the diagram in Fig. !. The large transverse momentum reaction is assumed
to occur as a result of a single large angle scattering of the constituents
of the colliding hadrons followed by fragmentation of the final scattered
constituent into the trigger hadron
&-‘Z, Scl"" Sd"’ Xd‘“” (i&\ﬂ&F“(n .
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where FR (x“)ch-“) is the number of constituents of type a within a hadron A
rid - - - - - N 2 LA
with momentum ?ﬂ (&q_‘ Xa Pp + Yia ;Pn&lﬂ %) Xa® (xdﬂ.lﬁ’;) and
D‘: (’3_“\?&‘) is the number of hadrons with momentum fraction z, and trans-
i - 0 /o ] ] )
verse momentum %J_J‘ P‘-ﬁ"{g ('q"" k.;_'b) coming from a given constituent

of momentum kc.



In the last years, however, a quantitative theory of strong interactions
has been emerged, Quantum Chromodynamics (QCD), which provides us with

further theoretical ideas concerning formula (1.,1) at least in four respects:

i) At relatively small distances the nature of the parton~parton scattering
A‘ A . . 5) . . . .
force denoted by ngt in Eq. (1.1} is known : it is given by the quasi-

elastic scattering processes listed in Table 1.

ii) The QCD subprocesses must be corrected for the emission of gluons. It

6)

has recently been pointed out that the infrared divergent part of these
corrections can be factorized into the running coupling constant of the sub-
processes and into non-scaling quark, antiquark, gluon distributions and frag-

mentation functions, which are measured in deep-inelastic lepton-hadron

. . + - g .
scattering and in e e annihilation.

iii) Since quarks and gluons are confined in the transverse direction within
the proton, the partons must have a 'primordial” transverse momentum = 300 MeV.
In QCD, like in any renormalizable field theory, the transverse momenta with-
in the bound state are not limited, in contrast with the assumption of the
naive parton model approach. However, the large transverse momentum effects

are calculable in QCD, because the effective coupling constant becomes small
due to the asymptotic freedom and perturbation theory can be applied. These
large momentum transfer processes give rise to a particular pattern of scale
breaking effects in electro and neutrino production which is confirmed in

7)

recent high precision experiments .

Large transverse momentum effects are also revealed by the transverse momentum



8-13) 4)

distribution of the lepton pairs or heavy quarkofila produced

in hadron~hadron collisions. In particular, the Py spectrum of the }f’f
pair (both off and on resomance) is predicted to have a non-Gaussian large

pJ.tail, which becomes flatter as the energy and/or the mass of the lepton

c . . 15,16
pair is increased in agreement with the measurements 3 ).

Similarly the large momentum tail of the P, SPectrum in two-particle

17 is expected to be dominated by the contri-

4,18) -

correlations measured at ISR

butions of the 2=¥ 3 subprocesses

iv) Finally, QCD implies the existence of three or more jet events. A great
deal of activity has been devoted to this question in the last year. Various
infrared finite observables have been proposed to describe event structures,
calculable in QCD. Obviously e+e_ apnihilation into hadrons is the cleanest
place to study QCD 3-jet effects: there is only one energy scale, the non=~
perturbative mechanism occurs only in the final state (in case of inclusive
treatment it becomes unimportant). The first experimental attempt to study
3~-jet configurations has recently been carried out on the‘T‘ resonance by

the PLUTO group 9

. The study of the production of 3 large transverse
momentum jets in hadron collisions is expected to be feasible, as well. The

most important question is, of course, how much of the QCD effects can be

revealed from the non-perturbative background.

Large p; meson production has been studied within the QCD framework by

20-25). The most exhaustive study has been performed by

21

various authors
Feynman, Field and Fox . They have pointed out that the QCD descriptiom

may explain the apparent {5? behaviour of the inclusive cross sections, despite



of the ﬁf behaviour of the hard scattering processes if we bring in all

the essential ingredients of QCD: gluon scattering contributions in addition
to scattering of quarks, scale breaking effects in the wave functions and
large transverse momentum smearing. However, several problems have remained.
The transverse momentum smearing required for large p) events appears to be
too large, the average value of Pout is higher than the predicted one, the

description of charm production is still quite controversial etc.

We remind that all the analyses performed so far are based solely on the
2—% 2 subprocesses +) (see Table 1). We may argue that in the present range
of energies, C(,(Q}) is not sufficiently small to make the lowest order
approximation as precise as needed. Higher order radiative corrections may
become important. In particular one may hope that the problems encountered
above can be remedied, at least partly, by adding to the Born diagrams the
first order QCD corrections. These corrections to single particle distributions
of large transverse momentum jet and/or meson production consist of the
contributions of the 2~ 3 subprocesses and loop corrections. Therefore
essential cancellations may occur and the whole infrared,-ultraviclet re-
normalization procedure has to be performed. Such a complete study has been

27,28)  rpare are, however, several

carried out only for the Dreli-Yan process
physical quantities like p, distributiorn of heavy quarkonia produced in hadron-

hadron collisions, 3 jet production, azimuthal angle correlations of large

+)

The possible effects of the 2~% 3 subprocesses have been taken into account
only in the transverse momentum smearing, assuming larger value for <ll>
f(&l)'z 90C MeV). An attempt to explain the I’ azimuthal angle correlation
data hy use of the subprocess qq-% gqq has been made by Kripfganz and

y
Schiller 26’.



transverse momentum particles, Pout distributions, transverse thrust
distributions etc., for which the Born approximations are given by

the 29 3 subprocesses. The contributions of the 2~e 2 subprocesses and
therefore also the first order loop corrections vanish due to kinematical

reasons.

In this paper we study physical effects given by the 2=#3 subprocesses
(the subprocess g+g~®g+g+g is still not included). In particular, Pout
distributions, jet and JX-3 azimuthal correlations, transverse thrust

distributions have been calculated at different energies with various

cut-off conditions and are compared with the available data.

In Section II the calculation of the parton cross sections is described and
some of their essential features are discussed. In Section IIl we specify

our parton wave functions and decay functions. Present ambiguities given

by Qz-dzpendeut parton distributions and fragmentation functions, running
coupling constant, smaaring at low Py » cut=off dependence etc. are also
investigated here. In Section IV we present and discuss the results, Section V
is the conclusion and in Appendix A we give the formula for the cross section

of the process qq - qq'g.

II. Calculation of the parton cross sectioms

The 2=%3 QCD scattering subprocesses can be classified into four classes
(see Table 2), namely to two quark~two quark-ome gluon (the quark pairs have
different flavours); four quark-one gluon (the quarks have the same flavour)

29)

two quark-three gluon and five gluon processes .



The invariant amplitude squares have to be calculated for each class.
The cross sections within a given class are simply related by crossing
symmetry. The Feynman diagrams giving the amplitudes for the processes

of each of the four classes are shown in Fig. 2.

To leading order in perturbative QCD, the differential cross section for

all 2=b 3 subprocesses (with massless partons)

o, (KR, )+ ag-ke)— a, (k) +a, (k) + a, () (2.1

can be given as

oot W) '
Aq"dl\:\c\.(l”— C 3R AT 1 ‘) (2.2)

where C denotes color and spin averaging factor, =($ is the QCD running

coupling constant, qz, t, s,4 i denote invariant variables
1, i
q,= ki 4, ) ta= (k+q) , 3= ( hy + ks ) (2.3a)

and

%
sy = Cher ) (2. 3b)

TY
L) denotes the Treiman-Yang solid angles (see Fig. 3), defined in the

-» . .
frame ¢ = o with the relations

I:'i: v (jg'(i;)‘(do"]ir)
Bl = Sl T el T (2.4)
[UIEE R N Y AN Y A

4.5 q,° 1+
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The function W[ié;‘}] is the invariant matrix element squared for
the problem. For each class of the subprocess given in Table 2 we can
($

write the corresponding invariant function w as a trace of two real

symmetric matrices

(3) N» y >
W L § syl = Z.L ch p\:g[.iﬁ-'g}] (2.5)

"jz

where 3 can take values a,b,c,d corresponding to the different classes
(Table 2) and diagrams (Fig. 2), N& gives the number of the Feynman diagrams

(N =5, N =10, N =16 and N
a ¢

b 25}, Ci}j are the matrices of the color

d
EJ
factors. The matrix elements <y Lt ‘S.:;}] are given by the equatiom

D B i A
SN : § (2.6)
initial, fnal
$ptn
3+
where T; 4 denote the Lorentz part of the amplitudes defined by the Feynman

diagrams of Fig. 2. We have performed the calculation of the matrix elements

3
ch for the first three subclasses a,b,c with the help of the computer pro-
+) . . . . . (a) (a)
gram REDUCE . In the Appendix we give explicitly the matrices Aij and Cij ,
for the 2quark-2quark-gluon subprocess, where the crossing procedure is alsc

illustrated. The expressions obtained for Cg), Aé?) (4quark-gluon) and
Ci(;?)’ Ai(s':) (2quark-3gluon) are exceedingly longer than the formula given in

the Appendix for C » since if the number of the external gluon lines

(@) a{®
1] 1]
are increased, we have more Feynman diagram and more 3 and/or 4 gluon vertices.

Furthermore if we calculate in Feynman gauge a large number of ghost diagrams

+)

The 5 gluon amplitudes have also been calculated, but their possible

effects will be discussed elsewhere 30).



has. to be added {(see Fig. 4); in physical gauge, however, we have longer

expression for the gluon helicity sums

¥ W lv*“vhh k.
2;: eﬂ(.\-) EV(A) = = 3-,,”‘1' -2, " -— %ﬂ" (2.7)

where n is an arbitrary timelike unit vector (h? = 1), The algebraic cal-
culation of Ri has been performed in Feynman gauge which has been checked
with an entirely numerical calculation performed in physical gauge. In order
to understand better the basic properties of the pointlike, QCD partonic
cross sections of the 2-—$ 3 subprocesses, we have calculated integrated
(unphysical) cross section values without folding them with structure and
fragmentation functions. To avoid contributions from infrared and mass singu-
larities, we applied transverse momentum, polar angle and acoplanarity angle
cuts. The transverse momenta and polar angles are defined for c.m. collisions

with respect to the beam directions

(2.8)

Pheam * P
59;" av Cos ( = ‘)

\-?”bea.h\' Fﬁ“

where P; denotes the three momentum of the parten i in the final state. The
acoplanarity angle is defined as the angle of two planes defined by the vector
pairs (pbeam’ pi), (Pbeam’ pj), i 7’3 (see Fig. 5) i.e,
iy bty -y -y
( PoX Pi) v (Pux Ps)

-~ -y wy w0

IPerpel o 1 Pt p;d

'4‘;‘. == Q‘T‘C C.og (2.9&)

+)

The same definition is used in the study of hard photon bremsstrahlung

in Q.E.D. e.g. in Bhabha scattering 31).
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The azimuthal angle difference between the transverse momenta of Fh; ’izuj

of the partons i and j respectively is simply given as

&y = 7 Y (2.9b)

In Table 3, we give some integrated parton cross section values for 2=% 3
subprocesses and (in parenthesis) for 2— 2 subprocesses., We assumed that
only two (i,j) out of the three final particles are observed. In other words,
we applied cuts only for the threeemomenta of two final partons. The cross
section values have been calculated at total c.m. energy {; = 20 GeV, with

c

polar angle cuts 9‘ =157, 30°

, 450, 60° both for the 2—9 2 and Z2-» 3 processes.

In case of the 2-% 3 scatterings, in addition we used transverse momentum

cuts Pas, Pug Y 2.5 GeV/c and acoplanarity cuts w(v“‘ T\‘/g ) Ji[‘_'_

10>~ 4, 2 4o, % 4, (2.10)

The transverse momentum cut is needed to avoid soft infrared singularities,

the acoplanarity cut ensures that we have 3 jet—like configurations. These cuts
are not symmetric in the momenta of the final particles. Table 3 gives the
averaged value of the three possible pairings of the final "particles" as
"observed particles”". The phase space integrations were made by a Monte Carlo
method and the numbers have 5-10 7 accuracy. The cross sections with equal
flavour are not given, since they differ from the ones with (q 4 q') only

about 5-10 7.

We used running coupling constant defined as follows

it
EETRY IS

Ly () (2.11)
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with A = 0.5 Gev, X = 5, for the Q value we have chosen the transverse

F

energy

A A R = I (2.12)

What is the correct quantity to use for Q2 in the case of the 2=+ 2 or 2~» 3
subprocesses, contributing to 2 jet and 3 jet production in pp collisions,

at present is not clear. Our Q value is factor 2-2.5 larger than the one

2
used by Fevnman at al. “I). For the 2~ 2 subprocesses we take similarly
i»2 - - g
E, = ‘P4Ll* ‘P&Lle 2«1 o (2.13)

These ambiguities are not important if we study the relative rates of
3-jet - 2-jet contributions, but changing A with such an amount can change

the normalization of the cross sections with 20 Z - 30 Z.

As we can see from Table 3 the relative magnitude of the hard gluon brems-
strahlung cross sections with respect to the Born cross section can be
enhanced or suppressed by changing the magnitude of the cuts: e.g. changing

the value of +1 from ng to JJQ or the value of ?:’ from 2.5 GeV to 5 GeV,
the hard gluon cross sections become smaller with a factor = 3, in the average,
The critical value of 4}_ and Y1, where radiative corrections become exceedingly
large (30 -~ 40 7) may be interpreted as a measure of "jet broadening” of the
jets produced in hadron-hadron cellisions. This is further illustrated by

Fig. 6, where cross sections of three different hard scattering processes

(qq—» qag, gq~» ggq and gg—>gqq) are plotted as function of & and S .

The cross section value of the corresponding elastic scattering is also



indicated. Here & and € denote angle and energy fraction cuts, respectively,

32)

similar to the omes proposed by Sterman and Weinberg : In our definition
all the angles between the three momenta of the final particles and the beam
direction are required to be larger than S and the energy fraction carried

by any of the final jets is required to be larger than & .

It is obvious from Table 3 and Fig, 6 that, in general, the hard gluon emission
processes give 20 7 - 30 7 effects with & = 0.2, é-= 0.1-0.2 as compared with
the leading order cross sections, similarly to jets pro&uced in e+e_ annihila-
tion. There is, however, a very interesting exception: gg-—bgqa. In this case
the relative magnitude of the cross section with respect to the Born cross
section is 5-6 times larger than the same ratio for all the other processes

in Table 3, This exceptional value of the hard gluon correctioms, however, has a
very simple explanation. As it can be seen from Table 1, the cross section

ratio
& (g9~ %‘P%‘D 2= [50-250 _—

is anomalously large. In QED photon photon scattering cannot take place up to

le . -
order o . Furthermore, the cross section of the Eg~» qq process

- A 2
et (Lurt
6 = l( Tz )" ’5_‘( 3~ ) (2.15)

differs from the cross section of the analogous QED annihilation TT_"’}‘+)"-
in the second term, which is always negative. The anomalously large ratio (2.14)
is a consequence of the color factors and properties of the three and four

gluon couplings. The large radiative correction has a simple origin: the
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process gg—»gqq can also be interpreted as "Dalitz-conversion" corrections

to elastic gluon—-gluon scattering. In this comparison the correction is very
small 1-2 Z. In QCD, due to the Qz-evolution of the parton wave functions and
decay functions cne canncot treat the different subprocesses separately: they

33)

are related by the Altarelli-Parisi evolution equations , and the factoriza-
tion theorem holds only in this sense. Nevertheless, it would be interesting

to find some phenomenclogical consequences of this anomalous behaviour. It

may have importance in describing the Pr distributions of heavy quarkonium
production in hadron-hadron collisions in the intermediate region P*,/}naa‘ii

but P;) 1-2 GeV. Unfortunately, at present it appears to be difficult to

make this expectation quantitative.

We have calculated the cross sections also at higher energies-(loo, 150, 200 GeV)
and have found that keeping the cut—off values GL, ""‘_ 3 ?.Lc,/ﬁ fixed,
the pattern of the relative importance of the different subprocesses and the
ratio € (3 jet)/ ®(2 jet) remained generally almost the same (see Table 3 and
Fig. 6). This alsc indicates that if factorization of the collinear and in-
frared singularities holds for transverse momentum distributions, as well,

then instead of ?& we must use the dimensionless variable 34)KL= 24u,/£; .

We also have studied the acoplanarity distributions of the subprocesses,

which turned out to be qualitatively similar to the corresponding QED distribu-
tions. We mention finally that changing the colour factors to the QED values,
we could reproduce the acoplanarity distributions e.g. for Bhabha scattering,

published in Table 6 of Ref. 31).



III. Parton distribution functions, physical cross sections

A) Parton wave functions

According to formula (l.1), in the QCD approach, physical cross sections are
obtained by folding the parton cross sections with parton wave functions and
decay functions, which are measured in deep inelastic lepto-production and
inee annihilation. However, the distributions of gluons within the proton
%2(X,Q§) and the distribution of hadrons in a gluon jet Dg(z,Qg) at some
reference momenta are very weakly constrained by the deep inelastic lepto-
production data. In the analysis of the hadron-hadron scattering data they
are chosen in such a way as to provide qualitatively good description of the
experimental features of high ?1 processes, namely large tramsverse momentum
meson production, P, -distribution of the lepton-pair production, ?Ldistribu-
tion of heavy quarkonium production etc. The data still have various ambiguities
so presently we have quite much freedom in the choice for Fﬁ(x,Qi) and

2 . . X . )
D2<Z’Qo)' These ambigulties, however, become less important in maklng comparison

of the two and three jet production rates.
In our analysis we have chosen two types of distributions which yield approximate
upper and lower estimates of the ambiguities present in the gluon content of

the proton.

1) As a first set of distributions we have used the parton distributions of

Buras and Gaemers 35) with scaling deviation as predicted by QCD, where the
input densities at Q2 = Qi = 1.8 have been obtained from fits to deep inelastic

lepto-production data. In particular for the valence quark distribution we
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used their simple parametrization of the QCD predicted Q2 dependence,
whereas for the sea and.quon distributions we used the improved Q2
dependent wave function as calculated by Owens and Reya 36) by Mellin
inverting the first 100 moments given by QCD and fitting the result with
simple analytic expressions. More explicitly, the input values have been
fixed by the experimental values of the lowest moments at Qi = 1.8. Using

the definition W= LLV-}E \ c\=clu+ E ) w=cs $=% = S

CxUy (&) % xohy (RIY),= OHEE

(3.1a)

¢ X ¥ (8)D,° 0.0183
(3.18)

(x G (ahyd,= 0. %o
(3.1c)

where the moments are defined by
{

M{[n; &*) = <:\ C‘la;)>t\= XAX xh-t FC(“: Qz) (3.2)

o

The full Q2 dependence for the valence part is chosen the same as given by
the parametrization of Buras and Gaemers by fitting the first 12 moments pre-

dicted by QCD

3 4?4 "t'l-
X Wy O, &) 4 X dy (R B, +7,) (3.3a)
dy O @) = x s (4—X)’I"
Xcly O, @) By 70) (3.3b)

with
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M= 030 ~0. A3C S , '7,_= 1¢ +0.80% (3.3c)

42’= 0.85 ~0.24 & )

N, = 2.35 +b.Fle & (3.34)

where & = &E’M(Q‘A‘-)/&\ (Q:/A‘)l s Qi = 1.8 GeVz. The use of Euler

beta function, 13!(7;,‘*7() , 1 = 1,3 ensures baryon number conservation

. 2
for all values of Q7.

The x dependence of the sea and gluon distributions has been chosen to be in

agreement with naive counting rules
* 3 4 5
X S(RlQb) = 0. 44% (i-x) , X G (&) = 2.4 (1-x) (3.4)

. 2 X =
For their Q° dependence, we adopted the results of Owens and Reya {(see Egs.

(3) - (7) and Table I ir Ref. 36)).

.. . . . .. 2,
ii) Some of the physical correlations have also been calculated with Q7 in-

dependent wave functions and with the gluon wave functions proposed by FFF 20)

x G (x ‘ Q:‘—‘ L((GGU/C.)‘) = 0.80+({+93x )(‘["’X)H (3.5)

In certain cases we have also included transverse momentum smearing with

1
. . . —'&;//5’
Gaussian smearing functions ~ £ <

B} Decay functions

In most of the calculations, for the results, presented in Section IV, we use
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a simple parametrization of the effective fragmentation functions which re-
presents a reasonably good analytic approximation for the description of

. . . . + - P .
the data of inclusive meson production in e e annihilation and lepton—

37)

hadron interactions

For completeness we list the naive fragmentation functions used in the cal-
. ° o . . . . .
culation of the MA-RA  azimuthal correlation and P-out distributions (see

Figs, 10 and 12),.

Following Ref. (37) and (38) we parametrize the independent fragmentation

functions as follows:
xt 2 o .
Z-D'u. = aVZ (c-2)+ ¥, (1-%) ) gDy =%, (-2)

+ X - L
z D:t = b{z (c-) +3, L-2)* e D, = IO z) (3.6)

z b“; = oy (c-2) + §.¢(\-E)‘

where the limiting behaviour
+
| 2t k -
has also been required.

Two of the coefficients can be eliminated with satisfying the energy and
isospin sum rules

Sclz PR b:,(?-) = 4

(3.7a)

“ (3.7b)

- ko — -
SA*KD#—DIL) . -}_(b“:-bk)w}_(bf_ 0] = 4
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We assume 37) as indicated by the data SU{(3) breaking }K/.Sﬂ‘ 4/1. and
{a+b) (¢ -1)= 0.075

given by the production of charged hadrons in deep inelastic neutrino

scattering, so we have
a=0.225 b=a/2, c=1.222, ¥ = .488 (3.8)

With this parameters there is a small leakage of quark charge due to SU(3)

breaking.

Chosing the gluon decay functions one can be guided by the following arguments

on one hand, the energy sum rule has to be satisfied
x K
Sclz-% (353"L‘D?)=i

furthermore in QCD where qq pairs are produced via gluons emitted by the
initial quark, the gluon fragmentation function Dg(z) must be steeper than
the favoured quark and flatter than the unfavoured quark distribution as

z=y 1. So it appears reasonable to assume

o

(3.9

Assuming again 50 7 SU(3) breaking CF/C";?. we obtain c’=t/, ' k= f/t, .

We remark that FFF assumed at Qi = 4 GeV2 the form

=D = okg (i1-2)*
q (3.10)

37)
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In order to understand the possible mechanism producing the "same side"
enhancement in the azimuthal angle correlation data (see Fig. 10) we also

&)

have used the Feynman and Field Monte Carle jet development model for

the contributions of the 2=%2 subprocesses. In case of the 3 jet contribu-

tions we have also assumed factorizable Gaussian transverse momentum distri-
. . . . 2

butions for the Jf’ fragmentation. We did not include the Q —dependence

: . . +
(as predicted by QCD), for the fragmentation functiom.

C) Physical cross sections

The differential cross section of 3 jet production can be given in the form

(see Eg. (1.1))

_ Agg-as-ocde dé dxe 12 2 — —a L
BB Sy Sk Pk, Z EN ‘»‘z‘;c‘ God Gup Xa P (a)€4u)
b

wAdb-> cde (3.10)

_ b 2 = g4 d 6 ¢ Acs) 4 _
¥ Xy F'B (xbx&\ %\-.L) T Al 4 . o & (k&*' ‘-L“‘c*-g-d Ee.)

-y
where the partonm cross section AHGT is given in Eq. (2.2). We have studied

acoplanarity angle, Pou and transverse thrust distributions. The transverse

t
thrust 39) is defined by
P - -
,]_= 2 i (3.12)
E)

+ .
) It would further suppress the subprocesses where gluons are produced 1n
the final states. However, for the applications presented in this paper this

effect is not important.
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]

-
where r denotes sum over all particles in one hemicircle, n is a unit

vector in the transverse momentum plane which has to be chosen to maximize
T

| » E; is the transverse energy (see Eq. 2.13)

E, = 2 IE:_\]

Txed,e (3.13)
The differential cross section at fixed EJ_ can be written as
7 (3}\&{’3 4§ _Bfncde " g,
il Y, E S <1 Ak ks d ke S (Ty-2max )
_— = - ASL d‘kd J;ke.
AB d iy ¢ d.¢e . (3.14)

The acoplanarity (or azimuthal) distributions are given by similar expressions.

Two or more particle correlations can be obtained from the 3-jet cross

sections (3.11) folding it with the parton decay functions

bk
dea™ S i .
"E‘\"cPFs\ QPP;‘ - Z‘ dz“.A%k cl CL"".\'

e

5 hB—-@ ,'4-[’.1-(
A 6
E s\

ety dly Ak,

\1,"'5

.

d k>

(3.15)

353
Zy

- l‘l . = -— hz . - {
»EE B 2 D, (Zs,ﬂ, Qi) Dy (B R L qan) 2,

- ..-r,_z E’ __( LY -r e V“- . ,
where q,;a— P),‘ R and 2&-‘ 2’& + CL;I /td') . Azimuthal correlations

N 1. L] s . . T
of two neutral pions d (J-T'P%E_Ld.\’, and Pout distributions e &R

JE‘LC! Pout
are defined by analogous formulae. We remind that 1 is defined D as
(see Fig. 5)

. [ Proam X Riraaee 3 =
‘Pi"‘*t = ‘ Pooaw X Rirager P

— - (3.17)
\ an\n.. \?.L Felgqed ‘
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Various infrared finite observables have been proposed in the literature
for analysis of events shapes of multi jet events. Obviously all of them
can be generalized to the study of the three jet production in hadron-hadron
collisions, pointing vector for the transverse energy flow as a function of

0)

. 4 . . .
the azimuthal angle , "higher" transverse trust variables, rotationally

invariant Ci varizbles of Fox and Wolfram 41

Ce= \2‘ l ?.\.:\ &clé; \L (3.18)

/
where ?ﬁi 4 are the perpendicular momenta of the resulting hadrons and Ch is
measured relative to an arbitrary axis chosen in the plane of transverse momenta,
etc. However, with the presently available meager data, we feel premature to

work out distributions for all these variables.

One may try to study 3 particle correlations as well, although the rate will

be very small.

D) Smearing and cuts

In the presently accessible energy and transverse momentum range it is expected
that almost all of the three jet effects are below the "noise" of the smeared

two jet contributions.

In order to obtain a rough estimate of the relative magnitude of the 2-jet
and 3-jet contributions to the transverse thrust distribution we used a crude
approximation: The "primordial" transverse momenta of the partons (inside the

boundstate wave function) and the hadrons (inside jets) have been neglected,
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however, we smeared the 2-jet cross section with some 'reasonable width".

40,42) that the transverse thrust

In particular it has been estimated
distribution of the 2-jet contribution has an approximate Gaussian shape

with some effective ''mon-perturbative"” width
P

7 ‘ <P"">
(\ AT.L)MP =z n(E-L) E, ) <P*>'300Hev (3.19)
with multiplicity
2
n(E,) = Lo + 2.4 PM E, (3.20)

So the normalized transverse thrust distribution (which is expected to vanish

at T = 1) has the form
C1-T)"
z 2 LAz
l i = - TS (-1)=F, (7)
JG‘/A&; dide, (&T)we (3.21)

- * . ) — — !
(where E, = 2+ P_[”' for 2-jet production). Obviously as AT-=> o, ‘13(7)-98(-{-1').

The numerical values of (LT)‘JP at E =10 GeV is (.672‘:,;0. 16 and at E, =20 GeV,
(br)”";o.lo . Alternatively, we have introduced ¥ and Qz independent

. . 2 . . . .
factorizable Gaussian k_L-behav1our intc the parton wave functions with

L ki) = (500 MeV)2 and we applied the jet development Monte Carlo program of
4)

Feynman and Field for the fragmentation of the final jets. Such a smearing

appears necessary in the discussion of the '"two peak' structure of the ex-

43)

perimental 7¢-1° azimuthal angle correlation data at relatively small

transverse energies (E,= 8-12 GeV, see Figs. 10-11).
) g

In some other applications (see Figs. 11-12) we applied Gaussian smearing
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together with the naive fragmentation functioms (see Section III/c). We
would like to remark that effects given by transverse momentum smearing
are not important at higher energies and in the estimate of the contribution

of the 2~* 3 subprocesses,

In order to have sizable 3-jet effects, kinematical cuts, suppressing the
2-3et contributions must be applied., E.g. one must cut the thrust variahle
to be smaller than certain critical value (71‘) or we can require that

D be larger than some reasonably chosen value. In hadron—-hadron

out

collisions, however, in contrast to e+e_ annihilation, the relative rate

of the 3 jet vs. 2 jet contributions can drastically be changed alsc with
energy and/or polar angle cuts and not only with cuts requiring 3-jet con-
figurations (see Egs. 2.8~2.9), since the pointlike parton cross sections
are folded with steeply changing parton distribution functions. We have
found e.g. that applving only transverse momentum (or jet energy) and
azimuthal angle cuts, the ratio of the 3 jet - 2 jet contributions

(r = M6(3 jet)/s 6 (2 jet) in integrated cross sections is suppressed

by some large factor 3-10, as compared with the ratio of the corresponding

+)

parton cross sections (ro = b6, (3 jet)/86,(2 jet)). In contrary, if the
cross sections are calculated at (approximately) fixed transverse energy

{see Tables 3-4) with some relatively smaller p. cut and reasonable azimuthal
cut (to avoid contributions from mass singularities), the vaiue of r becomes

enhanced with respect to the value of r,- This is a simple kinematical effect.

If all the final particles would be produced in the transverse momentum plane

+)

The comparison of r with T, depends on the incoming energy., However, with

a2 given hadron energy f; we can always associate some effective parton energy
(: I R . . . . . .

range Y ‘:-VX.Y.S in which the physical cross section obtains the dominant

contribution, with the applied cuts.
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( 9{==JE/2. » see Eq. 2.8), then obviously at fixed E, the ratios r and r
would be the same. (If E| would not be fixed, the back to back configurations

26) . . . .
). However, if we consider cross sections integrated

would be enhanced
over some finite polar angle range (n- e.> 8.3 6. ) s then at fixed
transverse energy, the effective T value (Tw= X..Yb) of the 3-jet contribu-
tion is smaller than the effective T value of the 2-jet contributions.
Therefore, the 3 jet contributions are increasing with decreasing the polar
angle cut 66 . The importance of fixing the transverse enmergy has been realized

in the ISR experiment 43).

IV. Results, Discussions

Similarly to the case of 2-jet effects, 3-jet contributions might be investigated
by considering either direct jet effects (independent from the jet fragmentation)
or various two and three particle correlations in the final states of the large

transverse momentum particles.

Study of the transverse thrust distribution (see Eq. 3.14) appears us to be a
very convenient and totally feasible method for future analysis of the large
transverse momentum particle production in high energy hadron-hadron collisions
at ISR, SPS pE collider and Isabelle energies. It provides us an overall
measure of the "jetness™ of the process and is independent of the ambiguities

of jet fragmentation.

In Figs. 7a and 7b we have plotted the transverse thrust distributions for
proton-proton ccllisions at {; = 33 GeV with transverse momentum cut (for jets)

}h:} 1.5 GeV and transverse energies F, = 8-10 GeV and 10~12 GeV, respectively.

=1
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No polar angle cut has been applied.Except.if it is not specified otherwise,

in what follows, for all the Figures, Qz—dependent parton wave functions

(see Section III/A, parametrization a)) have been used. We can see that the
dominant subprocess is gq-—» ggq, similarly to the 2-— 2 subprocesses where

the largest contribution is given by gluon—quark scattering. In the same Figures
we have plotted the smeared 2-jet contributions, using the smearing ﬁrocedure
described in Section III/D. It is clear that in the given kinematical regioms,
the smeared Gaussian distribution of the 2—% 2 subprocesses is the dominant

one throughout the entire region of the transverse thrust variable, therefore
to reveal any significant 3~jet signal appears to be very difficult. This has
been expected, since even in e'e” annihilation, where we do not have the com-
plications given by the bound state wave functions it appears very difficult to
find any significant three jet effects at f§€ = 10-12 GeV. In hadron collision
at these energies with RL> 15 Geyé contributions given by the CIM model and
the background of the beam fragments still might be non negligible. This con-
clusion is further confirmed by the analysis of the azimuthal correlations of

J-5i° (see Figs. 10-11).

Increasing the transverse energy up to E&_ = 18-20 GeV (see Fig. 7c¢) the quark-
quark scattering contribution becomes dominant and the tail of the thrust
distribution CT.L <0-?’5) starts to emerge above the Gaussian tail of the
smeared 2-jet contribution. Although the cross section is smaller by almost
three orde;sof magnitude, the experimental investigation of this regiom still
appears feasible. Possible non—QCD mechanisms might be further suppressed by

+)

increasing the transverse momentum cut—off.

) We remark, that with the cuts 1;(0.95 at EL='2O GeV the cross section de-

creased onlys 20 7, increasing the Rhcut to 2.5 GeV. This can easily be ex-
plained by kinematical considerations. Three jet configurations are guaranteed

by the cut C0.5%0.

T
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We find particularly interesting the prediction for pp scattering at
V4 = 540 GeV. Requiring a cut-off ?4.> 7.5 Geqéﬂwhich might be realized

particle
>

by requiring a cut-off on the particles p 1.0 Ge?{or s0) and

E;‘= 50-60 GeV, we have obtained the thrust distribution plotted in Fig. 7d.
Again, the dominant subprocess i1s gg-» ggq. For thrust values I;( 0.80, the
integrated cross section AG~ 0.0S—O.I/kbarn, so 1t can be measured at
luminosities designed at the SPS protom—antiproton coilider. In the region
Tl( 0.8, the value of the Gaussian tail of the smeared 2-jet contribution

is under the 3-jet tail with i-2 orders of magnitude. We would like to
emphasize that such a significant 3-jet signature is a non—trivial result,
which, however, is a direct consequence of the cuts applied: with fixed
transverse energy and 71( 0.8, the 2~jet contributions are strongly suppressed.
Sc we expect, that at the pE collider, in addition teo the clear experimental
procf of the existence of the large transverse momentum back-to-back jets

RN

(with pictures similar to the ones obtained at PETRA, at EC5= 27 GeV, e.g
1t will be feasible to find some signatures of QCD 3-jet contributions as well )
We remind (see Tables 3-4) that the 3-jet / 2-jet ratio is decreasing with the

increase of the polar angle cut, which may serve as a consistency check on the

3-jet interpretation.

In order to see the effects of the ambiguities given by the parametrization of
the parton wave function we have repeated the calculation of the thrust

*) A non-Gaussian transverse thrust distribution may be explained by many
other mechanisms not only by the 3-jet production. Therefore its study will
provide us only with a consistency check on the predicted QCD 3-jet con-
tributions. QCD 3-jet effects can be studied at ISABELLE more quantitatively.

However, at present we feel premature to give any detailed predictions for

this energy region.
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distributions corresponding to Figs. 7b and 7d, with Q2 independent distri-
bution functions and with the gluon wave function given by Eq. (3.5).

(See Figs. 8a and 8b) The normalizations of the contributions both of

the 2~» 2 and 2~» 3 subprocesses have increased by a factor of 4-5 and the
relative importance of the subprocess gq-+ ggq 1s further emhanced. The
shape of the thrust distributions have been changed only slightly. So our
predictions for the magnitudes of the cross sections presented in Figs. 7a-d
may be an underestimate, and the relative importance of the 2=22 and 2> 3
subprocesses in the regionA11<(J.9 may also be somewhat different. However,
our qualitative conclusion concerning the realistic feasibility of some 3-jet
signatures appears to be stable against such variationms of the parton wave

functions.

Let us consider now the azimuthal correlations of two large transverse
v ® , ..
momentum N~ R . Data are available from ISR experiments for transverse

43) 6~20 GeV,.

energies
The data afe plotted for ﬁf; of transverse momenta P;> 1.2 Ge?ﬁand for
azimuthal difference 23°£ &d ¢ 130° , in transverse energy bins
E, = 6-8, 810, 10-12, 12-14 and 18-20 (GeV). They have the characteristic
feature having a ''same side" (bbg:wo)and an "opposite side" enhancement
(A4>a.160°). Increasing the transverse energy up to & = 18-20 GeV, the
broad "same side" peak is gradually suppressed and the "opposite side" peak

becomes more pronounced (see Fig. 11).

As to the QCD predictions, their main features can be understood without

fragmenting the jets into pions. For this purpose let us discuss first the
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"averaged' acoplanarity angle distributions defined as

\

e £

1 Lo
A = 3 ( d¥ A 2a o ¥ (4.1)

6 ds a5 )
4
-— ' - .
where vy =@y and Py 8 denote the azimuthal angle difference for
. . +
any two of the final jets. ) For transverse energy values E&: 8-20 GeV,
with tramsverse momentum cut P 1.5 GeV/c in the azimuthal region

the infrared singular parts of the 2= 3 subprcocesses cannot contribute.

In Figs. 9a, 9b we have plotted the acoplanarity distributions (average over
4Q§ » see Egs. 2.3 and 4.1) for three jet production in proton—proton collisions
at (3 = 52 GeV at two transverse energy bins & = 8-10 GeV and 10~12 GeV,
respectively, with transverse momentum cut P?% 1.5 GeV/c and polar angle cut
45°¢® € 135° (see Eq. 2.2). The curves have the characteristic shape of acoplana-
rity distribution of Bhabha scattering (in the same angular region). The
"opposite side" peak ({) is small) survives the cuts, however, the "same side™
peak (*’ is near to 180°) is indicated only with the presence of a slight
increase above 4::;1200. We remark, that in general, the shape of the acoplanarity
distribution should not be symmetric around + = 90° since there is no'Pebﬁ-4’
symmetry in the azimuthal difference. The shape of the curves dees not change
qualitatively increasing E,, however, its normalization is decreasing sharply;
We remark, that the curves obtained for the contributions of the subprocess
qq-» gqq are in agreement with the calculations of Kripfganz and Schiller 26),
as far as the comparison is possible.

:3”5;225er we include the statistical factors in differential cross sections

of identical particles in the final state or mot is a matter of convention.
Since we must add different subprocesses, it appears us :  more natural to

include them. In the calculation of integrated cross sections, however, they

must be included.
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In Figs. 10z =znd 10b we plotted the acoplanarity distributions for Fo -5
production. In this case all the kinematical variables are defined in
terms of the momenta of the final pions. For the fragmentation functions

we used the naive Q2 independent functions, described in Section III/B.

Comparing Figs., 10a - 10b and 9a - 9b, we can see that due to the softer

gluon fragmentation function, the relative magnitude of the subpocess S}ﬂ;ﬁggﬁ,
has been decreased, although it is still dominant. The shape of the curves
changed only slightly, while their normalizations have been decreased
approximately withthree orders of magnitude. In Figs. 10c - 10d we also
plotted the distributions at tramsverse energies E = 12-14 GeV and 18-20 GeV.
With increasing E, the normalization decreases approximately like the p,;
behaviour of the inclusive Z°production cross section and the quark - quark
scattering contributions become more and more dominant , but the shape of the
curves remains quelitatively the same. Finally we remark that the ratico

of the 3-jet - 2-jet contributions becomes. smaller with fragmenting the

jets into J°'s (Figs. 10) than without fragmentation (it is = 25% with the

applied cuts).

Especially at smallest E; values,the theoretical acoplanarity distributions
of Fig. 10a -d are very different from the measured distributiens, plotted
in Fig. 1la -c¢. The QCD contributions do not explain the spectacular
suppression of the same side peak, obtained with the increase of the
transverse energy E, . It cannot be explained neither by the smeared 2-jet
contributions since in this case the width of the "same side" enhancement
must be smaller than the 'oppcsite side™ peak. The "same side’ contributions

are completely given by jet broadening, while the '"back - to - back peak
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receives contributions also from the initial state smearing. We have
checked this with an explicit calculation using Feynman and Field Monte
Carlo jet development modelhgg smear the comntribution of the 2 2
subprocesses. We have found that in addition to the expected narrower
shape of the "same side" contributions, the "opposite side" peak 1is
also too sharp. Using for the transverse momentum smearing in the initial
state and in the final jets Gaussian distributions With‘(ﬁf> = 2x (0.5 GeV/c)2
12 z . .
and <3.L Y= 2x(0.3 GeV/c), respectively the obtained peaks at '-}/ =0
are much narrower than the experimental distributions. In order to fit the
’ 2

enhancement at ‘P = 0 we used larger values < ?f) = 2 % (0,6 GeV/c)"

- 2 2 . +) . . .
and q, =2 # {0.45 GeV/c)", respectively. The 2-jet contributioms
obtained by this smearing are plotted in Figs. lla-c, where the smeared

++)

3-jet contributions are also given. (their normalization is fixed by

fitting the data at E, = 12 - 14 GeV near = 0 with the 2 - jet contributioms).
L
26)

As we can see to fit the measured distributions by 3~jet contributions

appears to be unjustified.

An explanation to this is provided by noticing that the transverse momentum
cut used for the experimental acoplanarity distributions is dangerously

small ( p,> 1.2 GeV/c ).

+)

We required that the angles between the two final partons and the angles
between the beam axis and the final partons be larger than 0.25 rad (3-cut)
and the initial parton energy I§‘>-4 GeV (See Table 1.), in the parton c.m.
system. The singular contributions from the very small ?, T ors reglons can

not contribute. With this '"regularization” of the smearing the integrated

. . . . . ) - 2 12
cross section changed negligibly with the given increase of ¢ g, »and ¢ q; 7
++)

The smeared 3-jet contributions have been calculated by & and % cuts

(see Section II.) € = 0.1, = 0.25, applied to the momenta of the final partoms

2

in the parton c.m. systems, with (?L = 2%(.5 GeV/c)2 and <q 2)*—' 2«(.35 GeV/c)®
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Large contributions might still be given by the reaction where one of the J[ 7s’
belongs to the beam particle fragments. At smaller transverse energy bins

( E, =8 - 10 GeV ), these contributions are much larger for the ''same side"”

4
configurations (=R ), than at + = 0. They become, however, more isotropic
as Ei_increases. Indeed, the main characteristics of the behaviour of the
"same side" peak of the measured distributions can be quantitatively

interpreted in terms of this background. 43)

However, increasing the transverse momentum cut the QCD contributions
decrease according to some power law (see the footnote on page 25) while
the background drops exponentially. Therefore we expect that at larger
values of the p | -cut, the "same side" enhancement (A=K ) must disappear
and the "opposite side" peak ( 4 =0) must become sharper, as.predicted by
the QCD model.

The p_ . distributions of x° ~Jro correlations have also been analysed.é3)

As it has been pointed out in Ref. 21), the broad shape of the measured

Pout distributions can not be explained by smeared 2-jet contributions.

It is expected, however, that similarly to the transverse momentum distribution
of the massive /xf /k— ~ pairs of the Drell - Yan process, the large

momentum tail of the Pout distributions are correctly described by 3-jet
contributions. At transverse momentum values cf the trigger pion Py = 5 GeV/é'
and x  values x & 0.4 - 0.5, the background contributions discussed

above are suppressed. So, in this case we have better justification te fit

the tail of the experimental distributions by the smeared 3 - jet contributions.
The result is plotted in Figs, 12a - ¢, where the data points have been

normalized to the theoretical value at Pout = 1 GeV/c for the curve with
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5<'p1< 6, 0.6¢ Xe<'0.8. The agreement between the nine theoretical

curves and the experiment, both in shape and normalization is remarkably
good. We notice that better agreement could be obtained for the normali-
zation by modifying the fragmentation functions Dgp (z) ( e.g. intro-
ducing Q2 - dependence, as predicted by QCD ). The smearing in the kine-
matical region of the Figures 12a - ¢ is still important. The theoretical
curves without smearing are steeper. The shape of the Pout distributions

becomes independent of smearing only above = 3 - 4 GeV/e.
Pout

V. Conclusions

Two or more particle correlations or jet correlations in the production of

large transverse momentum particles in hadron - hadron collisions must be
dominated by the contributions of 2 == 3 QCD subprdcesses in various
kinematical regions. The main contributions to physical cross secfions
(depending on the value of the transverse energy) are given by the processes

88 ~* 888, 84 ¥ gqq and qq -7 gqq. The annihilation reactions (like qq * ggg),

are jin general, negligible.

We have shown by a quantitative comparison of the presently available cor-
relation data and the predictious of the QCD model based on the 2 -7 3

subprocesses that the measured distributions are still biased by'.background
contributions and transverse momentum smearing. The shape of the pout

distributions, however, can be described by the smeared 3-jet contributions.

We have pointed out that in case of 3-jet production in hadron - hadron

collisions, cuts imposed on polar angles, energy and momentum variables
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may also change significantly the 3-jet - 2-jet ratio (in addition to the
geometrical cuts like cuts on the agimuthal angle, Pout ©°F transverse
thrust values). In order to £find clear 3 - jet effects, independent from
transverse momentum smearing and background contributions we propose to
impose transverse momentum cut at least p,y 2.0 GeV/c for each particle
and to plot the correlations at approximately fixed transverse energies
above E17'15 - 20 GeV. The values of the corresponding integrated cross
sections are large enough to obtain significant 3 - jet signals in future
experiments at ISR, SPS pP collider and ISABELLE. The experimental con-
firmation of the predicted 3 - jet effects would provide us very important

tests on the QCD model proposed for the description of large transverse

momentum production in hadron - hadrom collisions.
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AEEendix

In the case of 2quark-2quark-lgluon subprocesses we can specify the process

(2.1) to be quark antiquark annihilation

- - !
Q) (-pu)+ F,CP) =7 § (PO+ A (Pad + §(Pa)

(A. 1)
The cross section and the definition of the kinematics remain the same as
given by Egs. (2.1)=(2.5) in terms of the four vectors
Xeg = (pet Py) | A= Xy
The factor C has the value C = 1/36. For this process &k‘ = 5 (see Eq. 2.5),
since we have only 5 Feynman diagrams, as given in fig. 2a. The color matrix
has the form +)
(8 4 8 ~2 - ]
o 8 8§ -3 -1
(a) 16
C:—-je.oois"ﬁ"ﬂ
©c 0 0 2 i (A.2)
c o0 © o 8 J
. . (a) \
The matrix elements of the Lorentz matrix F‘\ C&.’.s) have the . expressions

GUa0 =~ (44,0 44, 4 eIy 55'1)/( 53¢ S5y)

+)

The factor (-16) appearing here is an overall factor for the Lorentz
part of the amplitude.
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Al = i A L Buy (2 85+ 450) 4 44, (20 SeatrBa )+ By (Sga 85 )
tAgal A (“2 85+ Sga )+ Bua S5} 4
+ Asa L Au S5 + Sua (86-2 'Ssz)]} /(1- 824 844 851, 3
AMd) = i_‘-'m.[" LA300 By + S (A Aga+ 345,34 4y, (445,+%34¢,) 5
+ Sus (3850433024240 + Saq LA (-6 403 85,7%52)
¥ (Bug-bus)rbsal 4 Al (Au-35h) 45g +

+ Auyy ( ‘594"2'553.'5‘55333._‘3 /(‘1 6{,_-‘313"5;&) .)

Ay = i‘Ssq [= 812 02+ 823" Sus + Ay Sun )+ 422 L (2 Ay 280y) S *
4 Aug (Ase=aeu )Y+ Aug [ 20444803 ) 450
+ Sun (2550 % 55300 /€2 10 434 Aus S5u) \

Alys)y= R4 Lhers] o A (22)= BUA) Laer]

= o8 -
A (3,3)= A2 Al A (2,4 A (hu)lien2], F}(z,s)?_. Alzu)[Le J)

A (33) = i.é‘“ [2 45y (4= Bap=Ba: )+ Aua L85+ C8gy +5 85y ) +
FAuz (GAs~ 2485, +5A5)  Aya (S 45 % 545, ¢+ Hb50 74
+ A ["' 2 444 Aoy + Sua (- C Agy+ P52 3 453)+ (&1"351‘3)5541

+ A [ (840 38un)As2t 84, (464-C s,z-‘ssn)}\ /(11 A bey) )
H(%;H) = i&n. {.55‘1‘ (513"" 5;,"” 55.;4 * ’Slqg_)- 20'3“3 ("Ss‘;lii- ég;)] +

-} 6;—;{_‘3:;1 c 2 63{- ‘3“4)-\‘ 5%4 (‘Ssﬂg_"’ 553) + 3(‘5!49' + 5‘(‘5) 654 ] +

+ 43003 (A4 Sua) Bt Su (8s4=Ss2- S5 ) ) + (4.3)
+ 5(.14 55‘1(% 6!.“‘4 4&‘14’ 36]\3)%’ 51\1 6;4 (6\.‘*"‘ %6“1 ‘\'3 ’3&3) ¥

+ 2 Auadur sy Y AU AL Aua 45y ) -)
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Al sy= A3y Lues) Alsuy= AU [ berd, S &2

- L &>
A(hs) = AL [Uesty Seoz] - Bisis) = AL L)L hesT

The cross section of the crossed subprocess

/ /
= A,
QEPI+ G-Ps)— R lpn+ @ (Ba)+ q,(p,) .4
is obtained by crossing g with a,'therefore
ki =Py if i1=1,2,4 and k3 = Pg> ks = P,y
and the invariant variables 6‘& have the same expressions in terms of.
ks i}. as before ( 4 = 2+ 4. &8 ).
: . . vT
The kinematical variables, Q% QL\' c&_FL_ ., however, (see Egs.
(2.2), (2.3a) and (2.4)) are defined in terms of the variables 'Pj 3
2 a 2 2
= BrRT  be (Purq) L 8= (pytpg)
TY 3y s (o Be) (Pax )
<
en B = - lf"_?i'. %q)ﬂ'_ i Pax Ps) 1 ¥s
l-qz“um\ > - -y n - >

For the process (A.4) the color factor is negative C = -1/96.
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Figure Captions

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Diagrammatic representation of the parton model description

of large transverse momentum hadron production,

Lowest-order QCD contributions to the production of three
large transverse momentum jets in hadrom-hadron collisions.
There are 5 diagrams for the amplitudes qaqag (a),

10 diagrams for gqqqq ( b), the amplitude of gggqa is
described by 16 diagrams ( ¢ ) , the 5 gluon amplitude

is given by 25 diagrams ( d ) .
Definition of the Treiman - Yang angles.
Ghost diagrams contributing to the 3g2q amplitude.

Definition of the kinematical variables Pour ° acoplanarity

-ty
angle *J , transverse momenta p,; and X,

Integrated parton cross sections G‘(é\g) for the sub~
processes gq —» ggq » a4 -> qdg » g8 >gda  at {5=200 GeV
are plotted as functions of § , for € = 0.1 and 0.2,

The cross section values for the corresponding elastic

processes are also indicated.

46
47T,
JEESZ GeV and d) ¥S=540 GeV. The contributions of different

a, b, ¢, ) are plotted for various values of E, at
subprocesses are also indicated., The dotted curves correspond
to the non-perturbative two-jet contribution calculated by

smearing, described in Section III/D.
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Fig. 8 a, b) Asngl distributions, corresponding to the curves
of Fig. 7 b, d), respectively, are calculated by use of Q2
independent quark wave functioms ( Q2= Qi= 1.8(GeV/c)2) and

gluon distribution given by Eq. (3.5).

Fig. 9  a,b) Acoplanarity angle distributions of jets produced in
pp collisions at Js-:'= 52 GeV. Polar angle cuts 45°¢ @:(1350
have been used. The cross section values have been calculated
by averaging over the three possible pairings of the final jets

( see Eq. (4.1) ).

Fig.10 a, b, ¢, d) Acoplanarity angle distributions of 5 10 i pairs
produced in pp collisions at {s'= 52 GeV. The prime for Ei_
and pi_ indicates that the cut-offs have been applied to the
three mementa of the final pions. The cross section values have
been calculated by polar angle cuts 45°< Clu<11350. ( We remind
that the azimuthal angle is ¢ ='JT.-+).

Fig.1ll a, b, c) Acoplanarity angle distributions of smeared 2-jet and

43)

3-jet contributions. The data points have been normalized
to the'¥ = 0 peak of the 2-jet contributions of the Fig.b.
The smearing procedure (width parameters and method of regulari-

zation) is described in Sec. IV (p. 31-32). The kinematical

cuts are the same as for Fig. 10.

Fig,12 Pout distributions at various trigger particle transverse

momentum p, = \31 ‘ﬂ.”e" and X, bins (see Fig. 5). It has
been required that Py zl—ﬁlw“,\ané polar angle cut 450(9"( 135°
has been used. The smeared 3-~jet contributions are plotted by

43)

dashed lines. The data points have been normalized to the second
curve of Fig. b (at pout== 1.0 GeV/c ). The smearing procedure

is described in Sec. IV (p. 31-32).
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