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ABSTRACT ‘

o

Inclusive productién of real photons in p-p,W=-p and
;—p collisions at large transverse momenta (pT) is studied
in QC:D and compared w\irth existing data. Apart from the éuark.
gluon and quark-antiquark contribution, corrections due to
Bremsstrahlung of.photons (q+q —» gqt+q+y¥) and to pa;ton
intrinsic transverse momenta ave taker into account. It is
shown that p+p —>¥+X provides one of the best determinations
of the gluon distribution in the proton. Hadron production
opposite~side a large-pT:photon triéger is also studied.
Tt is shown. that the4d}fference between the momentum sharing
(x,) distributions of T +P—> X‘rwi*X and T+ P> ¥ st Xf
provides a good determination of the gluon fragmentation

4

function to a pion.
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SOMMAIRE

Nous étudions la production incll;sive de photons réels
dans les collisions p-p, T™-p et p-p & grands moments
transverses (pT) , dans la contexte de la Chromodynamique'
Quantique et nous la comparons avec les resultats 4 experienceé.
Nous ajc:utons aux contributions quark-gluon et ’qquark—
antiquark les corrections dues au rayonnement de freinage
des quarks (g+g —>q+qQ+}) et au moment transversal intrinséque

,

des partons (kT) . Nous démontrons que la réaction prp—> Y +X

donne la meilleure cétermination de la distribution gluonique
. s ‘ .

du proton. Nous étud%ns/au551 la production a grand Pep

d'un hadron et un phofon aux directions opposés. Nous

l ’ <.
demontrons que la difference entre lesydistributions de

. , 7 .
partage de moment (x_.) des réactions Wt "53*_“ *Xe‘t P

3} .
— X"Tf"*x foupnit une bonne determination de la fonction

N
N

de fragmentation d'un Bluon a un pion. —
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‘ ) ' JINTRODUCTION
Ll ) ; * . R P'

o v

The continuous search for a better understanding of
) ” >

the nature of the strong force and tHe underlying hadronic

structure has led physicists to i)ostulat‘e gquarks as the
fundamental constituer;ts of the hadi*onic\matter(l) ‘and
Quantum Chromodynamics (QCD) as the suitable Field Theory |
that describes their interactions (Chapt. I, Sect. 3). In
! the physical picture that—emerges the strong forces between

the quarks are mediated by massless vectgf bosons ~—theso~—
(2)

- called gluons .~ which posses the remarkable property of

b

interacting also directlyu among themselves. Thié property
ﬁ stems from the fact that QCD is a Yang-Mills theory; y
’ theories of this type are the only ones that are renofmalizable

—

and at the same time can describe self-interacting vector

3
.

particles. It is true that much of the development of QCD
" is due to the perfection, in-the U40's, of -the most (up to

now) accurate t};ébi‘y:~of\ N@.\turé, Quantum Electrodynamics ;
. K\M‘“\w — B v n
(QED) (see Chapt. I, Sec. 1). However, the self interaction—— |

-~

property of the g‘luo’nS (Figs. 1,2) is in striking contrast

with that of the mediators of the electromagnetic force in

QED, the photons${ these can only self-interact indirgctly )
(via electron loops, see Fig. 3). ‘ (_“_/// [
- -~ This.self-interaction of the gluons results into & o

decrease of the effective quark-glﬁc)n boup_ling /ng) ,at V L

— . large energy and momentum transfers. /’Ijni/s’/impor'tan‘t property

¢ nptotis Freed




. \ - ~
& e + v,
P s v ]

- 1 -
l,’ K '
. | N
‘1":“ .
“ | makes possible a‘berturba‘tion expansion at sufficiently
g high enérgiés and -momentum transfers. o

-
N

- . )
These are the basic ideas behind the approach of per-
turbative QCD, which had a number“of‘ﬂimpo?tant successes

in the past few years. These ideas and certain of these

successes will be discussed in some detail in the subsequent
f \
sections. ‘

The above outline indicates the significance of gluon in-

. \ 3
the-wholé QCD-appreach. It is then of outmost impbrtance
to consider and study physical processes in which e presence

& >

of gluons is dlrect;Ly manlfest. Such -a process is precisely

the production of direct photons at large transverse momen-
\

~ tum (pgp) in hadron-hadron collisions. Perturbative QCD

l i predicts that,. because of ‘the subprocesses(S) =D ‘

\

*9 = 9*¥ 59+ — 3ty
: u VL :
" there should be significant yields of direct X'S at large .

4

——.‘——————‘——’_—\_-‘-f_—’,/“

P+ Clearly these subproc/sses are made possn.ble ‘%nly be- -
cause of the presence of g

uons (g). E‘xper:x.mental verifica-

tion of the theoretlcal predlct:l.ons corrcernlng these ylelds

cofistitutes an essentn.al test of perturbatlve QCD.

-

.

Even w1thout gluons and QCD some " dl»rect photons (in
hadronic collisions) w111 be present at large pT\ This

follows by étraightfoiwarq a :Lcat:.o:n of the Qlec:tor Dominance

Model (VDM) (see Ch

! . II, Sect l&) HoweVer-, the po:mt is

. 111 ,A‘Sect 3 tha't: perturbat1Ve QeD

i s e i .
ER \ . =
: .

Yo«

2 e e kb e

o e
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\ v
predicts direct g yields exceeding at least one order of

magnitude those of VDM.

§

Inp Chapt. I we explain to some extent the basic pro-
*

perties of QCD, by comparing this theory with its predecessors

9
(QED and Weak Interactions theories). We mainly discuss

the predictions related to the Asymptotic Freedom pr‘opérty
of QCD and ‘the "survival' of Fe3‘7‘nn‘1an's parton model when QCD
correétions are switched on.

In Chapt. IT we calculate in detail the one—pafticle
inclusive cross-section for the production of real photons
in p-p collisions and compare with available data. We carry

calculations for centre of mass enel_"gies V?:31, us, ~53, 63

GeV for a large Py range: 14 PT%’il GeV. In p-p collisions

‘we take into account the correction due to the quark

s A\
Bremsstrﬁ\lundg- of photons. Then some predictions for photon
production in TT"——P and p-p collisions are given. Confirma-

tion of thesée predictions in future experiments will provide

by

_more evidence in favour of the Quantum Chromo&ynamic picture

L]

of the strong interactions.
Finally 'and 'in order to .extract the maximum'informa'tiﬁon

possible from experiments involving real photons, we {:éke

‘advan'tage of the simplicits; of the formalﬂ and try to

isolate the so far unknown gluon fragmentation function (to

a pion). This is done in Chapter IV. A summary of ouy work

»

and conclusioqs as well as a discussion of possible correc- -

o

tions are presented in Chapter V.

\ \

ORI [V
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} THEORETICAL BACKGROUND

1.1 TField theories
e o (1)
Quantum Electrodynamics . (QED) is an example of a

- successful field theory. Tn%%Lagrangian of QED read

o eiaso = —"L—(—ﬂv(ﬂ Fla ityc?«\ KV bv%q - mffo\ J &) =
T el o)

0 whetré

2

| 5‘;‘4\;(%\ = by A} = 3 Ap G (144)

is the &:'.Lectromagnetic field tensor and Ar'()&\ the vector

potential describiné the photon field. The first term in
(1.la) describes free radiation.. The second and third terms
ar:e associated to free matter, spin 1/2 objects of mass m.
The last term is the interaction between ma"tter and radiation,
where e denotes thé electric charge of the matter field ‘
(é“{q“- =‘°<€‘;N\ - is the fine structure constantfwc:l) o

. . - - / 3 .’
Quantization can b€ carried out according to general

teqhniquescn . The theory that emerges is a relativistic

quantum field theory with a well defined perturbation expan-
? sion parameter (o(eM) and w1th a remarkable quantl’catlve

success. Thisg succes‘s lies on the emplrlcal fj/ct that there

exist objects in Nature carrying charge, the leptons

;
3

A



e

£ - [ - L T L L i T o ove g

(electrons, muons) whose dominant interaction is electro-

\e
magnetic.
-

Observables have been confronted with perturbat&ve‘
appfoximations to the equations of motion of QED, to the
remarkable accuracy of a few parts per million. ~ e
Another example of a successful field theory i; the

unified theory of electromagnetic and Weak Interactions (the

)(2),(3)

W-S—-GIM model which describes the interaction of

quarks and leptons. The Lagrangian of the theory is rather
4
u)

Two basic interactions in Nature are unified in

(5)

long

a Yang-Mills gauge theory, with the intermediate vector:
" -

N ;
bosons W, Zo and photons as the gauge bosons. The gis-

similarity between weak and electromagnetic interactions is

attributed to a spontaneous breakdown of the gaugé symmetry(e).

7 (8)

as well as renormalization problems have

i

Quantization

been successfully solved and calculations *of higher order

loop corrections can be safely carried out. In this parti-

cular theory, technically speaking, the generatows of ' the

(%)

weak group are flavour charges with the "exo&ic" names :

up, down, strange, charm, bottom etc., charécterizing thus .

the dynamics as Flavourdynamics. The observed hadrons are '

membérs of irreducible represenations of_flavoub—SU(N)
obtained from tensor/products of fhe constituent quarks:

qq for Mesons; éqq“};r Baryons. One of the great successes
of the theory was the detection at CERN of the weak neutral

currents.

After the successful advent of QED and of the W-S-GIM

£

i W sk




thecries, physibists learned that various intéractions among
elementary particles are 'mediated by theyexchange of

vector mesons, the already mentioned gauge bosons. This is
a technical lesson of great heuristic value and has been
applied witgzmuch success in the construction of-a theory of
strong interactions (SI).

The property of "Asymptotic Ereedom™ mentioned in the

Introduction makes Yang-Milds theories the best candidates

fbr a theory of SI. However, in such an approach one faces

<

S

the difficulty of what, to choode as the Strongbgauge group.

. - 7 A ,D‘
The answer came from experiment and phenomenology: one must

introduce one more degree of freedom for the quarks the

colour degree of freedom.

@ . _ %§

1.2 Colour °

' The phenomenological reasons for introducing colour are
\s
the following: * ///

(i) Quark StatisticsCQQ’C10)

The scheme that emerges is as follows: Baryons are
quark tfiplets and each quark appears with three different

colours: vyellow, blue and red. The baryon wave function

is then symmetric in space and spin, but antisymmetric in
cololir. Furthérmore, all observables in Nature are assumed

to be colour singlets. This is ‘the so called confinement

hypothesis. Mathematically we have:
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where q,q',q" are the various quark flavours, °(7P7b/’ are
the colour indices, and é.(?‘ is the fully antisymmetric

three index tensor. Similarly for mesons:

t
~

/ .
199> — 75 199> &

The three colours aré‘%" associated with the fundamental repre-

sentation 3 'of the gauge group SU( 3) colour. Colour sym-

metry is assumed to be an exact one in contrast w1th the

flavour symmetry which’ does not:correspond to exact conser-

vation laws. Also SU(,B)c symmetry is a local symmetry, and

this fact is.reflected in the use of Yang-Mills fields .by

the Lag.xjangian of the theory (see Sec. 3).

(ii) The 1°—=>2 X decay.

(i)

Using PCAC one can relate this decay to the coupling

of the axial vector current to two photons. In the soft

pion Timit T4, (42) this coupling is given by a short distance

(h

Then the T width is given by: B ‘

‘ L
Do =2y = +8H(EY eV (1.4)

-

ferm coming from the V.V.A triangle diagram (Fig. u).

A thﬂecry with 3 colours predicts r'('rr"’-blﬁ) = 7.87 eV which
is in excellent agreement with the experimental value of

7.95 eVv.

1

K
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(iii) The ratio of the cross-sections:

N
Q= o (ete —vhadrons) -
o (ete — r\j}f )

(1.5)

is well predicted By a 3-colour theory, at least at large
c.m. energy. The fact that SU(B)C symmetyy is an exact
one leads us té‘the following possible ﬁﬁcture for the Strong
In?eractions: The colour forces (strong forces) between
quafks are mediated by massless vector bosons - the so-called
gluons - much the same as photons mediate the electro-
magnetic forces between charged leptons. The gluoné are
the gauge fields belonging to the adjoint represegﬁation of
SU(3)c and thére are eight of them, one associéféd with
each genégétor of the groﬁp‘SU(S)c. In the case of QED,
the«photén field is_the gauée field associated with the
generator of the abelian.group U(l): the éroup of gauge
transforma?ions. The crucial difference between QED and QCD
is that, beéause of the non-abelian structume of SU(3) _,
the gluons have self-interactions described b§ a Yang-Mills
Lagrangian.

In the next paragraph we willsdefine the Quantum’;
Chromodynamic theory of Strong Interactions and we will

trace out some useful Q?D properties.

1.3 QCD
: . .. (14)
The QCD Lagrangian is: .

oot 2b oy vt

B ety

i
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13

The theory described by the above Magrangian is a renorma- o=

lizable field theory of the SI. The fundamental constituents =

are spin 1/2 Fermi fields, the quarks [ q?(x)] which carry
fractional electric charge (see Appendix C) and nonabelian

3 . . ‘ (N . .
¥ : spin 1 gauge fields, the gluons [‘Ar ()] which interact

T Rkt oG A UL e A0

% with the quarks ‘as' well as among themselves.
g Explicitly, the various terms in the Lagrangian are:
- 4 .
: (a) b~ @
y £ (a) q (@) e
. o~ . ———1
A (1) bw(x\ = br\Av (X\“‘bv‘A]" *’3 q&y_‘qy(’qu (x)
) : ’ (140) ‘
& where: ’ 1
p @\, ° : :
% E;V(x) » a=l,...,8 are the Yang-Mills field strengths.
% zqgé(x) , are the gluon fields
% }
g p,Vv ) are space time indices
g g » is the QCD coupling constant T
£ .
§, §abc ,_are the structure constants of -the SU(3) algebra,
g given by: J

[ r[1(QA rqﬁaﬂ ]._ . r[TﬁJ

" 47 L Jabe (111)

. (a)

where T are the eight generatoré of the SU(3) algebra.

i
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It is instructive ta compare (1.10) with €(1.1b). The non-

e e e e T L S RS N ey e > X e

10

.abelian interaction is contained in the second term of (1.10).
. [}

(ii) <1§ Clﬁ are four component Dirac spinors associated
ARRA )

with each quark field of colour o and flavour j

Ciit _ , @ @ - i
G (Dv)ﬂ?a S*I"Br“ii }LPA o )(1.‘1)

a= 1:L

»
is the covariant derivative acting on the quark colour

components with:

@)
J(Sb the eight 3X3 Gell-Mdn matrices. We have then:

P

and for the structure constants,

| (T, = - ({138)

(iv) The only arbitrary parameters in the theory are the

. Ba)

(Tm) = i ;lo('c:\

. \\
coupling constant g and the quark masses mj - ‘\\
' \

i

) y
(v) The terms "Gauge Fixing" and "Padeev—Poprjxl Eg. (1.9)

“are results of the covariant quantization of the {heory(7)’(8)

and they are given by:

G’quae, {mng \-‘ E;(_b A(o.y(ﬂbﬁv () (1.14)
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e

where o is a gauge parameter (not to be confused with the

. e /. :
colour indices) and . 0

i
n_ s \W ] - (a . ra
E. c\qlee,\' - Eorov = DY ?(qs(x\ ) Cf(Q\Cx\ —-cs Jr\,_ A()’ )c;q 3"? “}x\ ?( 2*&\
X (#-15)

where io(q\(ﬂ , is a set of eight ma(aj;‘sless complex scalar

1Y
fields which propagate in closed loops only and obey Fermi N

(4),(15)

statistics , the so-called "Fadeev-Popov" gﬁosts.

In QCD, quarks.of a fixed flavour and gluons interact

via the term: .

S ~
1

&Q_, (a)
4 Ve b
‘ézwﬂ‘ L9 ”Ar (1.16)

[4

This vertex and the QED- analogen are presented graphically

in F;g. 5.

The new feature in the QCD Lagrangian as compared to \
the QED (1.1a), is the presence of fundamental interagtions .
ahong the gluon fields themselves. A§ contrasted with QED,
where photon-photon (gauge boson) interactions are induced
via electron loops only (see Fig..3), in QCD these self-
interactions are due fo the presence of the coupling con-
stant g already at the level of therfield strengths [see
Eq. €1.10)]. Self gluon interactions are of two types:

(a) Those involving 3-gluon fields:-

- AR G\ f v o .
“fg_‘ 3 fqg,x Bvﬂv (<) ~ BvAy () )AG:.)(’q Agy(x) (1.4)

e et e ot S SRR - R
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* Applying RG techniques we find that the coupling constant - :

Ve . e M a o md e v e Y mem s kA o ke

12
" -.represented graphically in Fig. (1) .
(b) Those involving 4-gluon fields:
2 k) () i v
4 . N
=7 9§ Jabe ﬁa de Ay Av0) Ay A 0) (143) g

represented graphically in Fig. 2.

1.4 "Asymptotic Freedom" and "Infrared Slavery".

In an attempt to. understand the short-distance behaviour

of QED Gell-Man and Low(ls) and independently Stueckelberg .

(17

and Peterman developed the concept of Renormalization’

Group Invariance (RG equation). The RG equation together

with the operator pragluct expansion (OPE, developed by

(18)

K.G. Wilson) have been proved to be potential tools for

understanding the hadronic interactions at Short Distances. '
In QED; the effective charge at short distances becomes

larger as a consequence of vacuum polarization (see Fig. 8).

is given by:
o

2 ' E
- ]
2 ;

€

4 ~ 4 1

——

b

1
~ d(ép) dfw%) 37 ) “ 9)

where d& is the Y4-momentum transfer\of the virtual cloud
and m, is the renormalized electron mass. The situation
in QCD is totally different (Fig. 7). The existence;of
"3~-gluon and 4-gluon couplings that contribute to the QCD

vacuum polarization (see Figs. 7(b),7(é)) produce a relative

e -

S
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plus sign in the analogous to (1.19) QCD term, namely

{
(4.20)

o

i 1 4 O- Zé’ &
(XY A | 2T ! 1}2
3)

where ds the strong coupling constant( » Q as‘beforeh
M of a few haﬁdpes/of MeV (usuallyQ:SOO MeV) and f the
number of flavours. This relative sign results in a con-
tinuous decrease of the o when Qz increases; as we
ment%oned in tﬁe Introduction this renders possible a per-
turbative approach (around &g ) at short distances. Quarks
then are almost free from mutual strong interactions, in

other words, the short-distance behaviour of the Green's

functions of QCD is governed by free field theory (the old
(19

without gluons).. This is ghe
remarkable property of Asymptotic Freedom. It means that

quark- model of Feynman

corrections to the free field behaviour can be computed

perturbatively and the specific theoretical predictions of
z

QCD can thus be tested. However at large distances (much

_4.[1 i «
larger than 10 cm, (the infrared limit) QCD becomes a

strong coupling theory.
However one basic .question seems to have no answer up

to. the moment: What is the mechanism (cerféinly of a non- .

|3
perturbative nature) that confines colour? Or, otherwise,

i - » » ’\ -
why quarks and gluons, which appear in the field equations,

I

do not appear in the ha&ronlc spectrum? Thls is the problem

of "Infrared Slavery" or "colour conflnement" Together

with this difficulty QCD faces some other difficulties as
e

~
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well as, for example, questidns relative to the origin of

the quark masses, the flavour and the leptonic quantum
\
numbers. In this thesis we do not gttempt to answer any

of these questions.

1.5 . Deep inelastic scattering in the parton model and in QCD.

14

One of the most important areas for testing QCD is

deep ipelasfic lepton scattering on fxucleon target

>

(Fig.8a). The total cross section is charactemzed by two

variables: The square of the 4-momentum transferred from

the lepton to the hadron, Q‘o , and the tfansferred energy

2
V. =-~Q i is t
X /-ZWI;Q) ?nere m; 1s he

Let us define alspo x as:

mass of the target hadron.

-
= '
BN

The main experimental fact is that the cross section

or more accurately the structure functions (for a defini~

=4
tion see Ref 19), are practically independent of Q and
depend only on xX. This has been argued by B;]orken(u) on

the basis of the Adler sum rule(23).

He proposed that as
Q—>©° and Y—>00 (the Bjorken limit), the deep inelastic

structure functions scale in x:

(.24)

v W, (v @)

B‘sorr-ew &Mlt

E; (%)

whexre

(,q Q “Aepmdcn{-.'

jolvw,“(v a)= 5

(20),(21) .

i
¢
/ Ias

®
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v
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{ with similar expressions for the other structure functions. \

—

At that time scaling seemed to be supported by experlment g

even at moderate values of Q (Q > /LGeV)

Today deviations from the\scallng behaviour have been

- detected( 24) 5 (26). Asymptotic freedom has a bearing on
this interesting phenomenon and QCD, as an asymptotically
free theory, is expected to prédic*t those scaling deviations.

' We shall now explaiff this to some extent,

The scaling behaviour naturally am':ses in the simple
(19),027)

constltuent plc‘ture of the hadrops formulatad by Feynman |
(Parton model). Partons are assumed to suffer confining
. e
interactions which'are characterized by a (long) time con- '
stant ’C’L of order 1/M where M is a typical hadron mass.?
i g " For iarge momentum transfers there is another time scalﬁ;
Ts, much shorter ‘thar{ (N dgfined as. : T Nl/Qg 'ihe:S',e

Ed

1nteractlons may be treated by an Impulse approxn_matlon
(19)

scheme: The partons are considéred as essentially free'

and "on shell" (i.e. with fixed small mass as sz_»,oo) and the

full process is assumed to factorize into a convolutioen of.

»  the probability of finding a parton within a hadron Qitjx
the®cross section for the hard process involving ‘;:he parton.
The general s’cr_ucture of the deep inelastic cross

section in the p‘arton model (of one kind of parton for

simplicitly) reads schematically:

0 B [ FodeaoRa) )
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where x is the Bjorken variable. Its physical mean%ng“%s
ilear: x.is the fraction of the griginal hadron momentum
P carried by the parton.

To make contact with the:goloﬂred quark-gluon theory

outliﬁed in the previous section we make the identification

of the partons with the quarks and gluons. _ -
(28) o

Politzer
|

tried_tglpnrg?é/gizg/;rogram by calculating
Feynman quark-gluon diagrams to s?me order inogl. Let us

Y

examine a concrete example. In e-p deep inelastic scattering

and to the lowest order in o, we have the Born term [Fig.

'8(a)]; now in QCD there are also gluon corrections (Fig. 8).

However, mn calculating the corresponding contrlbutlons, one

'encounters infinities that tend to sp01l the perturbatlon

|
expansion.

4

These are:of various types: .-

s

a) "Infrared" singfularities; divergencies associated with .

soft-gluon emigsion [Figs. 8(b), 8(c)l, which are esncelled

by divergencies ariéing from virtual gluon corrections

[Figs. (d),(e),(NI.  _ o o
b) "Mass™ éingﬁlarifies; they.occur when a quark eﬁits a

collinear gluon because the quark can remain on mass

shell, This 1s,'1n general, a dlsease of massless charged
(f

particles u)(F:Lg 9). As:a result of Polltzer s analy31s

the structure of clo’Pa..gm of Eq. (1y24) reads as follows:

d aﬂmn

Ao

»

(28)-(31) ' \

ST -
g(}.‘i -1) + 0(59(%\ Qﬂ% + | {i.l,s)

o .
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where ﬁ is the 4-momentum of the constituent and P(y/x) are

functiens calculable from perturbation theody. quitzer

28 . . . ' "
argued(‘ ) that the divergent piece in (1.25) does not really
Y

belong to the dc%ar&m but to the étructurgjfunction Pix).
For the moments of‘ddpaﬂm\, the followjng "factorizatign"
of infrared divergencies has been proven to all orders in

)
perturbation theory (for all 10gs)(30):

R AT}

1

do P“"*"“‘[C(%m) %Q Qo 1]= | - | (1.26)

M
o b o M an ([ PZ
- [y Gy S 0 TP ) Gy T

M is an arbitréry mass scale that has been introduced to

formally separate long from short distance effects. There

. ) . . 2
are, of course, corrections to Eq. (1.26) of order p/& R

2 2 . A S .
but we neglect them as p—>0,Q-*-O°. By choos:.ngm= QA (taking
advantage of the renormalization éroup equati C
essentially becomes the usual parton model cro 92@10n,

expanded in powers of wgﬂl) , but where only the infrared

finite pieces are retained. Such cross sections are, of course,
)

calculable. The' factors Pn combine with the momenté of
the original parton distribution functions F(x) to give

. L . . . L
effective Q -~dependent parton distribution functions j?zxfl)

These functions are process independent and thus universal.

\ N\
%his fact is summarized in the fofmula:

oy ()= (2 B, ] dan)
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2 . .
The 3'—dependence of F(%x,Q ) certainly leads to violation

of Bjorken scaling, [see Eq. (1.22)].

i

In this way the parton model scheme miraculously
survives. However.now the structure functions, or equiva-

© s . 2 -
lently the parton distributions, are Q -dependént. This

2 . .
~Q -dependence is-calculable more easily by solving the

Altarelli-Parisi equations which will be the subject of

2

our next section.

-

1.6. The Altarelli-Parisi equations. Intuitive approach )

to the violations of scaling.
(32

;Altarelli and Parisi studied for 'the first time
the dL evolution of the pafton distribution functioné to
lowest order in « . The fact that both quark and gluon
carry colour charge, results in two coupled first order
integrodifferential equationS‘wbich govern ‘the Q& evolution
of the distribution functions. Let us introduce 3(x,t)

as the density of gluons (summed over colours) inside the

proton, in the infinite momentum frame. Then the Altarelli-

Parisi equations read:

\ /

o mjd.s chyaﬁt +3<y,es%c-§-»]‘

der - s Hzacw% )1 3998,05)]

(1.29)
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2 2 . )
t+ is defined by: t=logQ /QE where Qogisba sultable norma-

lization point. The indices i and j run over quarks and

antiquarks of’all flavours. The number of quarks as seen
by the current probe changes by two mechanisms: a ngrk
originally at higher energy, may loose momentum by radiating
a gluon, or, a gluon inside the proton may produce avquark—

antiquark pair. Similarly the number of giuons changes

5ecause a quark may radiate a gluon or a gluon may split

A\ .
into two gluons. The funct s P P P P (th
in wo gluon unction a9’ Tag’ Feq’ Fag e so

called Splitting, or Altarelli-Parisi functions) are com-

pletely calculable from perturbative QCD and are indicated

in Fig. 10 together with the diagrams used for their calcu- \
1

lation. The components of the Anomalous dimension matrix 5

2
(which govern the Q -dependence of.the structure functions)
are related to the splitting functions by relations of the

form:

L \
TL .
f.Az-zn—iEquE3 >< X%% (130)

To order ofq , equatiéns like Eqns. (1.28), (1.29) exist also’

for fragmentation functions and for polarized quark and
(40),(81)

In phenomenological applicétions one uses directly the
quark and gluon Q1~dgpendent distribution functions. [See
Chaptér IT, Eq. (2.2)] To illustrate the usual approach
of determining the dl—dependenEe we shall restrict ourselves

i
2 ..
to the valence part of Fl(x,Q ). Defining the moments

2
Mn(QQ‘) of E(X,Q ) 'by:( 33)
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1
_ZVLn'(Q2\ = fdx xqt{f';(x,cﬂ ' (4.31)

one finds(as): \

| « 7
- s mde e EH

“where ,
* ’@“36“3% s o= At

o

st
-
#

L P

©m
Z

4 )

E‘ ! Ax0.5 GeV and f is the number of flavours. These equations %
él are cdntained, of course, in the Altarelli-Parisi equations

§ [Eqn. (1.28)] as a special case (valénce,paﬁt only) . Thus,

% once the moments of the structure functions-are specified

‘% at a reference value dZ=Q§, then their dk‘evolution is

fﬁ" f ‘ uniquely determined by QCD in t»h-e leading logarithm approxi- f
'g matigh: However, in applications we use the hard scattering

% ) , formula [Eq. (2.2)] which inVvolves direct use of the struc-

4 \

ture functions. Thus we need to: (i) Invert the moments
.. . 2 .
in Eq. (1.31) and (ii), parametrize the F(x,Q )s by relatively

simple to handle and, of course, accurate formulas. At

present we possess parametrizations for quark-valence,

distributions in the leading(3u)’(35) as well as in the next

—

'fb I ading order(36) and for sea and gluon distributions

4 \ .
. only jh the leading order.
. T ) ,
~-" One particularly simple way to parametrize distripution

and: fragmentation functions is that proposed by Parisi and
Sourlas(37) and further developed .in Ref. 38. The distribu-

tion functions are parametrized as:
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. ) o N \
. () X
F(x)a) =" Xﬁ('l:ﬁd Q)ZJ GKXF azy
’ K:Q .

k is a number of Jacobi polynomials which we use to approxi-
mate F('x,QQ) in the interval gex<l. Ck are "constants"
of tﬁe parametrization(ag) . The idea behind this parametri-
zation is the following: The singular partsof F(x,Qz), for |
x-*1 and x%éi are factored out in ‘Eq. (1.32) in the form
XP(L%)’* ; thus the remaining polynomials z:ioqv_xk'

converge fast enough to permit a simple and accurate para-

metrization of the structure functions.

: # \ . C
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CHAPTER II

REAL PHOTON PRODUCTION IN HADRON-HADRON

COLLISIONS IN QCD.

3

2.1 Hadron-hadron -collisions and the production of hadrons .

at large Pr-

ﬁadron—hadron scattering differs from lepton-hadron
since now both particles are composite. The carrier of
the interaction is not a virtual photon or weak boson but’
a virtual quark or gluon, or a system of quarks and gluons
(diquarks etc,). - The fact that now the gluon participates
directly in the hard scattering subprocesser introduces

one major phenomenological difficulty: the gluon distribu-~

tion function, which is.not probed directly in deeb—inelastic

scattering, and thus it cannot be measured experimentally.’

Nevertheless, large P physics has contributed much in "
shaping our undersfgnding of th; nature of the perturbative
QCD pggime, so it is worthwhile to examine it closely.

The first appiication of the parton model to large-pr
hadron productian was carried out by Berman, Bjorken andA
KogutC 13,02) (BBK ﬁqdel); this is ba;ed on a generalization
of Feynman's parton model. Here all 1arge-pT hadroq pro-
duction arises from the quark-quark subprocess qg-qq,

‘which proceeds by exchange of a vector meson (gluon).

If the produced hadron emerges at Dem=90° relatite

to the beam-target axis (c.m of the initial hadrons), then

*
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» parton interactions. The reason was that the experimental

23

the BBK model predicts that the inclusive cross-section

exhibits scalirig in X

2 adg(%i*f\f“* b X\\ = 52;(?@
P |

4

\ = P}%(xﬂ)

(24)

&

where X'I; :iPT/\‘S > Pp is the transverse momentum of the

produced hadron, YS-is the total c.m. energy (X2 Pim-) R

and (E,DP) is the Y4-momentum of the produced hadron. Un-

(3)

fortunately, confrontations of (2.1) with data strongly

discouraged simple interpretations based on point like

\

lvalue for the p, exponent in (2.1) turned out to be=x-8.

This important finding brought into fashion the Constituent

Interchange Model (CIM model)( 4)

-3

PT for the one particle inclusive (1PI) cross-section.

which predicts scaling and

In this particular model-qUark-meson (g-M) scattering dominates.
CIM makes explicit use of the dimensional counting rule s(5 )56 ) i

which predict a PT_9 behaviour for the 1PI cross-section and

B

thus fits the data at pTg‘i‘—GeV. However, insufficient expla-
nation for the absence of gq-q subprocesses as well as the
dissimilarity observed between the trigger jet and the away- ¢

side jet favoured quark-quark scattering ovér guark~Meson
one( F)~(4d )'

?

In the summer of 1976, experiments in deep inelastic

lepton-nucleon scattering confirmed earlier theoretical




A Wi R, el f R LTy o T
Oy R e Y

i

St
TRy

SRR § T S SR {7

S T R

~ - [ [USPRR— S T e U R
.
»

24
. (12),(3) . . . . X
expectations by providing evidence for violations \
of scaling({q) Those early theoretical calculations

were done in the context of QCD, which predicts logarithmic
deviations from scaling (at least at high energies) and are
6f great importance in large Pp physics; the structure func-
tions that explicitly enter the hard scattering formula

(see below) are now slowly varying at large momentum transfers.
This important experimental finding together with the fact
that scaling violaticns arise naturally in. QCD marked the
adoption of QCD as the leading candidate - for a theory of

)

Strong Interactions.

In the beginning scale violations in large-p., hadron

production were introduced by taking into account QCD re-

quirements in an approximate way(15)'(18). Later on parton

distributions in a tractable form satisfying more exact QCD
requirements became available(lg)’(zg).
Furthermore, QCD requires that, in addition to qg-qq,

subprocesses like qg=>qg, gg-gg etc, contribute in large~pT

hadron production. These contributions. were first calculated

by Combridge, Kripfganz and Ranftcgl) and by Cutler and
Sivers(QZ) and found to be very éignificantgaan

© Finally, several reasons péinted out the necessity of
introducing some "primordial" transverse momentum kK, to the
initial partons. A main reason was the experimental informa-
tion on the Pp distribution of dileptons €r6d#ced in hadron-

hadron collisions (see also Chapter PII, Sec. 3.2).

.
-
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, With all these ingredients taken into account successful

phenomenological analyses of data on p+p—»W+X at Pp ranging

up to~16 GeV were carried ou’c(zu)'(%). It should also be

stressed that more recent data in the large Pp region

-6
(pT27 GeV) support now a behaviour ~Pq 36(-,—\ whlch is much

in favour of the QCD approach(ZB) (28

In the Introduction we explained to some extent how
scale violations are introduced into the structure functions
by factorization of mass singularities. By taking advantage

(29)

of factorization we can immediately write down the expres-

sion for the inclusive cross section of large~py production

(30) (see Fig. 11)

<%, fobiX) = | \

of a hadron

qms

%Qm
A

mSC§+}*§-+ﬂ3-$—" AG
g

(dmdﬁ————lf' mm,a) M(A Dﬂlq(’“”fﬂ

3447, M o)

?

The various terms are: - 7
dfBom . . - L

: The Born term contribution to the elastic cross

dt - / ,
. section for qq,qg,gg scattering, calculated using

\

‘ . . 2 2,
the running caupling constant qs(Q) . Q 1is the

"large" variable of the subprocess (proportional

L

to P_?_" ).

e ———aA

pre
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. . X‘i . : determine the probabilities the partons
{.: chﬂz 1320 )
' %1', 2 q 39 to emerge from hadrons hyjhy , with

.fraction X%;ch of the linear momentum

of the hadron at the value QQ’ (distribu-
tion functions).
D%\h ()(3 : determines the probability for the parton Ch
to fragnfent to hadron h, carrying away a
‘fraction )<—> of the momentum along the direc-

2
tion of the parton e at the value Q

(fragmentation function,)

A A . _
%;,JC w : are the Mandelstam variables for the subprocesses.

5
t

'I‘he fragmentation functlon D-qu()(v) C).) can be calculated
from ee-—*%Xand is related to the distribution functlon
£ H}\ (at least to the:lowest order) by the Gribov- Llpatov

; reciprocity relatlons(gl) It is to be noted that the

existence of the fragmentation function qu » which behaves
as (i—x:,jm s, suppresses .significantly the cross section at
large X, (or /large pT). An illustrative example is the
“hadronic production of netutral pions (%ﬁ%}—-—-ﬂﬁ-}(); this "
involves a fragmentation function Dv"lcl or D"‘Plg (for
-»>T°or 3—~>1r°), which suppresses the cross section as P
Lo increases.

We turn now our attention to large Pp direct photons.
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2.2 Direct photon production to 0(0(5)

In perturbative QCD, and to the lowest non trivial
order in both coupling constants (0(3 and °<8-m ), large P
photons can be produced by the Feynman .diagrams (a) and (b)
of Fig. 13, together with their crossed ones. These diagrams
are the so-called "Compton" (qg-vqx) Zmd "Annihilat‘ion"
diagrams (qg>¥g). —

K Compton scattering is expected to domina‘te in proton-
proton collisions since the gluon distribution in the proton

is stronger than the antiquark distribution which entexrs the
"Annihilation" contribution (for the relative strengths of
these distributions, see Chapt. III, Sec. 3.3 and Ref.H%).

'To this order, the same diagrams that give real photons
generate also some transverse moment;.tm of the virtual photons \

in the Drell Yan production of lepton pairs of large invariant

mass M(az). The expansion in g is still valid because of

the large momentum,flow in the g-g (or q--c'{) diagram which is
now sustained by thé transverse momentum (pT) of the produced

photon (o(5< PQ-,-)) instead of the mass M of the lepton pair

+ —
(o(,,(mz)) . The Drell-Yan diagram qa'-vx*-vee' , which is the

o
Born term in QQ production does not produce photons at
) \

1 .

large Pee —
It has been pointed out by several authors(sz)'(a'”,
that QCD might give lyarge direct photon yields through the

‘perturbative diagrams that we-mentioned before. - A convenient
. e .
way is to consider the ratio of the cross sections: \

3 edoChsh X)) a3
T Rdo(hth,—1+X)/dp

/

¢

T Dot ST ViR B R T T FLASENE S o~ % Ny e e vt e (5
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Now photons are electromagnefically coupled to quérks ,
(point-coupling) and their weaker (than the T°) coupling
is compensated by the fact that their production does not
invelve any fragmentation function. Thus one éxpects the
ratio ¥lw® to increase with ¥, following the decrease of 1

the fragmentation function of quarks and gluons to a pion

(32),(34).

£

Earlier calculations found rather high direct photon:

(32),(33)

yields without taking into account scale violations.

Explicit and consistent use of scale violating quark and
gluon distributions somewhat diminishes the rate \

%11_4‘2__; 5+ X C3,5\

In our work we calculate direct photon production in

-

PP PP> andeP' collisions with scale violating quark and ]
gluon distributions [including also the photon Bremsstrahlung -

ébntribution)see Sect. (2.3)]. In particular for pp col-

lisions we predict a ‘5Mﬂ ratio (for large- and s)

P

3 ‘0.9 ~03
T° |oaen : -

and comparable or even higher ratioé (see Chapter III,

Sec. 3.3) for W p and pp. We believe that verification

of these pyedictioﬁs provides a very importént test of

QCD. : /.
The kinematics for‘%1+aféﬁ+x are illustrated in

Fig. 12. \




RPIEAD) 41’1»3“@;1\1—;%3‘&@%%{?@%3

st T
G

4

R S g

,«
PL

s
f

«
%

29

*

Then the Mandelstam variables at the hadronic level are
i -~ ‘ c2.4)
s =(PIRY= 2R 4y

¢S o \
t = (P{‘ F} = "2‘1?1P (/2-5_\"

. .
u= (B -p)l=-28p (2.6)

L
©

2 2
with ‘:gl-_-o ,91'\,(,0 ,E_L’x,O s Where P ,P, )P:l are the Y-momenta of

the real photon, the beam (target) and the target (beam)

N\

respectively.

At the constituent levél we have:
\ |

o
'. . _ |
S = (xPrxB) = 52088 = Xigs aH)

@(: (x4, - p) = ——MQ'P,, P o= Kyt (2.9)

4 o
) 5
The inclusive cross section for the production of real

\ = (X;\En-— P\Q —‘—"}&21?1\3 = KW 2.9)

P

pﬁotons can be calculated directly from the QCD Born graphs plus
facjgorizavtion theorem, ,Here wehwo‘uld like to show how it can be
deduéégd from the expreésion (2.2)., First, the fragmentation
function Dm%ﬁ(x__s)&>is replaced by a delta functi?n at

) /

i

X.szi'.

:D:H%(xspl)ag(x%~i‘) _ \(:2.10)
| -

¥
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7 . . , |
This is the exact mathematical formulation of the fact that' the
photon has a poi}xt—like .coupling to the quarks. By intro-

ducing (2.10) into (2.2) ‘and performing the X3—i}1tegration'

we get: : ‘ t v

(E< ) LfdxfydxzFw(x1,dyﬁm(xz,5) x

D(S Cl‘l) v B

s AG(&M Scdtat) + A=>B - ()

where s){; and LL‘are given by (2.7),(2.8), and (2.9). Using the

4P

following property of the delta function: ‘ o

SAX,SH(@] ‘J‘-—)l rma

with xza being the solution of {»()(1\—0 we can ellmlnate

v

one integration in (2.11) thus gettlng finally: ~ .
d 4 Z fd
s X (X 3 7‘1&) *
3 1 1
( d P> | IB
) 5413(%‘3 AN Acs P (am
(Kstu) d{—_ é .

Here ¥, and K, are given by.

_ it E o - '(-1
Xy= — 2T Yo = Q153 ab)

r

2. 13a) comes from the relat:.on ﬁH-.i-u =0, if trans,lated in

terms of the s,t,u J.nvar-lants. (2,138) is obta:.ned from

~%
g
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( the condition O'é)(léi . Now if we choose the photon to

emerge at gc.m: ‘)0o (perpendicular to the beam—taJ}*%et axis),

T

then in “the c.m. of the colliding hadrons the Madelstam

5.0
(I

N .r..r“"'t}M

varlal?le\‘mb/ec‘egne . ) - '\ | - \ s

(2.4
L=w-=-Ys p / ) !

) and
A ' :
. ) Vo= —%‘— ﬁ{XTS ) (2..‘15) :
7 B ' - ’ . J
. o .
\ do= = Ka%yS (2.46)

with %=2p4¥5 and V?S'Q, the c.m energy of the almost massless
*=ep

beam (or t—arget){. Inserting (2.,14) back into (2,12) we

@

fi‘nal ly get: \

)0(5 = —*—*2'. jdm ‘A(N Q )E‘% lB(Xl

611,1 %, iM
’ ) ) ( Borm) -
’ .t dogse. . AerB (M)
A
(2xv) 9
where now: ' _ )
K iy, = r (2.48)
- =%
and ) . : ,
Xq = _AWKT ‘ (52..4‘:!\%
-7 . ‘ - Lk =K )

In the expression (2.17), we have also redefined the distri-

bution functions according to the scheme:
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- gluons are considered to be massless.

R e hr T B A S 1 (A AIATINE RSB e ety ‘.‘.W\L .
\ ! '

F‘u/A(N,Oz) — x,FCLIA(m,OT) etc

(d,s,u,

@ .*Q.o)

’The summation 2‘“‘1 runs over quark flaveurs
1M

neglecting charm) and gluon.

The subprocesses differential cross sections have been

calculated by a direct application of the Feynman rules for

CD(as). This calculation can be easily carried out using

Q
the Feynman gauge for the gluon: (this is certainly correct
when there is only one gluon, involved)(?’s))

/ f

Z P Pl ‘—ZW (2..24)
\
5pindS

where &F is the gluon polarization vector. For the colour

sums- the following identity among the colcur matrices is

-

needed:

(T%)

where a is the gluon colour (1,2,...8) and i,j,k,1 are the

. (2'2'9“3
LJ -

(T =5 (8- 2be)

quark colours (1,2,3). N=3 forcolour SU(3). The quarks and

Finally the cross

sections are summed over final colours and averaged over the
Fa

initial ones.’ -
+ We list here the result of the calculation. For the

"Annihilation® (q&}aﬁ%) cross section we get:
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and for the "Compton" (qg-q 3):

R

o
A

e

.

de13 Q'TO(D(S( B S X \ % ds1 (Q'Qq)

A= 2 Q ey A

; dt 33* ¢t U S dit

g -

i In these formulas the quark charge €q is given in units of ,

§ the electron charge, e.wm is the electromagnetic coupling

3 _ . o N .

;ﬁi constant (unless otherwise specified) and 0(5((9.) is the- QCD ;

3 ~ L

:; running coupling constant for four flavours: :
|

S

A2
25&3(—%})

[\45) is the strong interaction scale®0.5 GeV. This value

o(s(a‘S: (.25)

has been found by the authors of Ref. (37) by fitting the

‘a.symptotic-freedom formulas (beyond the leading approximation)

to the mom‘énts of Fy. . The data they used were those of the

AR R o e R R

, ' \ ‘
BEBC group(gs) (for another set of data see Ref.. 39),
We have now listed all the ir}gredients to proceed in the 5

calculation of real photon préduction to (o). Details from

the structure functionsthat enter (2.17) as well as discussion
of the kinematics for-the kT effects will be given in Chapt'e;:'

III.

2.3. The Bremsstrahlung contribution to direct photon

product ion.

The QCD radiative corrections to the Drell-Yan formula

@

(qaﬁx*—alepton pair), to 3(0(5) , are the "Compton" [Fig. 13(a)l

and "Annihilation"” [Fig. 13(b)] subprocesses. Then the
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DYV =
‘ .

e

"‘Bremsstrahlung'". (qq—qu\d ¥ diagrams [Fig. 13(c)] contributes
an O(o(%) correction. However, it involves quark valence
distributions which are stronger than the antiquark and gluon

|

distributions that enter the Drell-Yan formula as well as

the "Annihilation" and the "Compton'{ cross secti;n. Thus

in proton-proton colligions, the app'arent ‘supression of

this sub;_mocess by powers of ofy can be_ effectively compensated,
in certain kinematical regions,by the relative strength of

the quark distribution. . inside a proton, resultjing thus

in ya sizeable Breﬁlsstrahlung cross section. This is indeed
the case when ‘one approaches thje kinematic boundary of the
reaction p+p—>Q*€-+X which corresp’onds to dilepton mass

M_,ﬁ( 40)-(42) | \

This particular @(dg‘\ comtribution; can be even more
significant in the case where the (’.+€_ -pairs are produced
with large transverse momenta, obviously due to the absence
of the qE‘;—»z{*—aQﬁ-@— Born term. Again this is found to be
the case at l\arge lepton pair PT(MB),(H‘%): )

But‘now, as we have discussed in Sect. 2.2, the, same
QCD diagrams tha‘t\contrit;ute to the transverse momentum of
the lel?ton pairs, give also real photons ?1: large Prp- Thus
we may anticipate that the éremsstr&hlung diagrams ’[Fig. 13(cy ),
13Cey) ], give a nonnegligible contribution to direct X
production in p-p collisions, as well.

This contribution has been recently calculated ir}ﬁdé“tail.

(48)-(47) . The dominant parts arise from two characteristic

S,
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‘magnitude of this correction term depends, to some extent, *

I i s e < A Al R e BT B st gy
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(48)

kinematic configurations

(i) The intermediate gluon almost collinear with one of the

. scattered quarks [Fig. 13(c;)].
(ii) The emitted photoln almost collinear with one of the
final quarks [Fig. 13(62)]. ,
We shall discuss each configufatiém separately.

The calculation of the contribution from the configura-

tion (i) is very similar to that of the O@%) contribution

to lepton-pair \pr-oduction at large PT( u?),(uu). First, this
contribution introduces a singular term proportional to
10g((57H1) where p is some regularization mass. This "mass
singularity" (see Introduction) is absorbed, by weil—known
pro/cedures, into the gluon distribution function, thus
implementing (to O(xsn “the Q& dependence of F%Iﬁ(x)ﬂz) .
However we are also left with a finite correction term. The
(43)-(u8)

on the definition of the gluon density inside the quark

\

which is of the general form:
{

i s & x | -
Ggposdi=ge [RyabyTe v g ] 0

Here 3(1 is a probability i’unction( 51)(see Fig. 10).

\

-

R |
ch;"“ _ Cr—‘é%%ﬁ' 2.2%)

C: Hl‘,) for colour SU(3). To specify the function U.?ﬂfx)

some convention is necessary. Following Ref. 48 we consider
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!

. . 2 . .
f //the longitudinal structure function FL(x,Q) of deep inelastic

. 2 .
scattering, we calculate the ms) correction due to the sub-~

process q\}x*—) ,{Ctiq(x* » the deep inelastic virtual photon)

.
and specify u%%(x) by comparing to this corr'ectioh\usw‘

We find: , -
U.(”(x\ o — %LL(X\ (Q éoﬁx ¥ Q.-‘ —-;12—\ - CF”% (2,9_?}

) ' .
Thus the gluon density ‘inside a quark, Eq. (2,26), is fully

specified.
To give the correction term arising from the configura-
tion (i) it is convenient to introduce the covariant variables

£ and N defined as follows:

S ‘ ’ .
where Py Plare the 4Y4-momenta of the initial quarks and p

is the HY-momentum of the photon (Fig. 14). We also express .

the 4-momentum k o\f the glﬁon in terms of Sudakov. variables

o( ’P,Q(MS):

-

Kic'o(ﬂ-ﬁpl—-e : o (2.29b)
Then, after carrying the integrations with respect to @ and
p and after absorption of the mass singularity we obtain

the correction term:

| ____‘_L_\ (5211 e 521ro<e. ef:(__gg%__)gdoa ‘g“(i*g___g_ KlsEn)
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where ' <
oA f.Q 2-
K(oc',gpq)—z;]: Pm -CF—:?_ X -

, 1(-%(—2——%4_-%)_ (2.30b)
tity X 4-E ionad t
In (2.30) the quantity 7 + % is proportionad to the

squared amplitude for qg»q}) expressed as a mixture of co~ .. |

variant and Sudakov variables. The region of integration in
(2.30a) is specified from the requirement ¥;,-¥,n, >0 (see '~
¢ Fig. 14), where K40, ¥, are the time components of the

h-momenta ¥q, k,» This requirement implies:
. © T 4+ e=P-8-m o0 & .31)
. - ;.',‘

In addition to (2.31) we have also to take into account the

restriction O£l ,pé’l( 43) . Then ﬁ"\axz { +°(-€~72 . Furthermore

(<]
for a photon at ac,w\:ﬂo we get(w)

1 -

52 = E, Brd= itk an)

where as in Sect. 2.2,XT=QPT/V—5—' and py is the transverse
momentum of the photon.
We turn now to the contfibu“cion of the kinematid con--
c figuration (ii) [*6 almost par'allel to a fn.nal quark, Fig.

O 13¢( c2)]. The contribution of th:Ls to the cross section for

’

S WL O o L 3y g e s A RS -
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:

q+q-’q+q+x is:

(LL) ’ |
0 trgen (e Sc«—;ze) Pu(H

,903 $(Procn=] Smon==] | D’&(«) O e®)

p ‘l‘t“"’ﬁ
with
2 }
4 +(1-%7)
=XK< Py (4= . LT
N=x%y ,  Fin - (2 )
d ) 2
* Mgy = o A= 39)
) .

14>99
.Nhﬂﬁﬂi being proportional to the q-q elastic scattering

amplitude (Fig. 15).

2
In Eq. (2.33) the term NP}H eogﬁh—{ is the leading term
of the fragmentation function of a quark to a photonj notice
. . 2 9
that it introduces an s-dependence (or a Q ™~ Py -dependence),

. This fragmentation function to the leading order in o is

given by:

.

:DKM (x,5) = fg_r";" E?; ‘Eﬂ (x) [&3 % + Rﬁ(")] (Q.‘bé)

R T R - — - T rm raAmeten n e hs T e v 1R N S brortabn 1 18 SRS 8 A AR o s

The function I{F#i) can be specified by calculating the cross

(45)

section ofe+e-9X+X (see Fig. 16).

Finally:

My = Cpﬁm-m +-%- (@.3%)
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process A+B—*'2$+X we convolute do’/d(l with the Q -depel(dent

4y P AT RS Nl Fer g e S M A PRy AT WA Rt

39‘
We can now easily recognise the term log(l-x) in
Eq. (2.33), in the form log(ﬁ“h;—d), if we take also into
account Eq. (2.34) and Eq. (2.31).
In oub calculations we replace rg——bl\e, and use fle=0-5
GeV. (see also Ref. 45). 1In principle, fle should be de-
termined by fitting data on éhé:”'x*>< with the form (2.36),.
Unfortunately, such data are not yet available (May 1980).
The comple%e correction term from qqaqqx arising from
both config&rations (i) and (ii) is: )
s
do N Ao_(t) \ Ao,(il,) |
dq dla 7 dla : //
N , Y.
To obtain the Bremsstrahlung correction to the physical //

/

quark distribution functions: T

d - ( Brm‘;\ ?11{?11“). X

(£42) = 5 f<ude

) Y4 4a

A final remark must be made for the further use of the .

Ay dxa 3

&\(do
% % ,(ﬁq) IBMQ)(

dal g 3%)

parton distributions that enter Eq. (2.38): Even with our

well defined prescription for obtaining the non-leading

finite term, our numerical estimates are at best approxi-
4

mate. For a consistent analysis, the parton distributions

should be determined from deep inelastic scattering data

(37),(51),(52)
\ ®

However, even for valence quarks, the parton distributions

using the.next to leading order formulae

are presgntly only leading logarithm estimates. Anyway ,

a bigger uq?ertainty is introduced by the unknown gluon

”

saate i
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- distribution function (see Chapter III, Sect. 3.3).

We turn now our attention to some other contributions,

which are not of the conventional QCD type.

2.4 Other contributions. Vector mesons and CIM.

(1) Vector mesons.

Accordin_g to the Vector Dominance model (VDM) there is
a direct coupling'of the various neutral vector mesons ‘> and
th\e photon (see Fig. 17). \In our discussion we shall con-
sider only the "light" vector mesons, p e and . . -

For the experimental ratio (X"ﬂ” ), VDM predicts:

' ,e,*ﬂv"zﬂvg”'i J
\ (%)vomz qu%-'(f)( ‘W) (239)

'63/41[‘ .are the various couplings for the vector mesons:
Q’ ——
73/“{’1\' = 34 2 '69 [Lm-:-_ L";} 35;1"{?—-0.64(53). The ratios

(V/Tr°) are defined as in Eq.s (2.3) and, forp.xY, are taken
(s5)-( 58, (¥g)

to be:

©0 o~ o4

, P 0.8
T ™

X 0,04

h

?

‘A direizt application of Eq ¢2.39), using the above data

gives:

(JLHBMUQo & 094% o)
we & ‘ .

This is indeed very small, much smaller than that predicted

\

P
1T° , P
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by QCD (see Refs, (32)-(34%)

and Chapt. III). In subsequent
comparisons of our theoretical predictions with experiment

we shall neglect the VDM contribution.

(ii) The Constituent Interchange Model (CIM)

The CIM(SO)-(SZ)

!

Prpo through the following basic mechanisms:
. A
a) Prompt pr'ocesses:c[M—)tlx ,cﬁ—v/\aé, where M stands for

meson,

b) Final Bremsstrahlung processes: ﬁM-——»g}% (q(,_;x) 5

/ !
qM—>q0(q~>})
Explicit application of the dimensional counting
rulescsg)"(sm, together witha proper normalization (see

below), shows that in the CIM dominant source of high P
']

photons is the prompt process clM—*cm shown in Fig. 18.

For this particulér subprocess, CIM predicts an inclusive

cross section of the form:
-

\

E;‘%(PP*&X) < priy @)

-~

and a <7HTT§$p )210% at pg = 3.7 GeV.

. In this estimate, the CIM normalization constant,"

(62)

usually denoted by & m

» is taken to be Q%2 GeVa'. In

predicts direct photon yields at large
t

41

this way CIM predicts significant photon yields also at larger

3

Prpe Recently, however, it has been argueé_l(as)

that q_mis of

the order of 10‘2 GeVythen the CIM contribution is unimportant.

We consider that the question of normalization of the CIM

. . . \ ’
contribution 1is unsettled,ﬁat present. ) |

|

o M ave v
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Nevertheless, on general grounds

\
\

42

(61),(6H),(65)’ we

may/anticipate an expansion of the 1 particle inclusive

cross section of the form: ) .

;_p(*r,gc.m\ R %(Xf;gc-m) + &(X-r.gwn oo

E _‘L‘{(AB‘*CX)=
c.d3P4

P';q pT6 PT 8
l o L )
Q22 4M~ 99 o‘tm“\’;‘lm

(neglecting logarithmic corrections). It is certainly of

¢
great importance to obtain theoretical and/or phenomenclogical

\ :
information on the magnitude and shape of the functions

f(x‘r,gcw\) ; g~( ijgc'm), etc., entering the nonleading terms

(higher twists) of Eq. (2.42).

We have chosen in this work not to include CIM contri-

/
»

butions; instead we present careful and detailed calculations

using only the aforementioned QCD contributions (Sects. 2.3,

2.2). The final comparison with experiment will show us if

in order to understand the "perturbative regime" P2ty of .

photon production we have to resort to other models as the

CIM.

Having thus formulated our- problem, we proceed now to

compare the results of our calculation with experiment and

give some predictions for the cases where experimental data

are not yet available.

~

- N '
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( CHAPTER III

CALCULATIONS AND COMPARISON WITH EXPERIMENT

3.1 ® Distribution functions in QCD

It is customary in the phenomenology of large P \physics, ’

to split the quark structure functions P‘%M , into a "valence"

(?V) and a "sea" (tq) part. There is however, no rigorous ‘
s ) ‘
theoretical justification for this spl:LttJ_n-g(l ). ‘

Quark structure functions are available for valence and

sea quarks of different flavours as a result of recent accumu-

(2),C7)

lation of accurate lepto-production data . Their

QQ ~dependence has also been found to be cpnsistent with QCD j
predictions.
{’i The gluon distribution function' is nét directly probed 3 - .
in leptoproduction, and reliable determinations are difficult
to vobtain( 8 )-(12)’. Thus, in the present work, we are ob-

liged to make certain choices. For the gluon distribution

inside the protoh we chobose two characteristic forms:

(I) A "strong" gluon distribution: ~ (’L+‘j%)('1*X)LI; we notice
y -

that as x»1, the gluon distribution behaves 1like (Ei—X) N

4

in accord with more recent considerations based on the
' ¢13)

Altarelli-Parisi evolution equations . Also we notice .

that the factor 4+49x enchances the gluon distribution at

intermediate x. Such a form was first proposed in Ref. iu,
on the basis of their QCD analysis of p+p->‘n'° +X at large

(“‘) - . pps for a recent justification see Ref. 15. -




4y

<

X . . 5 .-
(II). A _"weak"gluon distribution: ~ (—j_mx)ﬁ n=5 on account

i

of old counting rules (Chapt. II, Ref. 5-6).

In our work we are interested in inclusive, photon pro-

v mrrn s Gt e

duction in pp,pp and qr pcollisions. For the various dis-

tribution ‘Ffunctions inside,the proton we adopt the following

"
notation: v d

Fyptd)=g s gEweds AR, 6

with: )

wed) =wed) s @)y < |

—~

i, ) =di(x8) + £0Q) (3.9)

= 2, . °
: =3 =Ted w6 @) -

) \ 6 p

2 R
where uv(\(,d.) s dv(x)q ) and {(X,Q) érg the momentum

N i

' 3 i

\ - 1
1

distributions of u-valence, d-valence and sea quarks and an
SU(3)-symmetric sea has been assumed. Similarly when q ' . S

is a gluon we set: ;

F‘ﬁ‘?“’a ) = a(x ay . \ V(s.s) )

Also notice the relations t’cup(/*i( Q) j:'cm,(x Q) which

will be useful for the applications in PP"'X*X

At orm et

\ -
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We present calculations with two different sets of

parton distribut%ons (I) and (I1). (Corresponding to the forms

(i) épd (II) of the gluon distribution meptioned abové.)

Set (f)fls) uses input distributio £?C$£i) determined
essentially by counting rules. The'Cﬁ—dependence is obtained
by Mellén - inverting the QCD predicted moments [see also
Chapter I, Eq. (i.31)3(17), and fittiné the predictions with
relatively simple forms based on improved parametrizations

. 0f the Buras-Gaemers type (see Appendix,A for deta&ls).
. . , .

Here for later purposes we present only Ehe u-valence and

" gluon distribution of this set (Fig. 19)(18)., In set (I): "~

.- ‘j/\;- 0.5 GeV . (3.6)

and as we mentioned before, the gluon distribution is of

the "weak" form:

» ’ 5"~ N
BGA?&) = 24 (4-%) (3%)

‘ /
N 2 % ' S
cwith Q, = 1.8 GeV . : .

Set~(II) uses the following input distribﬁtionsf]ﬁ)’(lg):
» {

_ 3 .
uv()“;a‘t) = X(i“’x) (Co 'FE:’F[; ¢ CQ'TQ_""C%T?’) +

B 3 / *
Pl (4 (e +a T (39

dy(x,00)= X () (do W Trd, T+, T3 ) +

-

A\
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- -

ooy (4 T (34

with

\

{(X,Qi)——-ﬂ(x,(lt) = J(x)&i) = Q.g(x)Ot)=

N - 0215 (4R (3.0)
\
In the formulas, above T Tn(zx—l) are Tchebycheff
polynomials and Cn,cn,dn,o', are given in Table 1.
]{In set (II) the Q dependence is obtained by exactw
QCD moment réquirements and numerical inversion of Mellin

'transforms(lg). This exact result has been parametrized

in Ref. 20 and is based on ah improved Parisi—Soyzlyas method.

In Fig. 19 well illustrated the u—valencelémd gluon dis-
tributions of Set (II), \including their Q -dependence. In

/

this set:

. | A= oYy GeV (3.41) -

°

and, as we mentioned before, the gluon distribution is of

the "sitrong" form:

K

g@,aﬁ): 0066 (143 (40! Gaa)

"
AT it




2
with Qo =k Gev .

All these parametrizations have~been chosen so that

they satisfy the momentum sum rule:

f F(Q) =4 (3.43)

where i runs over all quark and antiquark flavours and over
the gluon,

For the parton distributions inside the pion we pfesent
calcula;tions for two different sets of input distribution%
hereafter called Set (i), Set (ii). Both of them are para-

metrized as follows:

M o)=Y &) rBeod)  6)

s

-

° F._L[V—@,Qi') = &( 4 )C\i) (345)

and FJ/TT EFLL[TF etc. (see Appendix B). In Eqns. (3.1u),

(3.15), V is the valence part of the distribution

2 . 2
andg is the sea part. Then, atQ =Qa=3 GeV andf=0.5 GeV,

- N N

"the two sets consist of:

(i) TForms determined from old counting rules (Chapt. II,
\ :

Refs, 5-6)

vo@e 3 A Sty -oed 6w

Fy ,,rl(x,qi) = 2041 = gy (3:4)

1 - <

[EPNPERVE I

[ R T
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{’ (ii) The following forms:

. / . ’ y
V(K)Qg;):_%? x’i(l(i_x)il? 13(2&)@9;) = 0,042 (4~ x)

| ' 2 ' (349)
Falyt (5,80) = £.3504-%) = 4

.

In set (ii), the form of V (valence distribution) has been
; — - f z
determined by fits on certain -T° 4—‘[\]’—»}4 )“. X datal21) -1 /

and the forms of E and th)"t are taken more in accord with

(23

recent theoretical considerations In Appendix B we

give the details (constants and parametrized forms) of these

—

two sets of distributions. - —_

It is known('lg) »(22)

that there is an amﬁiguity in the
. 2 - .
(: choice of the large variable @, that enters the running
: 7 e
coupling constant o(s(q) and the parton distributions

F[V\)QZ) . TFor indication we mention here some possible

choices:

| A df3
‘ A
A d-t o, W= (I

. A
Q'a %\ GZ 2 g {Q
- . B ] c z*%l‘}.QZ)

1)

f

(535 2

\ :
Throughout our work we make the following simple choice:

Q=2PT e - dl)

;
e

s o o s s et =
o
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4g
This can be argued as follows(le): Due to the fact that
€ e : |
the drstributiorns E?(X>CQ) decrease fast as x°1 (see
Fig. 19), much of the contribution to the integral in
Eq. (2.17), comes from the region:

. :
/ COXy R KRy R K

Then in view of the relations (2.15),(2.16) and €+€fik0,

(Al) becomes:

2 _ Q : % L
Q=297 , Q= 2.5pq h
(2] -
2 2 2. Y4 2
\ Q = L’ PT 3 (Q - 3 PT
{ R '
> Clearly, the choice G}‘ PT is somewhere between the
extremes, There are rather small guantitative differences
with these choices of (} . For example in going from

a2, 2 2 AAA] AR AR A2
K= Py to Q=45 tu/(s ’ff"u) typically changes the total

single photon yield by no more than 20%(18).

3.2 The parton k,, effects.

T

‘Another ingredient in the QCD description of large P
direct photon (and hadrony production is the transverse momentum
distribution (kT) of the \incident partons inside their parent

(24)—(28?

hadrons . Experimentally the transverse momentmﬁ

distribution of muon pairs produced at Fermilab and at

-

(z} the ISR was observed to be rather wide(29)-(31) Simple

€
A it b i romietins | wmetrs

A

I st o et
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' (PL as in Chapter II, Sect. 2 ).
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QCD fits require an average value Z¥{>X 0.7 GeV(?’Z). T ‘ {

However more recent determinations suggest a not too large

<¥T>?\J/ 0.3-0.5 GeV. This is the amount of "primordial"

“or "intrinsic" kT required to flifc the Fermilab data, if

the contribution of the diagrams of Fig. 13(a),(b) and .

that of higher order QCD graphs corresponding to soft
(multlple) gluon Bremsstrahlung are taken into account(sg) (31})

Anyway, in all our calculations we use

dyr>= 05 GeV (3.20)

To include the k, effects we shall modify Eq.\ (2.11) : ‘

and Eq. (2.38). Suppose that each constituent has a trans-

verse momentum kT. Following Ref. 35, we introduce the -
light cone variables: ; 7
o
T 2
(KC KLy Kqi) (3.21)
where - - »
*
Ki = kiokkiy xe=xPp [ i=12 (5.72)

L L

The subprocess invariants

et ot <

bsccme: R
. 2
8= (xa*'v“(xz*‘rﬂ (Kn+km)  (329)
q :
A . TN -
4‘::‘9(&—~ < -%‘—)* £t~ Pr) | (3.24)

s
ot

+
X1 2,

a:=*€>(x2~ 2)(7%_ gr) (Km pT) '(3\.‘25’)

v

!

£
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the usual and convenient factorized Ansatz

- e emmmia e s ke e Ayt N A e o S = b ik et
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where : ~

o 4 2,2 S+ a2,
‘K1=-;N§-(¥-T1+¥‘1) ,KQ:Ug(H2+¥1) 6’96)

-—
and the structure functions are now sz~dependend i.e.
— X .
Ei.,lﬂ(&, ¥m,Q) etc. In the above equatlor;s we have

exhibited explicitly the dependence of the subprocess
invariant on the parton invariant masses in order to show
some controversy that exists due to the way these gquantities
are handled. In the "on-shell" kinematics approachczq)’(ss)"(ae)
the partons remain‘ close to the mass shell in the presence of
05 (28), (39),(%0) &

? KL

?T’ while with "off-shell", kinematics
3
becomes large and negative for large ¥r and/or x nea® 1.
With "on-—sheil", kinematics and all masses set to zero - /

Eq. (2.:11) becomes:

~

J 1 s ‘ N
<E—d%l£-)u( = Ezjc”ﬁd)‘ﬁd*.z O;CTQ,FCMA(M,\‘H,QZ) A
P > "1‘\1‘1 -
O T P ¢ 71 A (PP IN
S : “ .
x Eta.lﬁ(*l‘mm?ﬁ' | Searttyvann  (a7)

-
\

AANA ) L L
with §,t,u given by Eqns. (3.23)-(3.26) with ¥q=¥Kz=0.
) ) —~ 2
To complete the calculation, the form of F(ﬁ)k.‘. )Q)}

must be specified. We proceed, similarly to Ref. 36,with
(27),(38)

F(n@n@)=Fad) g6 6a)

R T ke sy e 2 N v rn At v st
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. 2
Wlth — — . ’ *
[dirgim) =15 (5.24)
there is, however, no rigorous theoretical justification
for this foprm. The K distribution is expected to be .
strongly damped at large kT' We have chosen, as in
Ref, 36, a Gaussian form for g(kT):
. 2 .
L 2
%(\rﬂ = ~——~,Ex)v(-b ) (330)
with: , ‘ : E’

Lpr> = - = 05 GeV (331)
2b

!

4
From Eqns. (3.23)-(3,26) we can easily see that for a given

—_ A
value of ¥, and for fixed }(,‘ and XT’ t is smallest when
.-) . . . . —_— . v
K¢ 1s in the direction of PT' Physically +this means that
N . ‘
for a t channel exchange, the parton C‘ prefers to lime up
! —

in the .direction of the trigger. However for %z-T,:"F?and

A N
X’\:;:I’ t vanishes and e.g. the cross-section (2.32), blows :

up.
0f course, for {¥q> = 0.5 GeV such poles become signi- v

ficant when Drp becomes smaller thanel GeV; and‘t‘hen use of

simple ﬁerturvbative QCD will be very unwise. Anyway, in

order to avoid these poles the more common method is to

introduce a regularizing mass: (18 »(27)

= A-M (332)

3
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with increasing Prs the kT—effects become unimportant.
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A L :
so that Ly, =M ete.; M is chosen to be of the order of

1 @GeV.

Recently calculations based on "off-shell" constituent

kinematics(ag)-(w) have been carried out. In this way the

: A AA . . . .
*boles 9 ,t ,uX0 lie outside the allowed phase space

boundary and there is no need of cut-off. For the kT

effects in e.g. pp—>’{r°.x the result of these calculations is

that, at ISR energies and PT’-E' 2 GeV and with

<¥-T)'—‘—’ 0.8 GeV, they increagse the inclusive cross~section by

a factor of~2. 1In p\p-‘-‘v?wae expect the k; effects to be
less important because,as a functiOIfl of Py at \fi;&ed S,
pp—%KX is less steep.than pp TX. ‘
Details for the calculation of multifold integrals of
the type of Eq. (3.27}, can be'found in Appendix A of
Ref. 36.
’In Fig. 22 (b) . we show the magnitude of- the kg, effects

for pp>y+X at various c.m engrgies. C‘(kT), denotes

3 . i
(EAE/JP) with <¥> = 0.5 GeV and O(0) the same with

. L¢rP=0 (no kg-effect). We notice that, as in pp-1'X, )

As it is expected,"off-shell" and "on-shell" calculated
kT effects affect very little the single bho-f:on inclusive

cross-section when a moderate average kT)like L¥> =0.5 GeV,
(45)

. is assumed . This is true for either an Woff-shell) or an

"on-shell" calculation. However for larger <Ky> and at ‘suffi-

e o . 9
ciently low Prp there is a significant dlfference.(s )

-

)
i
3
i
1
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3.3 .The p¥p-»3+X cross-section and the 3IT° ratio.

The experimental situation in photon prodnction is
encpuraging‘. There are at l\east\four collaborations (March
198&) that have already reported results (final or pre-
liminar;). These are the CERN-Rome-Brookhaven-Adelphi
(CRBA), the Athens-Athens—ﬁr*ookhaven—CERIQI (A*BC) the
Fermilab-~-Johns Hopkins (FJH) and the CCOR (CERN-Columbia-
Oxford-Rockefeller) collaborations (see References46-50).
When this work was almost finished we had results from AZABC
and CRBA, and some preliminary.results fro,m CCOR. Thus
only these data will appear in.our work. In particular
the A?BC collaboration has measured direct phaton lp:f*oduc--
tion in pp collisions, at the CERI;I Intersection Storage
Rings (ISR), for c.m energies 31<{S & 63 GeV. and photon
transverse momerlﬁ:a up Eo 9 GeV, using se;,gmented lead/liquid-

argon colorimeters which are described in detail in their

publications, They detect a ¥’ ratio of order 40% at L

ET:Q GeV and no significant energy dependence. It should be
ngt"ed that over the full pp range they measufe, the two
photons from T° decay are individually resolved in almost
every case, providing a very clear ° signa'tufe. Also /
12*27;,&)*'7\"’3 and "2'-3'2'3 deca;‘}s have been subtracted. It is

to be noted that most of the background comes from T° and

n decays where one of the decay photons misses the calori-

meter; coMtributions of other mesons to the %IT° ratio

f
are negligible( 8).
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Before comparing our predictions with the data we would
like i‘co illustrate the effects of scale violations in the
total photon’ cross secfion, as well as the relative strength
of the "compton" (gg) and "Annihilation" (qg) subprocesses.
Consider e.g. Set (II) (see Sect. 3.1) for tﬁe parton dis-
tributions. In Fig. 20 we present’ the results of our cal~-
culation using Eqn. (2.17) only. In presenting our results
for PIT° we have divided our predictions for Edo(ppﬁgi'}{)/cj?f)
by the experimental g:ross~sections for EdG(pPQWO*X\/dBP
[denoted by T1° (expt)]. Because of experimental errors as
well as some differe;xces between data ofidifferent collabo-
rations, we represent T° (expt) by a band. \

(i) As it is expectedsthe "Comp"tor;" contribution (qg)

in all three energies (see TFig. 20a,b§b), is at least one
order of magnitude greater than (qq) in medium pT(£6-7 GeV)
and almost four orders at large pT(S-lu GeV).

(ii) It is a common feature of all three figures (three

different energies) that nonscaling distribution functions

(i.e. with Q2 -dependence) reduce the total photon yield

by one order of magnitude at high P with a corresponding
decrease of the ‘5(“‘0 ratig. For example, inﬁ Fig. 20(b)
(\f§=53),/the 4IT° predicted for one collaboration (CCOR,
first solid line from below), at pT~lO GeV 1s ~ 20% while the
scaling prediction (first dashed link from beigw) y glves
almost '100%! Taking into account that qg-qy dominates

PPy X (see (i)), we can understand this diffefence\ .

4
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as mainly due to the scale violations in the gluon distri-

bution (for an illustration of their effect see

-

Fig. 19). .
Next we would like to illustrate the maénitude of the

e

Bremss trahlung contribution. For this we reproduce Fig. 21

from Ref. 52. There, Rj is defined as:

- ( Brem33

Ry = Bl __/p (333)

Edcr(qa)/d p

and has been calculated using Eﬁns. (2,38), (2.28), (2.17)

and the Set (I) of parton distribution functions. Clearly
in general, Bremsstrahlung makes a sizeable correction
(Qd”i), in particular as we approach the kinematic boundary

T

(see Chapter II, Sect. 3). In Fig. 22(a) we present
% (Brems\

(E‘.c!crlc:ip)(:mﬂ ' and ( Edsldp)

for two different energies. For the lowest energy

x,+1. Most of the correction is due to collinear X emission

T
contribution makes an -important correction, as has been
(fg) '

(V5=31 @eV) we clearly see that as x.1 the Bremsstrahlung

expected

-
«

Now'\we would like to compare our predictions with data
on the ratio of XhTo, [figs. 23(a), 23(b)]. When the con-

tribution of qg»qx'(dominant sub-process) is calculated

F6

: e 2 5 .
with a gluon distribution 3()(,&)’\' (4-%) (Set I), the predic-

(46),(47)
Cusy,( 51)

tions fall somewhere below the data of the A BC

however, they are consistent w1th the data of CCOR
N
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When we use 3(}( Q) N (1+9><)(1"")

ment with the A BC collaboration [Fig. 23(b)]. In this

are in better agree-

calculation kT effect has been taken into account according

to Sect. 3.2..

In Fig. 24 we compare our results with recent data
on the ratio FM°U®, our theoretical predidétions on ¥
have been divided by T° data of the sametcollaboration(l*”.
It 'is to be noted that, in general, o-ur' pre&i&.'ons even
with a strong g(x,Qz) lie below these data(fl()).

A‘E present there is some dj.fference be tween 'large'pT

w° data from different experiments( 53),(s1) ’“,(47) «  To avoid

— -

such uncertainties, in Fig. 25 we present directly our

o

theoretical pr:edictions (including kT effects and the
Bremsstrahlung/ correction) on E&U}dpkpp%’x}() We also
presept data of various collaborations. Whenever a col-
laboration gives only M‘Wo we have multiplied by their own
w°. Again, of course AQBC data favour.a strong 3&ondis-

tribution. However data of the CCOR collaboratlon(qg) a’é

"hdi’tOO‘laI’ge‘.pTwép_&p to favour a weak’ 3(1( y

B
———

3.4. Predictions for WP—=>} X and Fp~§X .

We consider photon produ;:tioh by pion and an'i:i-pr'oton
beams. Since 7 @d) and 5({\&.&3) contain valence E[, the large
Py inclusive cross-sections are cox}trolied by the "Annihila-
tion" (qq) subprocess (see Fig. 13). Thé:/Br'emsstrahl'mg
corrections are expected to be sn;all and Qill be neglected.
‘ Concerning'fp—bxx predictions are somewhat lu‘ncertain

\ ' : ~ 1

el

_—
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and \@-519.4 GeV (as before).

due "to ambiguities in the.quark valence distribution and,

to a less extent, in the gluon distribution inside the pion.
\ .

\
As we mentioned in Selct.’s, s, we present results’ for two
different sets of input distributions for-the pion (set (i)

and “set-(ii)). The parton distributions inside the proton’

)

: A
are from Ref. 16 (Set (I)). Figs. 26(a) and 26(b) illus-

trate only the effect of scale violations in the parton g

distributions; a‘gain it is a sizeable effect. "Fig. .26(a)

has been calculated with set (i) for the pion distributions

In these ‘figures k.~effects

T
are not included in the calculations of 'n‘“P"?X X,

and Fig. 28(b) with set (ii).

Fig. 27 presents our results forv'p—-z'xx,at%c.mﬂO"
- \ .

Now kT effec'ts nave been taken

into account with <kpy=0.5 GeV .

Naturally the set (ii)
[Fig. 27(b) ] leads to somewhat large photo yields, since

the valence q dlstrlbutlon is rather stronger' than that of

set (i), With th@T\'P-—b'ﬂ”Xexperimenta_l cross-section, in

" Figs.

all four digures, taken as indicated(s‘r’),‘ at,pTNB GeV we

redict ~ 20-30%.
predic X/Tl‘o 2 % ' P
Now we ‘turn Egjp—»ﬁyﬁ/‘ The theoretical predictions are.
less ambigﬁous because the dominant contribution contains
valence q and q. We use Set GI) of parton distributions

inside the proton (mcludmg scale v1olat1@ns).

dictions for Eda‘(PP"p\)ld P,

Our pre-~

7

Cm =90‘° are shown in

28 and 29. In F:Lg. 28 we show aga:m the effect of

58

scale violations {(without kp effects in pp«-»ﬁX). In F:Lg. 29 ]

we‘g:_ncll‘ude ,kT effects, Eqn. 3.27, taking ag\_before, ¢

A i
.-

e

=

LS

r“

FRp




e s e s o

¥

EE P

N R et min

D e e i R TR OAGRE RSN N AT NG L O B T A e s e = e e ] marp i

‘L’"‘”f e s ; g o e e

58
" ¥p> =0.5 GeV. For the T° experimental cross-séction
o
(not measured yet) we have chosen the P*j3ﬁ7T+)<cross—

seeéion as indicated (expt) assuming:
dﬁ(-— /—~>'\T°x3 ") E.ég_(PP——-f\TOX\ (‘3.’5“‘5)
K PP Lt PPt

at each energy. Nbﬁ the predicted photon yields are sig-
- nificantly larger; the reason is that both subprocesses
"Compton" and "Annihilation" give sizeable contribution.

We note that recently the ratio:

3
Edc'(\“fp-ﬂvada p (o359
Edo(pp—mX)dp

has Been calculated by the authors of Ref. 56. This ratio

A

is very close to unity for large energyaﬁ%miationsbconfirming

the correctness of our guess, Eq. (3.37).

[P

\
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CHAPTER IV | |

. ‘ \
PHOTON HADRON CORRELATIONS \Q:OPPOSITE SIDES

4,1 Two-hadron inclusive cross-sections (hadron trigger).

\

The experimental study of two (and more) particle dis-
tributions has revealed that the large P events have three
components(l)'(B) .

i) Towards j~et. The density of large P particles produced

on the same side as the trigger particle peaks in the
trigger direction. - '
ii) Away jet. A clusteving of large P particles is ob-

served also in the 'away side of the trigger.

iii) Low P;P cloud. This background of small p, particles
is a nuissance, since both in practice and in prineciple,
it is hard to distinguish particles in the jets from
particles in the-background, ‘

Another feature is that the momenta ( pout) -of particles

normal to the plane defined by the beam and trigger direction

)gg-bgg etc. subp?oceSses. By taking advantage of factorization

are limiteal *7:¢5) (see Fig. 30). The Poyr Gistribution
falls rapidly with a mean value <Pout5:500 Me\;.

The above jet structure is a natural éonsequence of
hard scattering pictures of large Pp reactions.

Consider the react;:ion A+B —» h, +hy, +X with the tw‘o hadrons
observed with large transverse momenta Py pT?; in opposite
directions in fhe c.m of “the initial hadrons. Again, we

assume that the reaction takes place via the \qq;-,qq, qQg—qg,
(6)

.
I —
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{: we can immediately write down the expression for the in-

L7

clusive cross-section of large-p:[, production of two

hadrons (see Fig. 30).

dm.({?ﬂ )PTi’lﬁ\ =k, El

(43)51)@3 P,z) ‘lT‘SX-mXTa. 1211.’ (4&12) %

9.9y

Dy lg (3 GD«th("“ LAY

(‘h‘k -+9.9.)
aa

F‘ f (X:g \hav\(@’ )

A *Sogum ¢ A—B (41)

where
‘ ©4 O A o 8 &
= an———— +tom—2- = QA : 2
X X1 tan av s ”') =1 Lo{',____._

( = = 02X1'ta‘49 IZ {UV\Q’J./ ( 2
, - +4:av\97_[2, (12

o . X Sixx Y VASEY,
' | Ql: 1 nBi|a , Api = gb =42
: 1+y ‘ S )

The limits of integration are given by

B I NCLEL
\

Details of the derivation of Eq. '(4.1) can be found in Ref., 7.
The functions that enter Eq. (4.1) have been explained in a

Chapter II, Sect, 2.1, However the gluon fragmentations
. !

function that explicitly enters this equation deservés fur-

ther attention. 'This is because .Jnot too much is known for
»

O ( this important fragmentation function. s

Y
i

dor _ ¢ S H. mF lA(x« ) x

<
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Large Pp production of hadrons is the only hard’ process

o which the fragmenting gluons can considerably contribute

a

to the leading order. Particularly in Eq. (4.1), gluons and

| quarks fragment ingoherently to produce the observed hadrons
(hl’hz)' Available data, however, do not provide any evidence

for gluon jets different from quark ones téié; at first sight,

b 'seems to render impossible the isolatiog oé‘the gluon fragmen-
tation function using Eq. (4.1). In Sect. 5.2 we will demon-
strate how this problem can be overcome.

In reaction (4.1), parton—kT effects are known to be
‘ unimportant(s)’(g); an opposite-side hadron with a large #
{: Rq almost eliminates the trigger bias (see %lso Chapter III,

Sect.'3.2).

V4

-
-

For later use we shall define here the transverse momen-

tum sharing (x.) distributions. Consider a particle in the

.

hemisphere opposite the trigger, with transverse momentum

Pr, and call p_, the projection of Pp, On the beam—grigger

x2
plane (see Fig.30). We define:

Y

s

xc*____ PX.’L B

wy

P4

PP I st o R e Rt « Y v S 2 TN TR o,

T QR N pPev s o + R G P K A B B \h b 69 e e = L

ik
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{ where Py is, the transverse momentum of the trigger. The x

variable denotes the percentage of the transverse momentum

Py _balanced by the individual hadrons in the opposite hemis-
phere. The x_ distribution;&are defined by:
de
—5 me d 7Zz 3 (4.5)
dXe ng d‘qld qug d '

R Apoq{:
where qz is the pseudo-~rapidity (’)Z =-log(t’an9,_lz]) of the N
secondary and Pout is the componen‘t of the secondary's -

momentum nor'mal to the beam—tmgger plane, S:ane(lﬂ)

&
3
fhz OlPxAPout = ié‘”’" (+4)

¥

( ) we pewrite (4.5) as: N

»

~

(4.9)

C‘G‘ - Po { d EE;E olo* 3
A‘vlzdxe P ‘ip P H(dp) )

The ranges A}Z anéiAp out 2re specn.fled by experiment.

\

4,2 Photon-hadron inclusive cross-section Aphoton trigger)..

. Y *

In this chapter we are interested in reactions of the

kind:
“ACB — P %OPP b + X (49
\ ‘ \\/ «
\ where the hadron h is produced at opposite sides to a }arfge
:) Py Photon trigger. ‘

AR K NI AL M LG 37 et Lwes w4 =
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To the leading order in the QCD running coupling con-
'stant, two subprocesses contribute in this reaction

(i) q(q)g»q(qQ)¥ "Compton" scattering. The hadron h results

as the fragmentation of a quark (antiquark).

(ii) qg»gy "Annihilation" subprocess. The hadron h re;ultsr

as the fragmentation 6} a gruon.
Bremsstrahlung corrections should, in generai, be important
for A=B=zp. However, subsequently we consider the reactions
-nt+p-a3§95”3)t and, in fact, isolate the contribution of
qﬁ*gg; in‘fhis case, Bremsstrahlung is not important and we
shall neglect it.
. We shall demonstrate here how we can derive the ¥ -h

inclusive cross section from the h-h one. As in Chapter IT,

Sect. 2.1, due to the direct quark-photon coupling the "frag-

mentation" function is simply:
Vi

o DukE) = (¥ - (1)

1

Also, if we choose 6,= §790° (X-h at 90° relative to A-B)

11 -
and use Eq. (4?77*“*H’f;.9), Eq. (4.1) becomes: ]2) ( )

AX« 1 (X1(}q)
=By - 24 fa
“(d%) (d” ) T 5% %2 >y J “ (luoi

P18 ) Dy (g m + 45

\ ) . . \
Using the first delta fdhction to eliminate the integration,

we get:
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F("fn) . (XH) CJG 3( XT?')S(% qz,.’rTf) +

Sy =
S sz

. ) y A-bB (419

)

In the above equation we have suppressed quark, gluon indices

tA ' . o e .
and Q ~dependence for convenience, are given in Egs.

ds
dE
(2.23) and (2.24) and they have to be calculated now using:

Z= K =Xy =Ry T Kyg = X (442)

Let us consider now distributions in transverse momentum

b

sharlng (x ), which have glvén important information in

similar expem.men‘t;s with 1arge-pT hadron tmggers (53,039, (10’

" If we choose §-h to emerge "back to-back™ (see Fig: 30),
then ?Q‘ ~ 180° and in view of the relatlon (4.12), Eq. (u.4)

becomes:

4 \

p S
Ke = qu, = Pra = T2 ("I.'ﬂ)
Py P11 K71

Now the transverse momentum sharing (xe) distribution,

[Eq. (4.7)] becomes:

S i 4 dJ = P"HS’ dPoutc\jil =
: - ATZI d)(c '\ DRy

' /
o PT( PT?.Gm (41)

In the derivation of Eg. (4 14) we have used:

P
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Pour = PTQ.SM"PDE ) %.‘ = ?1" ?z #aT
and | ‘ ,
O = Oy Y Wy L (4wl

\

[

Ti
(4.12), Eq. (4.,11) finally becomes:

|
S =ic DA

‘ v + A&—-’s B ‘,' (‘-{.16)

!

By using x 2pT /Ns, i=1,2 and Eqs. (4%.14%), (4.13) and

I (x,Q ‘]F'c” (‘AG. 016. Df‘h(XcQ)+

»

F |
i

(see also Appendix D). For the Q2 variable we make' again the
- . '

simple chdice: QQ=2p§. N '

i

4.3 The gluon fragmentation function. Experimental prospects.

In general the sum in Eq. (4¥.16) involves quark and
gluon fragmentation functions. We can isolate, hbwever, the
latter by considering differences of aPPPOP?%ﬁiEJXe distri-
butions,.

Let us take Bzp(proton) and let SR denote the X distribu-

tion for A+§+x+h+x (opposite side). We define also!

C;tﬁl: e‘f d O'%%
Trxe Cig x,xz

1‘11 179 ‘Clﬂ (L"ﬂ) | g

where do/at are given by Eq. (2.23} and Eq. (2.24), We indi-

cate the "Compton" and "Annihilation" part of S by splitting

_ it into two parts:
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. Thus knowledge of them allows the extraction of the gluon

R A e At Y, et

~of A and h we must use the decomposition of the distributions
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5\1&: Sf(ﬁj)*gﬁ(qﬁ\ - (4.19)-

Furthermore, we define

e\——- = S ﬁ - ‘SI —g 6‘-’1") ~
SPrA A A ,
'We also assume that h is identical to its own antiparticle

o+ - . . .
(eg. h=m°® or h=w +1r ). After some manipulation it can be

shown (see Appendix D) that:

L)
d

- Sk DN TG G

<(Fyfp-Fgpp) (4

where the summation is over quarks only. Notice also that

(Fq/A-Eq/A), (Fq/p-Fq/p) are valence quark distributions only.

fragmentation function Dh/g from data on: 4

) Sﬁ‘f A+P',“”25*"£\*X
Si : A+ p —~+X+£,+X

: . + o
where A can be a proton or a-r etc. , A

(L\.Zf)

Now if we want to sum Eq. (4.20) for i}particular choice

that is given 'in Eqs. (3.2),(3,3),(3.4),(3.14),(3.15) together

with the qﬁérk charge assignments (see also Appendii D).
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Also we decompose the fragmentation functions as follows:

Vg e

D 4 p +/Ll Dr/g = D¥fd = D /d (4.22) _

o \ — - .
D £ Dy =DA/T=Drk =Dejg ()
with the obvious composition law:

D £ D§ i’é!r DVEE S CET)

\

In Appendix D we give [together with the proof of Eq.

"(4.20)] an application when A=1r -and h=v° [=(ﬂj+TF>/2, in

the quark modell, The final formula in terms of the valence

distributions of the pion (V) and the proton (uv, dv) is:

To ﬂq ’
S e E~——~ Dﬂj V(Li urcl ) (4.25)

where Dw/g= Dw/g /(xe,Q ), dv = dv(x,QQ) :and uv-—;uv(x,Q2 ).
Thus experimental information on the LHS of Eq. (4.25) to-
gether with V,uV and dv, can determine the gluon fragmenta-
tion funetion to a pion.

Eq. (4.25) involveé measurement of the xé—distributions

of the following reactions:

ST W aep s Y X

e ot o1 P —> 6\* T +->< .o

s e e e S
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-

ST,- T Mt p—> g e X (4.294)

S ST e ps et X - agy

¥
‘Reactidns (4.28), or (4.29) can be féasured in the same run
' . o e \
of the machine; sometimes, however, it is preferable to make
s

two independent runs in order to remove the background easier.,

Experiments of the type of f; and :;P are already under
g 12)

- wa,

4.4 Calculations, discussion and conclusions.

We have calculated the quantity given in formula (4.25)
by using two different input fragmentation functions both

of the form:

1n+i

1 M
4.( Dﬂ% +Drfg) = Dn"lg( %)= (4% (430)

In the first, in accord with old counting fules(13), we

i ' . - 3
choose:

In the second

-

m = i- 5. - ! ’ ) (”.3'2.)

!

More recent theoretical considerations combined with the

%) ould suggest m=2.

The chbipe m=1.5 does not differ much §nd on the other hand

- F et o

.

b v R Vot it

- .
;oo Mis et ot Bpeant
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makes more cleaf the difference with Eq. (4.31). 1In both
calculations we have introduced scale violations in the dis-
tribution and fragmentation, functions as predicted by QCD.
For the valence nucleon and pion distributions we use the
parametrization of Owens and Reya (see Appendicas A and B),
The Q2 differenée of the fragmentation ﬁénction Dw/g (x,dl)

(18) using an improve

has been calculated by S.L. Papadopoulos
Parisi and Sourlas method; some details are given in Appendix
B. .

Using Eq. (4.25) and working at fixed x,, We can also
get an idea about the scaling violations in Dwfg‘(xe,Qm).

Our results are shown in Fig. 31 for several trigger
transverse \momenta Py - Clearly at large Xy the choice

~r?

(fék?o;s of 3~4). It is evident that measurement of such

(4.32) leads to differences (S¥¥ significantly larger.

physical quantities should give the best, perhaps, deter-
. - £ .

mination of gluon fragmentation fuﬁctions( 11). As we

stressed repeatedly, so far there is no direct information

on them.

2
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CHAPTER V

—

(‘“ - SUMMARY AND CONCLUSIONS

5.1 Summary of our work and conclusions. .
- [ N

X
In ythis work we have studied:

s

(1) The inclusive real photon production, at large Pp in
' hadronic collisions, making detailed calculations for

the typical processer pp+¥+x, ppr¥+x, ¢ p~Y+x.

(2) The inclusive production of photon and hadron at opposite

sides. We have shown that bjr forming certain differences

of appropriate 2 P-Inclusive cross-~sections we succeed.

in isolating the gluon fragmentation function.

Our general framework was that of perturbative QCD.

The approach can be appliéd to all such processes involving

~

( hadrons in the initial and/or final states. This framework
§ . k

“ also, interrelates the vari)ous processes by permitting the
inf'ormation gained from some of them (eg. deep inelastic .
leptoproduction) to be used in more complex ores (eg. hadron
production in h-h collisions, Drell-Yan production of @+e.-‘ - - b~
pairs ete.). Therefore, it is possible to make predictions i

for the latter processes and thus test the theory (QCD) by’

comparing with available data. \ .

In part (1) of our study we have calculated perturbatively

-

photon production to (j( %s) in the strong coupling constant

\

e =t b b e

i
for pp,pps wP and to a¢ o(:" ) [Bremsstrahlung correction] for

-

pp collisions only.

In part (2) of our stu&y we have calculated the difference

-

2N T|'° -~ . R
( } : of X, giistribution§ \ Sw-w" (following the notation of Chapter .
IV). As we have seen this particular difference isolates the -

Qq>g)y su'bproce\\ss and subseqhently the gluon ‘fragmentation

\




function,

° t

5
.In our calculations we have used:
» Q‘

A) ithe quark distribution functions inside the proton ob-

, tained from lepton initiated processes ep-e+x, ,m-»lﬂx

and neutrino and antineutrino. interactions..,

v

" (B) the quark (valence) dlS‘tI‘lbu‘thh funct:xon inside the pion,

|
which has been determjmed by f:l.ts on certaln " +N-9P_ R X
/
data (see Chapter III, Sect. 3. 1).
{

L :
The unknowns in our calculations were the ‘power m de-

termining the shape of the gluyon distributions inside the

proton and the pion: We did not try to obtain an optimal fit .’

to the data by adjusting these unknowns ; instead, but. we
made two characteristic choiceés for the input gluon distfihu-

. \
tions. = , ‘I

1

As for the partons' average intrinsic (or "pr'imor!di'al"‘)

transverse momentum kT y we have chosen a moderate value
- b ) -

(kT) %~ 0.5 GeV. | . ‘ o
Our detailed conclusions are as follows:

(1) 1-P inclusive cross-sections.

(1X) on.the compa.risdn with experiment of the calculated

pp-'x%-x cross sectzon.
Perturbatlve QCD predicts a large e ratio, far above

the predlctlons of the Vector Dominance model. In part:.cular

Loow o

Scatterlng“ wu:h the Bremsstrahlung corpectlon belng down

-

almost one order of magnltude. However at xr},u.u Bremsstrahlung )

becomes comparable to the "Bom" tem. Y . \

v

oo C el
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The Q ~-dependence of the structure functions, as dic-

tated from QCD, leads to appreciabl€ differences between

- - - “\ B
scaling and non-scaling predictions.

In géneral, perturbative QCD (based onO(O(«,) and
.Bre;nsstrahlung [U(d§ )] -diagrams .does not seem to match very
well the data, particularly at medium and low ppe At higher
qu it reproduces the main features of the data rather' well.,

Also when K, effects are included with {k.> % 0.5 GeV a

T
& ‘ . : . . .
better agreement with data is achieved. In particular:

(a) With our moderate <kT> and a "strong” gluon distribution
y -
[~(1+9%)(1-x) -] QCD lies somewhat beXow the AQBC data
(Fig.23(a)) : ) N

-

(b) With. the .same <kT> but with a "weak" gluon distribution
& s . ‘ < s
. ‘ [~(1—x) ] the -theoretical preédictions are even more

beiow the experlmental yields (A'BC) (Fig.23(b))

<

- There are several ways to :merzove our predictions:
(a) We can use a larger value of ¢k.> (~1 GeV).(see Ref. 1).

° - However as we havé discussed in Sect. 3.2, the amount .
_of "primordial L requ;gred to fit the Ferml],aﬁ' data
4 -

. ' on dilepton production is small: ¢ kT>:0.3 0.5 GeV .
Y ) - s . B

. (see.also Sect. 3.2).

S

(b) We can take an even strori’ger- gluon distribution inside

the proton‘ 2),¢3) . Howevery suchQ a distribution

does not appear to be"support‘ed by fhe very recent

)

- ‘ _ amalysis of Ref. 15 of: Chapt. III.

v e

) (c) . We.Ln :.ntroduce Constltuenti Interchange Model cantri-—

[N ! . i ” " , - ' ¥ F
“ PR R . - . Lt L. LS

¢F’

:1 butions (F:Lg. 18) which, if takenr into account «might«;mprx?ve'

I R I
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. our theoretical predictions particularly at low pT(l})‘

C. (s )

However, recent work indicates that the old problem

. of CIM normalization is still unsettled. - .
In view of these reservations and of the fact that the
CCOR Collaboration data (on pp-nf+x) are somewhat below those
of A BC (Fig. 25), we(would like to Fwait fof more’ accurate
experimental information. Anyway, it is evident that AQBC ; ; ;'
data favor a "“strong" [~(l+9)x(l—xf 1 gluon distribution; so

do the data of FJH and CRBA Collaborations. Certainly pre~

cise data on large Pr pprYtx can offer one of tﬁ?kbest, per-
haps, determinatio;s of the gluon distrébution inside‘the
proton, ' ; ) ‘ p
(lg) On the pp~y+x and W p-)¥+x predictions. ) .
( ) Most of the contribution comes from the QCD “Born" terms.
«Pogﬁvfp*3+x, {s~19.4 GeV and pT~8 GeV) we predict ¥ /Wo~20-30%
and for Pp—y+x at V5~23-53 GeV and p6, ¥/MO~80-100%.

The 'effect of scale violations is important; it reduces

the yields by one order of hagnitude at large Poe kT effects

play a mimor role particularly at high Py [Fig. 22(b)1;at low

Pp(® 2-4 'GeV) they enchance the cross—égction by a factor of %

K g 1.5‘” , ‘{

"(2) 2-~particle inclusive cross sections.”

* Opposite'sides phofon—hadron correlation in perturbétive
. - - [
QCD, can help to isolate the gluon fragmentation function if

, .7 . . N . \
“ - appropriate Q1fferences of some Xq distributions are formed.,

Z % | \Onjfhe gfsis of 'two different choices of the gluon frag-
» . N \ - .

(j) ’ mentation function [see Chapter IV, Eg. (4.32)] and taking

# -, . ’ b C « ) *;,‘ ’ -
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(c) Data on large Py photon-hadron correlations in particular

into account the size of the involved cross sections in -

ix (012

'ﬁ1péﬁﬁv%?? , wWe c9nclude that,measurement of the

relevant physical quantities (Sect. 5.2) should be able to
give important information on the gluon fragmentation Ffunction.
to a pion. 1 .

S

e 4

5.2 _Overall conclusions. The Moral.

~ We may briefly summarize our conclusions as follows:
(a) Perturbati¥e QCD essentially accounts for the main
features of the large ~Prp experimental pp—¥+x and %}ves
definite and cIearlpredic%ioﬁ; for pp=j+x and w p-y+x “
reactions, ‘ “
(b) Precise data on large “Pry pp~¥t+tx should offer the best, - .
perhaps, determinatioﬁ of ?he gluon disgribution inside

¢

the proton. y

&

1n'w +p%X¥ﬂ oﬂ,+x will give valuable 1nformatlon about

the gluon fragmentatlon functlon, so far there is no

direct information on }hls. R

L

In carrying out these calculations we have seen that *

Tom,
-

there is a minimum number of free paramete®s in the theory

("primordial" k., and gluon distribution and fragmentation func-
T g cfrag

tions) which introduces some uncertainties when one trles to

glve prec1se quantltatlve tests of QCD. We share(ég\the be-
. ™
lief - that one should not be discour ged by these unceﬁtalntles.

e

The point is that the theory makes pr dlctlons for a large

<7u/()

number of hard scatterlng, ;nclu31ve, processgsw ]

4

%

-
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iy ppls

\ . : ’ i

L + - _ . g . . .
(f, . e e annihilation, photon-photon collisions, leptoproduction,

Drell-Yan, production of hadrons and jets at large transverse

s g At B A 4R

momentum in hadronic collisions, etc. A clear disagreement
between experiment and theory for any one of these would be

‘ enough to invalidate this approach to hadron dynémics. In
4

all cases there is no\sualitative disagreement between ex- ~

(7),0¢8) :

perimeht and theory provided theory is extended to -

subleading orders when they are non negligible. At the pre

sent stage the sfronggst argument in favour of Quantum

Chromodynamics is not so much the success of any individual
test, but rather its failure to disagree with experiment in

any of a wide variety of potentially fatal tests,

( -
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’ APPENDIX A
Parametrization of the parton distributions for the proton. .
Set (I): [Re‘pro}iuced from J.F. Owens and E. Reya (Rlef. 16> 7.
. 2. - 2 3 W,
CA w(x,Q') + dv(x,Q )2 ——— X (4—x)7b‘
B(%‘”Zz)
dv (/*,Qz\ = : XTZBQ»?‘)"ZLI .
B(ﬂ’b)i*}nﬂ
with
= ~0fH6g = g
n,= 0¥ -ofbs \ A 2.6 1 0.9¢
'}Z?,: 0.935- 05 N frzq: 335+ 0.816%

!

— 2 w 2
~~where s=log [log(Ql/j\f Y/log(Q, /A)D]; Q,=1.8 GeV and AR
]

0.5. The sea (t) and gluon (g) distributions are given by:

4

. < / _c
-L(x.,d' Y = A (4- x)”zt %A{J‘(b* x)m: + Be e
. / ! ~GqX '
a(‘x,Q‘l\ = A%( 4- %fz%i- Aj(iﬂ)n'% 1 B,e g

with ‘

!

i - ;2.'
Ay = 045 —002F .+0.038% Aq < aUi-1.425 +ouys

/ o X ., T
Ay ~ 04855 - 00613 A% ~ 3.65 -AU{3

3.0 5 « 5 o . 1555 - 052952
30 tlo.ons +*0.00M8 S ! 'J‘l% ~ 5.0 %1553 o 43 '

~3
0-
.,z

. =2 ., , _ ~2
et ;‘q‘,“i‘i-&.m‘-)s“o.'tos"s ) ,Q“ &~ 43.9 +,0.’HS~O'9-,9§

K Lt
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L

01695 + OMYFET  , By = F.665 - 1u65°

R

s B,
Co = 25.89 + 3065 1 165° , Qg3+ 1RSI~ 44057

e

i Notice that throughout our work we use momentum distributions.,

In the valence distributions B(%;,7%;) (i=1,2,3) is the Euler

\
Beta function which ensures baryon number conservation for

2 . . . .
all values of Q ., These parametrizations are valid for

%x20.02 and 0¢85<1.6. .

S~ ’ -
. N //
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APPENDIX B

Parametrization of the parton distributions inside thespion.

Set (i): [Reproduced from J.F. Owens and E. Reya (Ref. 16)1].

—y(y\ ’Q_z) = \; L 7(724
¢ B GQ‘ )i +T12)

with

p ]

M, = 05— . 10%5

3

. 2
with s=log [1og@i//{‘)/l.og(az/ﬁ)]: Q=3

/

(--%) * ' (81 )

Ui =4 +0.690 5
2

2
GeV , and A¥0.5 GeV.

The sea(¥) and giuon(gv?, distributions are parametrized as

irf the proton (see Appendix A) but with:
Ag ~ 04-0.0688 +001F§° v Ag ¥ 2.0-44955§ + 0548
! 2 ! - 2
Ay 04615~ 00515 ) Aq #3INF- 4784

\ f

o .0 Bl ® 3 . gt
423 5 02653 +0‘§395 \ qZ%
— —2
q’&g > 65% +4.F01s +0.065 \ ’73

Y -2 -2 !
B = 04uy3” + 0.051% | | By

0
wid
]

9,6.49 43.334§+é.$86§Q- , q%‘

on

3.0 +44yy s ~0.595 5%

12

& 6573 +YHM5§ - 1 635"
~N - -
2 Q4255 -9 .00y 5

2 53,86 ~2Y 4418 19 683 52
‘ \

# L -
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Set (ii): (Reproduced from'S.L. Papadopoulos, Ref. 20)

o

This parametrization uses an improved Parisi and Sourlas

method (Ref. 20)., The various distribution functions of the

pion are parametrized as: /
-
v £

\‘

6
q(%\
q;(,d) = Bm <) ZCJK@) X" (8:2)
¥=0

The expressions for @J are given in Table 2. The contants

2 )
C k(Q ) for pT=2,4,6,8,10 are given in Tables 4,5,6,7 and 8

i
respectively, The number of Jacobi polﬁhom'als that have

been used to approx1mate sufficiently we11(20) the q.s',

3
' is 7., For both parametrizations [Set (i) and Set (ii)] the
following conventional decomposition has been assumed:

(see also TABLE 2).

p—

) Wt :=<Aﬂ+

i
<
i
a.
t
S+
ey

(83)
U =dut =g =dp- Fsqr =5 GRY

GLUON FRAGMENTATION FUNCTION Dsr/g<xe,<f>).

The parametrization uses the improved Parisi *and Souslas
method(ZO)’(sv) as before. The gluon fragmentation is B

parametrized as:

P

3
%"'(Xe Q) = %C*i ~%e) ) Z G'XK”‘: - (B5)
k=0 Y

——
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0(3(8) see Table 3, For C

v

e

For the -coefficients pﬁ and

3
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Q=3 GeV)..
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Tables 9, 10.
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APPENDIX C
\

We present here the analytic expressions that enterp
N i

the 1P inclusive cross-section (Eq. 2.17 and 2.38).

\ i

A—B

Ze Fcl /AF%/

JJ

where i,j run over all 3

and q; or q.

can be a gluon (for "Compton" scattering).

cl"% ¥

quark and antiquark flavours f.

By a (') we distinguish the arguments (\"""x ) of the struc-

ture functlons . !

o

The quark charge assignments are:

A

. 2 2
Eu :ec_ =€'{,_' '—"ez = |

£
an

9
e o
=€§=€J="4"‘

9

We shall make explicit use of the decompositions given by-

Eqs. (3.4), (3.5), (3.6), (3.7), (3.8), (3 18), (3{19) and

qﬁéﬂ'

for "Compton" and "Annihilation" are glven 1n Eq. (2.23) and o

Egqs. (B3) and (B4) from Appendix B.

Eq.- (2.2&) and for Bremsstrahlung in Eqs. (2.30a) and (2.33).

p*p_*+X, A=B=p, (f runs ofer q,q flavours and gluon). ' |
Prp > Y+tX A‘=6“ , (4 vuns over 9,3 j—fa\zaur‘s
&b E ) SR — | and %ﬁuon) -7
For q@q—9@Y . -
4 d y do % anl do
2B pFpgry t Tl By T




O

o3
[ eu.(Fu]P + Fu(P] +ed( FA}P +E‘dh:>) + 6’3( FS’P+ Fs[p)] Fﬁhr 6"3

Leu( Fu;PwLE'c; ) e FA/P+F4/P)+55(FS,P +F§/P)]F31P'J§”‘lﬁ -

:——;[‘lu\,’rc’v Mlt]j mclfj +-~ [ql{v +cj +'Rt]j

For qq—vgﬁ 'g (f runs over quarks only). . .

:@ B \ )
= do

= Leu_( F"LIPFL‘-P) "'EJ(bd Fd/P +€S(FS}PF‘S

fates

N , +€u<Fu[P ) + ed(Fd/PFd/P) +85(F5/PF5 )] i cﬁ:

clo—,_

de

For the Bremsstrahlurig (qq-qqy) cross section we select:

i, L o) & a !

< AG’ ST C‘O‘ (BY'CM‘A

Z‘f & F%L/PE:{/ dt v 2_' & FL‘L/P ‘lJ/P LL and p
neglecting sea quarks contrlbu’clons we get: Y

(Brews)

[euFuPFq ' 1—64 tG‘ F"‘IP] clo* +

:‘._%}.[q(uvt il *(c{yt v d t) n 12&]

+ [E\_L E‘LL buh: +€d FlebA P] AG Brfms\_. ‘
(rsrtms) d (Brtmfz))

~—-[m +dd ]( R

where u,d now are probablllty distributions




e AR 1% OOPTHIR AT AL ALERAS  LISTR o 3 et e, oo e < oo .. [P

BY

U ep— Yt A

For a(Qg—> q(q)Y : C s

:E: et fiit E%}P

,*_~[5Wf+41§)]3-*—%j [4u5+dj+1i2i%r5@:13
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APPENDIX D

In the following we shall derive certain re\la/ti”ons'

between the various S symBols defined in (4.13) and prove -

Eq. (4.15), TFor q(q)g+q(q)y with the subsequent fragmenta-

ﬁﬁi{of the quark (antiguark) to a hadron we have:

‘9\ < . <t X -
S f(w - O—%[%IP%—&"E‘L}A DthnglA %@, FB,PD%] (1)

”

— " ’
For qg»gy Annihilation wi‘to:ll*the subsequent fragmentation of

\
\

the gluon to a hadron, we have:

- Pﬁ/g[%;(%mﬁ/@@f@ﬂm] @

D.

h/q is a function of xe and Q Z runs ovexr quark flavours

only, Z over quark-anthuark From (P1), (D2) and defini-

) 9,49
tions (4.14%) we get:

‘\ % X . ] —-.1 2 ﬂ‘ s '
SR Cﬂ? fﬁh’ 2 (Fya-Fyr (D - DY) %)

where we have used the obvious relation,

Fai =Fqa
-and the :Ldem::\.ty

Ze‘q(hq,/A F‘L/A\Df,

and  Fgja=Fqix

-
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In a similar way and using (I) we get: ’ - -

a ; SRR

_ 1. Lo o Vi .

S i (49) = —o "Dy, (B, “Fy () (o8 @
a4 49 g VYR YR Bpfe) 00

- A M . - B ‘4/‘

. 7 s

We collect here some necessary formulas for the distribution -
functions for ‘conveni_en'ce. o o | " .

. - 202 oy 2. 1 \ ., ‘ E

(i) Fq/p = q e, = €. Tgs €y T e = 3 cru,d,s )
u = u +t §= § =_ j‘:tu‘ o !

| v L !
d dV-H:d ‘ C=c¢ = t& v | o %

i - —. - g AT
(ii) u-u-= u,,  d-d = v 5~-§ = 9, c-c=0 - o
(iid) 'u.n.+-uv_, = dTT-TdW- = —(dggrg.o'd.‘rg.) = -’(U.wr -'-u.,‘r—? =V ‘*=- '
(see also Eqs. (u 22), (4., 23) (4.24) for fragmentation ' .
functlons).» ‘Then, us:Lng (D. 4) and (1) ,(ii), (iii) we have: Cor T

[P

.
1
@

Srr =¥ Dy Z%(‘wmﬂ( 7=
= "té’;-iq'[““v“”v]ypﬁg -
g L Dy

£
4

Using (D3) and (i),(ii

"

. ¥

- M

),(iii) we get*-‘ ~

1

S T'r+ ..(c”\ a*WFyPZ% (‘L,ﬁ“‘hﬁ (Dwr*/q, Tr”/tl,




»
M e WL B e

AT e ey

87

'I'ereating the caléulation (D.5) ,but with h= ‘ﬂ'_, and assuming

‘Bn‘*/zé = DTF"/% = DTT"/%"" Q‘IT/g we get:

w L cjﬂi Y _ )
S oy (98)= - R Lluwck}\./ Dv“/j =(b5) . (b3)
Similarly, usir'lg (D3) and h=7 we get: )
us 5 q, Y M
Wt.w.—(clﬁ) = - TO‘ 3 V D ,‘[’3“) ) (D?)

s + -

. w 1 v . ar

: . . e ! + _
If we def:\Llne. ST}"L*WF ""'2 (:9.“1-_1,-— ST{+""T )

and sum (D5),(D6),(D7),(D8) then:

! S Tro _ ' Clzzl: [Ll (J ] \__\]‘ D T
e T 9 Uy —dy ‘rlg
) Q.E.D.
For more‘formulas see Ref, 20 of Chapter III,
. N - {
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FOOTNOTES

Ve - .
“These "anomalous" terms, which a priori %ould spoil
the renormalizability of the theory, cancel if, as

pointed out by Bouchiat, Iliopoulos and Meyer, quarks

e A\ e o s v s N ot mhemr AR b e et Y e e e on o
.

are taken to be colourful objects carrying three dif-

ferent colours.

o(s(QQ') is calculated at the one-loop renormalization

I3

level.

From Eq. (1.20), and the requirement that X¢¥0 as
£ N . ‘ . v
Q¥ we get f416. This is the maximum number of fla-

vours one can have without loosing the asymptotic

P

freedom properfy of "QCD.

Kinoshita and Lee and Nauenberg have' proved that for
incluysive cross sections, the "mass" singularities

associated with final state undetected ‘particles,

\

moving parallel to each other, cancel (the KLN %heorem)

(see Ref. 30 and references therein)_.

* By fittiﬂg the asymptotic freedom formulas to the
moments of _F;, Ref. 37" 'Siaitains the scale A=
Aexp[%(lnw- gg)l‘whére Ye=0.5772 is the Euler-Mascheroni
constant, and where/l is the scale parameter in the leading log
order. The term lnkT-)e is an artifact of the dimen-

sional regularization scheme used and should be absorbed

through a redefinition

N
of A,

{
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Footnotes, Cont'd.

In this particular estimate of the ( 6rWO)VDM the ratios

(V/9°) have been assumed constant for different energies

Notice that the data of Ref. 21 correspond to relafiveiy
PN . (21)
low s and Q (-My ! ). It has been pointed out (and
2
verified by our calculations) that for higher € , cor-

responding to other higher s data, scale violations in-

.

crease the effective power of l-x, so that for x large:
L
Vir ) v (A=t et

2
& . .

. <
For more details, see latest papers of A BC on direct X

production.

[y

The results of Ref. 45 of Chapter II, although in agree~ .

ment with ours, qre presented in a way that is somewhat

misleading and gives the impression that the whole

Bremsstrahlung contribution [Eq. (2,38) of Chapt. II)
is always completely negligible. ‘The reason is that
Ref. 45 does not count as correction the part of Eq.

(2.34) involving the fragmentation of a quark to a

©

photon (collinear photon emission, second term in the

integrand of Eq. (2.34); as we discuss in‘Chapt. IT,

Sect. 2.3, thispart is the most important. We count

as correction everything of brder'caﬁor higher, i.e.

everything beyond the "Compton" and "Annihilation" sub-

processes. [see Figs. 13(a),13(b)1]. _ .
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. " Footnotes (Cont'd.) Q
{ : l
flO' Due to unassigned enevrgy cut and to the demand that no
additional reconstructed shower*(%) be present in the

. calorimeter, the experimental §f° ratios given in our

\ figures do not correspond to fully inclusive conditions.
In order to obtain the fully inclusive X"ITO ratio, the

experimental points of the Aa BC Collaboration should be

multiplied by a common factor of 0.85:0.15.

* |
11° The magnitude of the cposs-sections of Eq. (4.25) is

near the limits of present experimental accuracy. In

order to improve the yields we can: a) measure both

+ - . LA . s
charged (T ,7 ) particles; then S is multiplied by

b o o
.

{“ a factor of 2. b) measure direct Y3 for EU . !

—0
.

. v . s . ’
geometry; then S 'is multiplied by 27. In this way |

i : : the yields increase by more than one order of

i Kb MRl ¥ e ot

magnitude. 5 ’ /

12° This configur‘altion may be suppressed by additional Suda-
kov form factors just das PP ——a})f)f*:X at fixed Q\;/éa

is. This is discussed by Yu.L. Dokshitzer, D.I. Dyakonov
-~ and S.I. Troyan, Phys. Reports 58, 5 (1980) 269-395. In

this work however we do not investigate this effect.

b GAR LR Y e ke, REIA cma a hede R e eedd o b e £ T e e v




- - - - - - et v ememmm e e i ————— - e N e e B N - S e - 7
N

104 i

iz» ) TABLE CAPTIONS

1. Constants determining the valence distributions of Set II.

| \
2. Constants that enter Set (ii) of<§;;4ﬁ;;’;istribution

. functions (Appendix B, Eq. (B2)). 6=4/25,
3. Constants that enter the gluon fragmentation functions to
a T _(Appendi®\B, Eq. (B5)).

4. dbnstants C.. for Set (ii) parametrization of the pion

jk
distributions (Appendix B, Eq. (B2). Here D2 GeV.

5. Same as in Tablenu but for pT=4 GeV. -
6. Same as in Table 4 but for pT=6 GeVr
7. Same as in Table 4 but for pT=8 GeV.
8. Same as in Table 4 but for prlO GeV.
(i 9. Constants Cgk for the parametrization'of the gluon frag-
- @eﬁtétion‘to‘a'r (Appendix B, Eé. (B5)) for the choice \ ]
m=3 [Eq. (4.31)1.

10. Same as in Table 9 but for the choice m=1.5 [Eq. (4.32)].
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Fig. 1.

\¢ Fig. 2.

Figf 3.
Fig. 4.

Fig. 5.

Fig. 6.

£ %

Fig. 7.

Fig. 8.

-

Fig. 9.

Fig. 10.

FIGURE CAPTIONS -

Self gluon fundamental interaction inQolving
3-gluons corresponding to Eq. (1.17).
Self gluon fundamental interaction inve{;ing .
4-gluons corresponding to Eq. (1.18).

_ Lowest order photon-photon interaction in QED,
induced by an electron loopw
Diagrams contributing‘to the vector-vector-axial
vector vertex anomaly (triangle anomaly).
Graphical representationfof the interactions
corresponding to Eq. (X.16) QCD and its QED
anal;gon. g
Lowest order contribution £§%&barge renormaliza-
tion in QED.
Lowest order contributiocons to coupling constant
renormalization in QCD.
(a) Fermion contribution.
(b),(c) Gauée bosorf contributions.
(d) Fadeev-Popov "Ghost" contribution.
Electroproduction off partons to O’(o(s) in QC?:
photon + quark (or gluon)-—> anything
The "square" of diagram (g), Fig. 8. This diagram
contains a mass singularity.

The Altarelli-Parisi splitting functions and their

-4
vertices. The distribution (1-z), 1is defined by

-

the equation: ~

&

v o . . - " . . - (e S e AL %1 { i e £ o Ak
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. ( / FIGURE CAPTIONS (Cont'd.) '
] : Fig. 10. Cont'd. L
L - 4 - , - oot
Sdzf(z)/(l—z)+EE"[dz[f(z)-f(l)]/(l-z) where

[+ -]

\ . 4

¢

N T f(2) is any funection regular at the end points. ' %

Fig. 11.- Dogdpant contribution to Edo/dap. The e —. —~. .

A i 50

\\///P i line represents quarks and gluons, the shadedy,
X . - : blobs represent non—scalindefstribﬁtion and

fragmentation functions and the npn implies that

" i . we take the Born term contribution calculated
using the effective quark-gluon coupli;g ?
Eq. (2.25). .

Fig. 12. Kinematics for h4+hifx+x. The —.—-—as in Fig. 11.

Fig. 13. Feynman graphs of QCD subprocesses included in

- l
{* v . our calculations. (a) and (b): Born terms (con- g .

tributions ofzj(ds)), (c) Photon Bremsstrahlung
(contributions éfCTC*z)). C,,C, represent the
! . collinear gluon and photon configurations,
respectively. -

fig. l4. Kinematics for the Bremsstrahlung contribution.
é | Fig. 15. .The gg»qq diagram.
é ) ‘ Fig. 16. Feynman diagrams for e+e1+q58.—
R P Fig. 17.’) Production of two particles A and B through
. vector meson’éecay (VDM). The dark blob indicates
the vector meson-photon coupling. W and m, ave
the coupling constants and the masses of the

(“1 various vector mesons, respectively.
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{f FIGURE CAPTIONS (Cont'd.)

- Fig. 18. Dominant CIM contributions to direct photon pro-

[3

duction (gM~q'y). M = meson.
Fig. 19. The u-valence and glue distributions of our cal-

S
culations as functions of Q. (a) Set I (Ref. 16,

Chapt. III) (b) Set II (Refs. 18, 19, Chapt. III).

Fig. 20. Contribution of Born terms to the inclusive cross-

B

section for pp+y+¥X at9=90° ‘and predic{ions for

the ’thot/w" ratio. _kT effects and the Bremsstrah-

lung correction have not been taken into account.

. 3 )
Fig. 21. The ratio R =Ed OBrems/d p/Edcrqg/dsp, in pp~¥*Xx-

N ! 3 ) .
The parton distributions are from Ref. 16, Chapt.
III. _ . p

Fig. 22.- (a) Contributions of Born terms and of photon k

4

Bremsstrahlung to the inclusive cross-section for

-

: pp~y¥+X at 60 n=80° . Solid lines: Total contri-

- bution ofO'(°(5) (i.e. qg~qy and qa-'rgﬁ) . Dashed

3
lines: Contribution of O¢ %s) (i.e. qgqoqqy). For

5 Gt e

/ comparison at each energy we give the range of the

-
[

experi}lflental pp—>1+X. (b) The effect of partons'

T Pl B ST T,

intrinsic transverse momentum calculated with a
gaussian kT-distribution of Lkp»=0.5 GeV. We

denote by O'CkT) the pp»¥+X inclusive corss-section

£k

with ky-effects and byS (0) the same cross-section
. . Vs

calculated without kT—effects (<kT>=0) .

- [ «
("\ ~
i “
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-
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3
FIGURE CAPTIONS (Cont'd.)

)

Fig. 23. Comparison of the theoretical cé}culafioné with

data on the'xﬁwo ratio, for pp>)*X, using two

. . . . :
. different Input distributions functions for the

gluon. Data are from +l(Ref. 49),,+ é (Refi. u6
(a),(b)), | XRef. 48). (All Refs. are from Chapt.

v

IIT1). 9

Fig. 24. . Predictions fori'theNra'tio'b'/-yr-o (St 1n°30°) compared

with data of the A?BC Collaboration. Dashed lines:
Weak gluon distribution [Bq.m(3.53], Solid lines:
Strong gluon dgg{ribution [Eq: é3.12)]. Data:
Open circles (Vs=53) Ref. u46(a), Chapt. IIf.
Giosed circles (V¥s=31, 45 and 63 GeV) Ref. 46 (b)qﬁd
Fig. 25. Predictions for EdG(pp*X+X)/dap compared with the
data. Dashed and solia lines as in Fig. 24. Data:
& Ref. u6(a). ¢ u6(b) (& BC Collab.)(44°).
R Ref. 48 (CCOR). 4 Ref. 49. (A1l Refs. are

from Chapt. III).

Fig. 26. Contributions of the Born terms to EdO(TW p~¥+X)/ .

3

d3p and predictions for the‘ratio'va° with a 1

beam. (Soiid lines represent caléulations where
é?—dependent distribution functions havelbeen
used.) (a) Input distributions of Eq. (3.16)
(b) Input distributions of Eq. (3.18). The

- upper parts of the figure show the adopted

Edd(nrp*nfx)/d3p51T°(exRt). In the lower parts .
) ¢ ﬁs‘ .

"y
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o
.

Fig. 27
Fig. 28.

' Fig. 29.
t

Fig. 30.
Fig. 31.

FIGURE CAPTIONS Cont'd.
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Cont'd. ° c‘a bl
the difference between solid and dashed 1ine§J//// - 5

e . . ™
shows the magnitude of scale violations. kT- ' 1

effects Qave been ignored.

Samg as in Fig. 2? but including kT—effects. In
tﬁe lower parts the difference between sqlid and
dashéd lines shows the magnitﬁﬁe of the kT~eff;cts
in 1 p>YtX. (Scaling calculations arg not repre-'” ‘
sented) .

.Contributions of the Born terms to Edc(ﬁp*ﬂix)/dap
and predictiéns forVX/q° with antiproton beams. o
(Solid lines represent calculations where dl—

4 .
dependent distribution functions have bqggg;?ed).

In the upper parts we also show the assumed’ Edo

(Ep*n°+X)/d3p=n°(expt). k—effects have been .

T

[

ignored.

Same as in Fig. 28 but including k -efﬁects. The .

T
. /
dashed lines show the magnitude of the ko-effects

in pp»¥+X. (Scaling calculations are not presented).

Kinematicg of the large Py event.

€3EN)

Illustration of the determination of the gluon

fragmentation function Dv°/g=(Dﬂ2§ +Dw73 )/2:

. ° om
Predictions for ;hq_differencelsg~"fiﬂ =
) e + e mor
= S_o -85 as a function-of the momen-~
Ly LAl
tum sharggg variable X, for various photon trig%iixkg§
P :
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; (1 FIGURE CAPTIONS: Cont'd. ‘ k

Fig. 31. Cont'd. : .
N 8 - %
o momenta pp . Dashed lines: predictions with

m=3 [Eq. (4.31)]. Solid lines: predictions with

a

' N m=1.5 [Eq. (4.32)]. _,
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