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ABSTRACT 

) 

Inclusive production of real photons in IP-P, îT-=-p and 

p-p collisions at large transverse momenta (PT) is studied 

in QdD and compared wi th exis Ting dat-d.--:. Apart from the quark 
1: 'r-- - .... 

gluon and quark-antiquarK contribution, corrections due to 

Brernss trahlung of photons (q+q --=sr q+q+~) and to parton 

intrinsic transverse rnomenta are takèrl into account. It is 

shown that p+p -:.;.~'+X provides one of the best deterrninations 

of the gluon distribution in the proton. Hadron production 

opposite-side a large-PT_photon trigger is also studied. 

~It is shown_ that the ,difference between the momenturn sharinp­

'(xe) distributions of 1f-+p-'>~+1T±-tX and -rr t +-p~~nr±tX~ 
provides a good determination of the gluon f:r"agmentation 

function to a pion. 
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SOMMAIRE 

Nous ètudions la production inclusive de photons réels 

- "-dans les collisions p-p, lT--p et p-p a grands moments 
, . 

transverses (PT)' dans la contèxte ~de la Chromodynamique\ 

Quantique _ et nous la comparons avec J.,es resul tats 6' experiences . . 
Nous ajoutons aux contributions quark-gluon et 9uark-

antiquark les corre.ction~ dues au rayonnement de freinage 

des quarks (q+q -";rq+q-+~r et au moment transversal intrinsèque 

des partons (kT)' 
.. / ' 

Nous demontrons que la r~action p+p~O + X 

donne la roeilleure è~terminatioh de la distribution gluonique 

'" du proton. Nous §tUd~n.S.--aus~i la prod~ctic~n ~ grand PT 

d'un hadron et un photo~ aux directions opposès. Nous 
\ -

demontrons que la difference entre le~) distributions de 

partage de moment (xe) des réactions lTt-p ~D+l\rtXet ~++ p 
-"';> 0 -I-1T I

t X fo~i t un~ bonne determination de la fonction 

de fragmen·tation d' un ~luon ~ un pion. 

1 " 

, 
'\. 

1 
J 

\ 

1 
1 
t 

f 
1 
1 
1 



1 

1 

ACKNOWLEDGMENTS 

This thesis contains some research work l did at McGill 

University, during the academic year 1979-1980. l wish to 

thank the staff, research assaciates and fellow graduate 

student~ of the Physics.Department, for their assistance and 

for many helpful and stimulating dis eussions. 

Special thanks are due to my thesis advi,sor' and collabo­

rator, Professer A.P. Contogouris for suggesting this~je~c~t-­

of research, for his constant encouragement and help during 

the course .of th~ research and for his many valuable sugges-

tians regardirig t~e presentation of this thesis. The wor~ on 

which this thesis is based would neveT': have achieved its 

present :/form wi thout' the input of my friend and collaborator 

Stavros Papadopoulos, whose cri ticism, explanations and 

va1uable suggestions l mu~h appreciate. l have also had the 

pleasure to receive help in my work from the explanations, 

advise and criticisrn of Drs. Ernest Argyres, Bruce~ Campbell, 

Jochen Kriptganz, Claude Leroy~ Argyris Nicolaidis and Pierre 

Valin. 

, Finally" many thanks are due to my fellaw graduate , 

student, Nader Mobed for correcting sorne of my spelling 
1:1 

mistakes and Mrs. June Yamazaki for her careful typing of-

the manus cri pt. 
\ ' 

,) 

, , 
f 1 

1 



1 

1 

" 

~ 

1 

ABSTRACT 

ACKNOWLEDGEMENTS 

TABLE OF CONTENTS 

INTRODUCTION 

1 

":J 
l~ l-
\l 

.. 

TABLE OF CONTENTS : . 

'-v 

" <>', 

THEORETICAL BACKGROUND 
1 

1.1 Field Theories 

J 

PAGE 

1 

1.3 QCD 8 

l, '-t "Asymptotic freedorn" and "Infrared Slaveryll 12 

1. 5 Deep inelastic scatte~ parton -

~Rd-~~~ 14 

1.6 The Al tare11i-Parisi equatiorïs. Intui ti ve 

approach to the violations of sca1ing 18 

II REAL PHOTON PRODUCTION IN HADRON-HADRON . 

COLLISIONS IN QCD 

2.1 Hadron-hadron collisions and the production 

of hadrons at large PT 22 

Direct photon __ production to 6(o<s) 27 

2.3 Jhe Bremsstrahlung contribution to direct 

photon p~oduction 

2.4 Other contributions. Vector mesons and 

CIM \ , 
40 

J 



. , 
- ,-- ~--'---- -~-,------~ .. _ ... --

l( _ 
---- -......,..- -- -".'" ~- -- -.~---------_ .. ~"" .. 

1 
TABLE OF CONTENTS,- Cont'd. "'" 

/ 
':l> t 

{dtAPTER 

III CALC ULATI ON S AND CtlMPARISON WITH ,EXPERIMENT 

3.1 Dis'tribution functions in QCD 

3.2 The parton kT effects .r 

3.3 The pp-4-t+ X cross section and the 'tl'ïï° ratio 

• 3.4 Predictions forTf-p~~+x and pp""~+X 

IV PHOTON HADRON CORRELATIONS AT OPPOSITE SIDES 

4.1 'IWo-hadron ·incl·usive cross-section . \ 
-' 

Chadron trigged --------
4.2 Photon-hadron inclusive cross-section 

. (photon trigger) 

1 4.3 The gluon fragmentation function. 
(l 

Experimental prospects 

4.4 Calculat ions, discussion and conclusions 

v SUMMARY AND CONCLUSIONS 
. 

5'.1 Summ<:ry of our work and conclusions 

5.2 Overall conclusions. The Moral 
.h 

APPEND!CES 

A -Parametrizations of the parton distributions 

in the proton . \ 
B P.arametrizations of the part~)fl distributions 

in the pion and gluon fragmentation function 

to a pion 

c Details on the structure functions 

PAGE 

43 

49 

54 

57 

71 

75 

77 

79 

82 

- -------- -~--

1 

1 
1 
I-
l 



-~-..-- -.~----. - ...... ~--'-'--'_. --~ .. ------~,.-.-,-- ~ ------... ---'--

. , ---- . -. . , ., ... _»_ .. r>t""",''r' .... 'tJ'«:'''r ;1"'''- lr"~~~"\-'.:::: ... ""'.,. ... ""'--'" ......... _ .... _~_ 

TABLE OF CONTENTS - Cont'd. 
.\ 

APPENDICES Cont' d. 

D De 1tails for the isolation of the gluon, 

\ . 
fragmentation function to a p~on 

REFERENCES 

FOOTNOTES 

TABLE CAPTIONS 

FIGURE ,CAPTIONS 

'. 

" 
( "l, 

\ 

\ 
\ 

\ 

PAGE 

85 

88 

101 

104 

lOS' 

1 

j' 

1 



---~-----'-----"---'"-----"-:"-. _ .. _ ... _-'-->~_ ...... _---;--

1 

J 

- (1 

! 
:r -

'. . 

1 

--------_ .... ----~-~--­r _bwts . r CV 

! -

\ 



, 
'-

1 

'-' -_.-. ,'---~--~-,- ------_.,_. ----------;.-----_. __ .--._,.;---~~ -, 
•• __ ............ M~~~/j""'1'1'!t!!~ .. ~_,.. ... ,.. ............. 

, 

,INTRODUÇTION 

.The contirtuous search for a better understanding of 
) , ~ 

the nature of the strong force and th'7: underlying hadronic 

structure has led physicists to postulate 9,uarks as the 

fundamental consti tue~t s of the' hadronic matter( 1) ~~nd 

Quantum Chromodynamics (QCD) as the sui table Field Theory 

that describes their int~racti6ns (Chapt. l, Sect. 3). In 

the physical picture t-h-at-emerge'S the --str'ong forces between 

t.he quarks are rnediated b~ rnassless vector boso..D.S---",,-t-ne-so­

called gluons (2) .. - .which posses the remark~ble property of 

interacting also directly" arnong thems·el ves. This property 

{) ste~s from the fact thàt QCD is a Yang-Mills theory; 

\ 

( l 

(-

.. ; 

1 theories of this type are the only ones that are renormaÙzable 

------
--~-

o 

.. 11 

and at the same time can describe self-int~acting vector 

particles., 1t is true that much of the 'development of QCD 

is due to the perfection, in· the 40 t s , of -the most Cup to 

now) accurate th~OÎ"y~oL Natur~, Quantum Electrodynamic~ 

," 

------~.----------
(QED') (see Chapt. ~, Sec. 1). However; the s~rlnteractiult-'----~------:o--i~_ 

property of the gluons (Figs. 1,2") is in striking contrast 
.. 

wi th that of the mediators of 'the electromagnetic fOrce in 

QED, the photons; these can only self-interact indir~ctly 

(via electron loops, see Fig. 3). 
....------

-'l'his_,_s~:J._f--interaction of the_glJJ.Qns~r-esu--lts~rnto a:; 
\ --.--- -------~. -, . 

decrease of. the effective quark-gluon 'coUPling ,) ,- at 

- ..)­

__________ -----~----." 1 

transfers. 1m.Dortant property 

is 
. 

arently, asymptotic freedom 

, 
1 
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.. 
1 makes possible à 'perturbation expaI}.sion at sufficie~tly 

'J 

high energiès and ·momentuJÏl transfers" 
~ • ,1 

These are the basic J.deas beh~nd the approach of per-

turbati ve QCD, which had a number' of important successes ! 
..-w' J , 

.-
, 

in the past few years. These ideas and certain ot.: these 

S'ûccesses will be discussed. in some detail in th'e subsequent 
\ 

sect'ions. 

'Î'fie above outline indicates the significance of gluon in· 

th~who1è- QG±) approach. It is 

to consineI'_q.nJi study physical 

• • 
processes in whic:Q . e presence 

then 0 f outm<I>S t im~aiiCe' 

of gluons is direct:Ly manife~t. Such . a process is p e~isely 

the production o~: direct photons at large transverse mornen-
\ ' 

" tum (PT) in hadron-hadron collisions. Perturbative QCD 

predicts that). because. of the SUbpro~esse's (3) -(7) 

\ -
) 

\ 

the:t'e should be significant yields of direct g' sa t large. 
. r!.. 

PT" Clearly 
----------~------- . 

these subproce~es are made possible "bnly be-

presence of ~{i.lons (g). E'Xpe;~ment~l verifica-cause of the . . 

. 1 

corlstitutes an esse)lt~~l te~t of pe~turb~tive QCD. 

Even wi th out gluçns and, QCD some--di~ec-t photons .. Cin 

- 7 

.' 

- -- ~-' .. -~-~~ 
hadronic c,Ollisions) ,:,il'l be prese~t at larg~ P.t\. This . 

/- --.,..-~ 

fo11ows by straigh:tforwarg à ication.of the :\te6tq~ Dominance 

Model (VDM) (see. Ch 
\. , .... 

~ I.II.~_~Sect. 3')'. 'that perturbatîve QeD 

" ' ~J 

,'. I~, J '. ---, 
) --------_._----, .. _--, _. .-
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y . \ , 
predicts direct 0 ylelds ~xceeding at least one arder of 

magnitude those of VDM. 

y 
3 

. . 

IJ:: Chapt. l we explain to sorne extent the basic pro-
~\ ~ 

perties of QCD, by comparing this theory wi/h i ts predecessors , " " 
(QEn and Weàk Interactions theories). We mainly' discuss 

the predictions related ta the Asymptotic Freedom property 

of QCD and ~he "~urvival' of Fe:9h~an' s parton model when QCD 

corrections are swi tched on. 

In Chapt. II we calculate in detail the one-particle 

inclusive cross~section for the production of real photons 

in p-p collisions and compare wi th available data. We carry 

calculations for centre of mass energies V5=3~, 45, 53, 63 
, ' 

Gè V for a large PT range: 2. ~ PT ~12. Ge V . In p-p collisions 

we take into account the correction due to the quark 
':J 

Brems~ trtlung' ()f photons. 
\ 

Then some predictions for photon 

production in rr-- p and p-p cqllisions are given. Confirma-

tian of thes'~ prediçtions in future experiments will provide 
~ 

. more evidence in 'favour of the Quantum Chromoc!ynamic picture 

• -p, ~ • 
of the st.rong lnteractlons. 

" .. 

Finally 'and "in order to .extract the maximum inforrnati.on 

possible from experirnen\ts invoJ:ving real phptons, we take 

'advantage of the simplici ty' of the forma~ and try to 

isolate the so far unknown gluon fragmentation function (to 

a pion). This is clone in ChaptEir Iy. A summary of ou;r w6rk 

and conclusio~s as weIl as a di~cussion of possible correc-
~ . , 

tians are p~esentecl .in Chapter 'V. 

\ 

\ 

/ 
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/ CHAPTER l 

) THEORETICAL BACKGROUND 

1.1 Field theories 
- 0 / (cl (1) 

Quantum Electrodynamics ,(QED) is an example of a 

. successful field theory: The Lagrangian of QED read 
- '''JI-

J 

t- L~(-,<-) ~ ~ ~ t C)(-) - rf) t~) t (If.) -
, ~ 

'-\ 
(1'-/0. ) 

whe,k, 

is the J)üectromagnetic field tensor and At'(J<.) the vector 

potential des cribing the photon field. The firs t ter.m in 

(l.la) describes free radiation. \ The second and thi:r-d terms 

are associated to free matter, spin 1/2 objects of mass m. 

The, last term is the interaction between matter and radiation, 

where e denotes thé electric charge of the matter field .' , 

( l{Lfïf =-,o(,e.~ ~, is the fine structure constant oh =c=l) . 

Quantization can bè 'carried out according te general 

h . 0) 1 h h . 1'" te~ n~ques • The t eory t at emerges lS a re atlvlstlc 

quantum field theory with a weIl defined perturbation expan­

.p sion par,ameter (o{e,W\) ,and with a remarkabl~ quantitative 
• 1,1 • 

success. Thi~ succesjs lies on the empirical fact that tnere 
J 

exist objects in Nature carrying charge, the leptons 
" 
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.1 

(electrons, muons) whose dominant interaction is electro­
\, 

magnetic. -. 
Observables have been confronted with perturbative. 

app';oximatians to the equatiç>ns of motion of QED, to the 

remarkable accuracy of a few parts ver million. 
Il 

Another example of a s uccess fuI field theory is the 

unified theary of electromagnetic and Weak Interactions (-the 

w-s -GIM model) (2) ,( 3) which describes the interaction of 

quarks and leptons. The Lagrangian of the theory is rather 

long(4). Two basic interactions in Nature are unified in 
\ 

a Yang-Mills(5) gauge theory, with the intermediate vectoI',-. ~ 
bosons W±, Zo and photons as the gauge bosons. The dis-

5 

similari ty between weak and electromagnetic inter,èÎctions is 

attributed ta a spontaneous breakdown of the gaug~ symmetry(S). 

Q
' .• ('7) Il .. (8) uantlzatlon as we as renormallzatlon probl~ms have 

been successfully solved and calculations'of higher arder 

loop corré'ctions can be safely carried out. In this parti-

cular theory, technically speaking, the generato!Os of' the 

weak group (4) are flavour charges wi th the "exotic" names: 

~" down, strange, ch arm , bottom etc., characterizing thus, 

the dynamics as Flavourdynamics. The observed hadrons are 

membèrs of irreducible represenations of flavour-SU(N) 

obtained from tensar p-roducts of the constituent quarks: 
-_/ 

qq for Mesons; qqq for 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 

- Q 



( theories, physicists learned that various interactions among 

elementary particles are' mediated by the exchange of 

vector mesons) the already mentioned gauge bosons. This' is 

a technical lesson of great heuristic value and ha& been 

" app1ied wi th much success in the construction of - a theory of 
<;> 

strong interactions (SI). 

The property of "Asymptotic ~eedom" mentioned in the 

Introduction makès Yang-Mi,ll.s theories the best candidates 

f~r a theory of SI. However, ln such an approach one faces 
Î ' 

, l 

the difficulty ot wtlat.to choose as the Strong gauge group. ,. , 

. ~', 
!) 

'0 

The answer came from experiment and phenomenology: one must 

introduce one more degree of freedom for the quarks, the 

(J" colour degree of freedom. 

1.2 Colour 
" 

The phenomenological reasons for int:~qducing colour are 
\. 

the f ollowing: 

/ 
Ci) Quark Statistics(.9~ ,(10) 

The scheme tha~ emerges is as follows: Baryons are 

quark triplets and each quark appears wi th three different 
b • 

colours: yellow, blue and red. The baryon' wave function 

is then symmetric in sp~ce and spin, but an~isymmetric in 

colour. Furthèrmore, aIl observables in Nature are assumed 

to be colour singlets. This is the so called conf~nement 

hypothesis. Mathematically we have: 

6 

.' 1Ji:> 



, , , 

\f 

" ~,:; 

1 
:;f 

'.' 

t 
'J. 

~. 

\ 

( 

(, ) 

where q,q'"q" are the various quark flavour:s, o{lP>o') are 

the colour indices, and EII(P~ is the fully antisymmetric 

three index tensor, Similarly for mésons: 
'"1, 

'il 
The three colours aré' associated with the fundamental repre-

sentation 3 'OI the gauge group SU(3) colour. Colour sym-- c 
metry is assumed to be an exact one in contrast with the 

flavour sy1Illllétry which does not· correspond to exact conse'l'-

vation laws. Also SU(3) symmetry is a local symmetry, and c 

thi~ fact is.reflected- i~ the ~sa o~ Yang-Mil1s fields.by 

the Lag~angian of the th~ory (see Sec. 3), 

(ii) The Tf"~l X àecay. 
,(H.)' • . 

Us~ng PCAC one can relate th~s decay to th~ coup11ng 

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

/. ";m··t~f{),(.(2.) h' 1"" h' p10n r-L.u~ t ~s coup 1ng ~s g~ven by a sort dl.stance 

term d~) coming from the V. V • A triangle diagram (Fig. 4). 

Then the 1\"" width is gi ven by: 

A th'eory ~ith -3 colour's predicts r'(~~~:2.~) = 7.87 eV which 

is in excellent agreement with the experimental value of 

7.95 eV, 

\ 

\ 

7 

\ , 

\ 



.. .i 

--~-_.~--- -- -- ~ ... _-~ _ .. ~ ... ~ _. ~ -~ ...... - -. -- .. 

/ 

(iiD The ra;tio of the cross-se,Çtions: 

"" CT (e+e--, ~{adroVls) 
& (e.+e- -"? ~ t-r-) 

is weIl predicted by a' 3-colour the ory , at least at large 

c.rn. energy. The fact that SU(3)c symmetry is an exact 

one leads us t~ ,the following possible plicture for the Strong 

Interactions: The colour forces (strong forces), between 

quarks are mediated by rnassless vector bosons - the so-called 

gluons much the same as photons mediate the electro-

rnagnetic forces between charged leptons. The gluons are 

the gauge fields belonging to the adjoint representation of 
./ 

. -' 

SU(3) and there are eight of them, one associated with c 

each genJf;àtor of 'the groûp' SUC 3) . In the case, of QED, 
1 c 
~ -

the' photon field is the gauge field associated wi th the 

generator of the abelian group D(l): the group of gauge 

transformations. the crucial difference between QED and QCD 

is that, because of the non-abelian structu~ of SU(3)c' 

the gluons have self-interactions descri~ed by a Yang-Mills 

Lagrangian . 

In the next paragraph we- will' define the Quantum J 
Chrornodynamic theory of Strong Interactions and we will 

trace out sorne useful Q?D properties. 

1. 3 QCD 

The QCD Lagr~ngian is: (11{) 

8 
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... - ~ ' .... 

The theory described by the ~bove ~grangian is a renorma­

lizable field theory of the SI. The funGamental constituents 

are spin 1/2 Ferrn~ fields, the quarks ['l1 (~) ] which carry 

fDact~onal electric charge (see Appendix C) and nonabelian --
A (~") 

spin l gauge fields, the gluons [ ~ (K)] v.J~ich interact 

wi th the quarks 'as' weIl as among themsel ves. 

Explici tly, the various terms in the 'Lagrangian are: 

(i) 

where: 
(a.\ -

~r<'1 (~) 
A~\()<) 
fi ) V 

g 

i abc 

/ 

, a=1, ... ,8 are the Yang-Mills field streng~hs. 

, are the gluon fields 

) are space time indices 

is the QCD coupl~ng constant 

,_are the structure constants of -the SU(3) algebra, 

given by: 

L T(~~· T(~) J ~ J T
Ce1 

L q'DL (1.11) 
) 

where T(a) are the eight 'generators of the SUC 3) algebra. 

~ ___ "k_'*~ ________ -----'--

9 
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10 

It is instructive ta compar~ (1.10) with (l.lb). The non­

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

(ii) are four component Dirac spinors as~ociated 

1 

with each quark field of colour d and flavour j 

. (iii) ( -1. -1;t ) 

; 

is the covariant derivative acting on the quark colour 

,) componen ts w i th : 

J (0.) the, eigh t 3X 3 Gell-Mân matrices. We have 'then: 
~r 

CT(q)) _:L '1 (0.) 

c<r - Tf1 cir Ci. i~~) 

and for the structure constants, 

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

, " 

qo~pling constant g and the quark masses mj. 

(v) The terms "Gauge Fixing" and IIFadeev-PoPbv'in E~/ (1.9), 

are results of the covariant qUftnti~ation of the theory(7),(S) 

'. and they are gi ve~ by: 

( t.N) 

"'. 

\, 



i 
o 1 

.. 
{ 

\ 

" , 

" 

there c( ,is a gauge pq.rameter (not to be èonfused 'Wi th 'the 

col our indices) and 
J • 

Il 

FC\d W1- l1f o
• Il =- ~r ~c..\(" ') cl" Cj'c"fl<.' -~ ~I.. "l;},,"d f't·"v(t.,.. î 

b • (1.15) 
where f{Q)()<.). is a set of eight ma~'$less complex scalar .. 
fields which propagate in closed loops only and ob~y Fermi 

statistics ( 4- ) ,( 15), the so-called "Fadeev-Popov" gh~sts. 
In QC~, quarks of a fixed flavour and gluons interact 

via the term: 

Thi& vertex and ~he QED-analogen are presented graphi~ally 

in Fig. 5. 

·11 

The new feature in the QCD Lagrangian as compared to \ 

the QED (l.l~), is the presence of fundamental interactions ~ 

among the gluon fields themselves. As 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 to the presence of the coupling con- ' 

stant g already at the level of the fiel~ strengths [see 

Eq. (l.lo)J. Sèlf gluon interactions are of two types: 

Ca) Those involving 3-g1uon fields:o 
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~ ·,,~epresented graphica11y fn Fig. (1).­

(b) Those involving 4-g1uon fields: 

represented graphically in ,Fig. 2. 

1.4 "Asymptotic Freedom" and "Infrared Slavery". 

In an attempt to,under~tandthe short-distance behaviour 

of QED Gell-Man and Low( 16) and independently Stueckelber, 

and Peterman(17) developed the concept of Renormalization' 

GroÛp Invariance (RG equation). The RG equation together 

with the operator proVuct expansion (OPE, developed by 

W· )(18) b' f K.G. llson have been proved to e potentlal tools or 

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. ~). 

Applying RG techniques we find that the coupling constant 

is given by: 

= (i:i~ ) 

~ 
where Q is the 4-momentum transfer of the virtual cloud 

and me is the renormalized electron mass. The situation 

in QCD is totally different (Fig. 7). The existence of 

-3-g1uon and 4-g1uon coupling~ that contribute to the QCD 

vacuum polarization (see Figs. 7(b),7(c» produce a relative 
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(f 2)' 
-plus s~gn in the analogous to (1.19) QCD term, namely 

1 
3~-~f i l'V 1. 

-\ ~~ 
0..'2... 

(1'.lO) 
o(ld:) ~(M-) .M.~ 

:L~T 
cons tant' ( f 3) 

.,J 

~ 
where o{s the s trong coupling, , Q as before, 

M of a " 1 few hun;d:pes' of MeV (usually ~ 500 MeV) and f the 

number of flavours. This relative sign results in a con-

tinuous decrease of the ~$ when Q~ increases; as we 

mentioned in the Introduction this renders possible a per­

turbative approach (around 0(.,) at short distances. Quarks 

then are almost free from mutual strong interactions, in 

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

funetions of QCD is governed.by free field theory (the old 

quaPk·moàel Gf Feynman(19) witoou-t gl.l.Wns) •. "This- is the 
-~ 

remarkable property of Asymptotic Freedom. It means that 

corrections to the free field behaviour can be computed 

perturbatively and the specifie theoret~cal predictions of 
c 

QCD can thus be tested. However at large distances (much 
-!"t 

larger than 10 cm, (the infrared limit) QCD becomes a 

strong coupling theory. 

However,bne basic.q~estion seems te have no answer up 

to/the moment: What i8 the mechanism (certainly of a non- -
D 

perturbative nature) that'confines colour? Or,otherwise, 

why quarks and gluons, which appear in the field equ~tions, 
do not appear in the hadronic spectrum? This i8 the problem, 

of ."Infrared Slavery" or "colour confinement". Together 

with this difficulty QCD faces sorne other difficulties as 
/ 
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, 

weIl 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 ~ttempt to answer any 

of these questions. 

l~ 

1.5 Deep in~lastic scattering in the parton model and in QCD. 

One of the most important areas for testing QCD is 

deep inelastic lepton scattering on ~ucleon target(20),(~1)­

(Fig.g~). The total cross section is characterizèd by two 

variables: The square of the 4-momenturn transferred from 
='- , 

the lepton to the hadron, a LC) , and the transferred ene-rgy 

)). Let us define alsp x as: x::: - q?j2,Yfltt'V vll1ere lI}{ is the 
1 

mass of the target hadr9n. 
- " , , 

The main experimenta1 fact is that the cross section 

or more accurately the structure funqt'fons (for a defini-
i ~ 

tion see Ref. 19), are practica11y independent of Q~ and 

depend only on x. This has been argued by Bj.orkeri (21~ on 
, - (23) 

the basis of the Adler sum rule . He proposed that as 

q1..-l;>OO and V~OO (the Bjorken 1imit), -ëhe deep ine1astic 

structure functions Bcale in x: 

)J W:L (y )Q) ,?.t; ()<) U.:ti) 

whe-re 
, Bjcr~\.1 etM~l-

a.1~) 

/ 
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with similar expressions for the other strùcture funct~ons. 
,. ~ 

At that time scali'ng seemed te. be supported by experimerit 

even at moderate values 'of Q1. (Q'J...-:ç" iG-eV\ . 

Today 'deviations from the scaling behaviour have been 
\ 

dete c'ted( 24) ,( 26). ASYl!lptotic freedom has a bearing on 

this interesting phenomenon and QCD, as an asymptotically' 

free theory,' i8 expected to pr~dict those scaling deviations. 

We shall ~ow explail this to sorne extent \ 
. .1' 

The sca~ing behaviour'naturally arises ~n the simple 

~ons ti tuent pictur~ of the hadrol(l.s formulat,d by Feynman (~9) ,(27) 

(Parton model). Partons are assumed to suffer confining . , 

interactions which' are characteriz,ed by a (long) time con-
, 

st~nt ~L pt order l/M where 'M is a typical hadron mass.'-
,~ . 

For' large momentum Jrans,fers there is another tim~ s,cal" 

"rS' much shorter than '2:"1- d~fined' as. : 'Ls "'"' l/Q. These ~ 
~. 

1 

interactions may be treat~d by an Impulse approximation 
" 

scheme: (19) The' partons are m:msidèred as 
. \ 

essentl~lly free 

and "on shell" (i.e. with fixed s~all mass 
'(. 

as Q~OO) and the 

full process ~s assumed ta factorize into a convo~~tion of 

the probability of finding a parton within a hadr~n witJ 

the~cross section for the hard process involying the parton. 

The general structure of the dé~p inela~tic cross 

s'ection in, the ~arton model (qf on~ Jdnd of parton for 

simplicitly) reads schematically: 

..-

deT., ~ (P Q) ~ S .. d~ F CA d<f.p~~~(){PJ Q ) 
. "oclro.,) .'t. ' 
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where x is the Bjorken variable. Its physical meaning is 
\1 \ 

llear: x is the fraction of the qriginal hadron momentum 

P carried by the parton. 

To make contact wi th the \poloured quark-gluon theory 

outli~ed in the'~revious secTion we make the identification 
,/ 

of the partons wi th the quarks and gluon~_ ,-

p~lit~er(28) tried,t~~rOgr~m by calculating 

Feynman quaI"k-gluon diagrams ,to sorne order in 0<.,. Let us , - ~. 

examine a concret~ example. In e-p deep inelastic scattering 
./' 

and to the Ilowest order in 0(.., we have the Born ter~ ,[Fig. 

'8(a) J; no~, in QCD there are also gluon corrections (Fig. 8). 
j ~ 

However, ~n calculating the corresponding contribu~ions, one 

- encounters: infinities that tend to spoil ,the 'perturbation 

expansion. 

16 

1. l (29)-(:H) \ 
These are. of var~ous Lypes: 

a) "Infrare,d" si~;fulari ties; divergencies associated wi th 

soft-gluon emiJSion' [Figs. 8(b), 8(c.)~L~ whiph" are ~âhce~led • 

by divergencies arising' from virtual gluon corrections 

[Figs. (d),(e) ,Cf)]. 
, 

b) "Mass'" s"ingularities; the?" oc?ur when a quark emi1;s a 

collinear gluon pecause the q~ark can remàin on mass 
\ 

shell'. This is,; in general, a di~ease of massless charged 

particles(f4~(Fig. 9). As'a result of ,Politzer!s analysis 

the structure of d6pa.~?f Eq. (1_24) reads as follows: 

(!.:lS) , 

, T 
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where p lS the 4-momentum of the constituent and pey/x) are 

functiG~s calculable fro~ perturbation theory. Politzer 

(28) . . ( argued' that the dl vergent piece ln 1.25) does not really 

'" b~long to :he dC>rcx.rloVl but t.O the structure function Fe x) • 

For the moments of, do-po:d'OI'\ , the follow~ng "factorization II 

of infrared diverg~ncies has been proven to aIl orders in 
j>, (30) 

perturbation theory (for a~l lo~s) 

M is an arbitrary mass scale that has been introduced to 

formally separate lon~ from short distance eff€cts. There 

are,' of course, corr~ctions to Eq. (1.26) of order P/d:" 
~ ~ ~~ ~ 

but we neglect them as p"->ù, Q -,>0:>. By choosing Mo=:; q (taking 

advantage of the renormalizaJj-on group eq uatioJ)) , d&'pcxrlc"l 

essentially becomes the usual parton model cro~~s~ion, 
l 

expanded in powers of o(s(Q î but where only the infrared 

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

calculable. n The 'factors P combipe with the moments of 

the original parton distribution functions 
6l 

effective Q -dep~ndent parton distribution 

F(x) to give 

functions f( );.)d) 

i 
>t;, 

\ , 

rocess inde endent and thus universal. 

is summarized in the formula: 

-

do-\lody"pi-) =0 ) - ~. F ()() d-) cd;;;: pa';'" S~( Q-)] 

, 
• 

1 
,j 

l 
1 
~ 

1 
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9.. '2.. 
The Q -dependence of F(x,Q ) certainly leads to violation 

.' of Bjorken scaling, (see Eq. (1.22)J. 

In This way the parton model scheme miraculously 

survives. However.now the structure functions, or equiva­

lently the parton distributions, are Q~-dependènt. This 
~ .. , 

.Q -dependence is, calculable more easily by solving the 

Altarelli-Parisi equations which will be the subject of 

9..u'r next section. 

1.6. The Altarelli-Parisi equations. Intui ti ve approach 

to the violations of scaling. 

- l' P" t d' d( 32) f 1 h f' . ,Al tare Il and arlS1 s u le or t e lrst tlme 
~ 

the Q ev61ution of the parton distribution functions to 

Iowest order in 0("). The fact that both quark and gluon 

carry colour cnarge, results in two couple~ first order 
~ 

integrodifferential equation~ which govern the Q evolution 

of the distribution functions. Let us introduce d(x,t) 

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

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

Parisi equations read:' 

\ / 

18 

+ 'JC~/'li1~{ ~ ) l 
d~ CX,-t::.) 

~dt 

\ 

( 1-.:28) 

t ~ (j,l:)l1{ ~ )] 

(1.:l'l ) 
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t is defined by: 
2- ;(. Z 

t=lor:Q /Qo Hhere Qo'- is a suitable norma-

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

antiquarks of a,ll fl'avours. The number of qJarks as seen 
, 0j 

by the current probe changes by two mechanisms: a quark 

originally at higher energy, may loose momentum by radiating 
. 

a gluon, or, a gluon inside the proton may produce a quark-

antiquark pair. Similarly the number of gluons changes 
/ 

because a quark may radiate a gluon or a gluon may split 

into two gluons. The fànctions p 
qq' 

p 
qg' 

p 
gq' 

p 
gg (the so 

" called Spli tting, or Altarelli-Parisi functions) are com­

pletely calculable from perturbative QCD and are indicated 

in Fig. 10 together wi th the diagrams used for the il" calcu-

- j~ 
lation. The compon~nts of the Anomalous dimension rnatrix V 

~ , 

(which govern the Q -dependence of. the structure functions) 

" 
are related to the splitting functions by relations of the 

form: 

To order 0(';" equations like Eqns. (1.28), (1.29) exist also' 

for fragmentation functions and for polarized quark and 

gluon distributions(~O»(~l). 

In phenomenological applications one uses directly the 

quark and gluon Q'l-dependent distribution functions. [See 
" 

Chapter II, Eq. (2. ?)] Ta illustrate the usual approach 
~ 

of determining the Q -dependence 

~ 
to the valehce part pf F~(x,Q ). 

Mn (QQ..) of ~ (")()cS) by: ( 33) 

\ 

we shall restrict oursel ves 
1 

Defining the moments 

, 
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(1. '31) 

one finds (&~ ) : 

where 

1l~0.5 GeV,and f is the number of flavours. These equations 

'are contained, of course, in the Altarelli-pàrisi equation~ 

[Eqn. (~.28)] as a special case (valence.part only). ~us, .. 
once the moments of the structure functions are specified 

, '2. 2. 1....' 
at a reference value Q =Q", t:Qen their Q evolution is 

uniquely determined by QCD in t'he leading logari thm, approxi-: 
, ' 

mation. However, in applications we use the hard scattering 

20 

/ formula [Eq. (2.2)] which involves direct use,of'the struc­

ture functions. Thus we need te: (i) Invert the moments 
~ 

in Eq. (1.31) and (ii), parametrize the F(x)Q )s by relatively 

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

present we possess paramefrizatiçns for quark-valence, 

distributions in the leading' 34) ,( 35) as weIl as in the next 
1 

;i:;-~i,\ding order( 3G) and for .sea and gluon distributions 
;'\ ' 

\ onl:y.}n the leading orde~. 
'- -/ 

"-~'./ One part~cu,larly simple way to parametrize distrftion 

and:: fragmentation functions is that proposed by Parisi and 

Sourlas(37) and further developed ,in Ref. 38. The distribu-

,tion functions are parametrized as: 



( 

" , 

\ 

" 

\ 

'f:--=o 

k is a nuwber of Jacobi polynomials which we use to approxi~ 
'2. . 

mate FEx,Q ) in the interval OLx~l. C are "constants" k . 

f 
. . (39) 

o the paramet!'~zat~on . The idea behind this parametri-

zation is the following: 
1.. 

The ~ingular part50f F(x,Q ), for 1 
q 

x~l and x-"lQ, are factored out in IEq. (1.32) in the form 

p '" -,N q f X ({-1-.) ; thus the rernaining polynomials L; \:-=-0 ~ 'X . 

converge fast enough to permit a simple and accurate para-

rnetrization of the stpucture functions. 

( 

/ 

\ 
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CHAPT~R II 

REAL PHOTON PRODUCTION IN 'HADRON-HADRON 

COLLISIONS IN QCD. 

2. l Hadron-hadron collisions and the production of hadrons . 

at large PT' 

Hadron-hadron scattering differs from lepton-hadron 

{>ince 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 sy~tem of quarks and gluons 

(diquar~s etc,). ' The fact that now tne gluon participates 

directly in the hard.scattering subprocesser introduces 

one major phenomenological difficulty: the gluon distribu­

tion function, which is-not probed directly in deep-inelastic 

scattering, and thus it cannot be measured exper~~entally.\ 

.. Never:theless, large PT physics has contributed much in 

shaping our understanding of the nature of the perturbati ve 

QCD regime, so it is worthwhile to examin~ it closely. 
, , 

The firt;t application of the parton mOdel ta large-PT 

hadrort production was carried out by Berman, Bjorken and 

Kogut < ] ) , ( 2) (BBK m~del); this is lDased on a generalization 

of Feynman' s parton model. Here aIl large-PT hadro~ pro­

duction arises from the quark-quark subprocess qq~qq, 

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

If the produced hadron emerges at ~G,,(I'\=90o relati"lre 

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

1 

22 
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the BBK model predicts that the inclusive cross-section 

exhibi ts scalirig in x T : 

, (?.1) 

where x T = ipi/~, PT is the transverse momentum of the 

produced hadron, '\fS- is the total c.m. energy (~Q. 'p;l1t ) , 

and (E,p) is the 4-momentwn of the'produced hadron. Un-
, ( 3 ) . 

fortunately, confrontations of (2.1) with data strongly 

discouraged simple interpretàtions based on point like 
o -

: parton interactions. The reason was that the experimental 

value for the PT exponent in (2.1)'turned out to be~-8. 
1 ~ , 

This important finding'brought into fashion the Constituent 

lnterchange Model (eIH model) ( 4) which predicts scaling and 

P -'6 for the one particle inclusive (IP!) cross-section. 
1 -

23 

/ 

In this particular model-qûark-meson (q-M) scattering dominates. 

C 1 · . f d' . l t' l (5) ,.( 6 lM makes exp lClt use 0 the lmenSlona coun lng ru es 
-~) . . -" 

which predict a Pi behavlour for the IPI cross-sectl.on and 

thus fi ts the data at PT~ 1- GeV. However, insufficient expla­

nation for the absence of q-q subprocesses as weIl as the 

dissimilarity observed between the trigger jet and the away-

side jet favoured quark-quark scattering over qu~k-Meson 

(r)-(H) 
one • 

In the'summer of 1976, experiments in deep inelastic 

lepton-nucleon scatt,ering confirmed earlier theoretical 

e 
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• (12) (3) 
expectatlon~ , by providing evidence for violations 

• () 11) 
of scallng , Those early theoretical calculations 

were done in the context of QCD, which predicts logari thrnic 1 

deviations fro~ scaling, (at least at high energies) and are 

of great importance in large PT physics; the structure func­

tions that explicitly enter the hard scattering formula 

(see below) are now slowly varying at large rnomentum transfers. 

'This important experimental finding together with the fact 

that scaling violations arise naturally in,QCD marked the 

adoption of Qc'D as the leading candidate 'for a theory of 

Strong Interactions. 

In the beginning scale violations in large-PT hadron 

production were introduced by taking into acccunt QCD re­

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

distributions in a tractable forro satisfying more exact QCD 

. b ° 1 bl (19) ,(2D) 
requ~rements ecame ava~ a e _ • 

Furthermore, QCD requires that, in addition te qq~qq, 

subprocesses like qg .... qg, gg-gg etc, ~ontribute in large-PT 

hadron production. These contributions- were first calculated 

( 21) 
by Combridge, Kripfganz and Ranft, and by Cutler and 

• (,22) . ' '. . f' (;L~) 
S~vers and found to be very slgn~ lcant. 

, Finally, several reas,ons pointed out the necessity of 

introducing sorne "primordial" transv~,rse momentUffi kT to the 

initial partons. A main reason was the experimental informa-

tion on the PT distribution of dileptons produced in hadron-
'\ . 

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

\ 
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1 Wi th aIl these ingredients taken into account successful 

phenomenological analyses of data on p+p ~lT"-{ 2C at PT ranging 

up to 'V 16 Ge V w_ere carried out ( 2 I.J) - ( 25). It should also be 

stressed that more recent data in the large PT region 

-6 /: 
(PT~7 GeV) support now a behaviour "'Vp. dl,.~) which is much 

in favour of the QCD approach (26.)- (2,8) 

In the Introduction we explained to sorne extent how 

scale violations are introduced into the structure functions 

by factorization of mass singularitiesw By taking advantage 

25 

f f . .. (29) 'd· t 1 't d th o actor~zatlon we can lmme 1a e y wr~ e own e expres~ 

sion for, the inclusive cross section of large"'PT production 

of a hadron(~O) (see Fig. 11) 

The various terms are: 

de/BooM) . The Bo~n term contribution to the elàstic cross 
d~ d 1 

section for qq,qg,gg scattering, calculated using 

the running cClupling constant o<sCQ2.). Q~ is the \ 

.tLarge" variable of the subp:J:"ocess (proportianal 

/ 

to p; ). 

\ 
1 

/ 
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\ , determine the probabili ties the partons 

q1 ;q2.. to emerge from hadrons h 1 ;h~, w:Lth 

fraction X('\,1; 'h of the linear momentum 

of the hadron at the value Q~ (distribu-

tion functions). 

determines the probability for the parton '1") 
to fragment to hadron h, carrying away a 

fraction ~) of the momentum along the direc-
4 

tion of the parton q ~ at the value 0. 

{fragmentation function.) 

26 

are the Mandelstam variables for the subprocesses. 

Th; fragmentation fun'ctio~ ,Dilq,6(~:>à) can be calculated 

from e+ë ->.>-h X and is related to the distribution function 

F~{~ (at least -to the:lowest order) by the Gribov-Lipatov 

. . l· (31) 1· b t' d h t h reclproclty 1'e atlons ,t lS to e no e t a t e 

existence of the fragmentation function D~11' which behaves 
m 

as (i-x~) ,suppresses .significantly the cross section at 

large X;, (or }arge PT). An illustrative example is the 

__ hadronic production of netitral pions (~1-t~'2~1fo+X); this 1 

invol ves a fragmentation function Dvo/1 or DTf/3 (for 

1!-~1fOor ~-';>-(), which suppresses the cross section as PT 

( increases. 

We turn now our attention to large PT direct photons. 

/ 

/ 
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2.2 Direct photon production to 0(0('5) 
In perturbative QCD, and to the lowest non trivial 

o:r>der in both coup1ing constants (qs and c{e.WI ) , - large PT 
• 1 

photons can be produced by the Feynman diagrams (a) ana (b) 

of Fig. 13, together with their crossed ones. These diagrams 

are the so-called "compton" (qg..,.q~) and "Annihilation" 

diagrams (qq ..... gg). 

Comp~on scattering is_ expected to dominate in proton­

proton collisions since the gluon distribution in the proton 
, 

is stronger than the antiquark distribution which enters the 

"Annihilàtion" contribution (for the relative strengths of 

-these distributions, see Chapt. III, Sec. 3. 3 and Ref. LIT ). 

27 

'To this order, the same diagrams that give real photons 

gen&rate àlso sorne transv~rse momentum of th~ virtual photons \ 

in the DreIl Yan production of lepton pairs of large invariant 
, 

mass M(32). The expansion in ~S is still valid because of 

the large momentum\flow in the q-g (or q-~) diagram which is 

now'sustained by the transverse momentum (PT) of the produced 

'<.) . photon (o(~( Pi) instead of the mass M of the lepton pair 
,.. -

(o{,;(M~) The DreIl-Yan diagram qq-+~.-'I[e, , which is the 

":n e+n-Born term. ~ production does not produce photons at 

th 
( 32 ) - ( 3 ~) 

It has been pointed out by several au ors , 

that QCD might give large direct photon yields through the 

'perturbative diagrams that we- mentioned before. - A convenient 
/" 

way is to cons.ider the ratio of the cross sections: \ 

(~."3) 
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1 

Now photons are electromagnetically coupled to quarks 

(point-coupl~ng) and their weaker (than the ~O) coupling 

is compensated by the fact that their production does not 

involve any fragmentation function. Thus one expects the 

ratio ~I~o to incre~se with ~T' following the decrease of 

the fragmentation function of quarks and gluons ta a pion 

(32),(34). 

" 1,28 

Earlier calculations found rather high direct photon'. 

yields without taking into account scale(32),(33) violations. 

Explicit and consistent use of scale violating quark and 

gluon distributions somewhat diminishes the rate \ 
~. 1 V' (35) 

1)1+1)'4 ~ Dr.J'. . 
In our work we calculate~direct photon production in 

pp-, W', and 1fp collisions with sc-ale violat±ng quark and 

gluon distributions [including aJ.so the photon Bremsstrahlung . , 

c6ntribution,see Sect. (2."3)]. In particular for pp col-

lisions we predict a 151rro ratio (for large-pt and s) 

O.~ "V O.~ 

and comparable or even higher ratios (see Chapter III, 
\ 

Sec:. 3.3)" for, <p and pp. We believe that verification 

of these predictions provides a very ~mportant test of 

QCD. 

The kinematics for ~1 +RJ..~~+x are illustrated in 

Fig. 12. 
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Then the Mandelstam variabJ..es at the hadronic level are 

, \ R- -
oh -= (l\~- pl :: ~~J?1 p (2.5\'. 

Q 

L.{ ~ (P;1. - p ) :::. - 2.J?:l. P 

:( =l. :4 
w~th p=o ,P1~C ,g:~o, where P)!1)f;. are the 4-momenta of 

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

respectiveIy. 
, 
\ 

\ 
,----

At the corù::.ti tuent levèl we have: 
\ 

\ 
\ 

s ~ 

:=(~gt-~~) :: )<1)C.~Q.P1 P2. -

~( .' ,--

, 

-:t , 
_~2PI t ::. (!\1PI p) P -

:t 
== -~2g P Q" = (~P:l - p) ---

, 
The inclusive cross section for the 

)(1~5 tL+) 

'X t' 1 
(2.9) 

~1J... (2...'1 ), 

" production of real 

29 

photons can b~ calculated directly from the QCD -Born graphs plus 
~ 

factoriza<t:ion theorem. ,Here we would like to show how i t can be - . 
dedu6~d :from ~he expression (.2.2). First, the fragmentation 

function Dhh~)Ç;;l~)iS ,replaced b'y"a delta function at 

)(~ ::::1.. ~ 

(~.10) 

\ 
\ 

\ 

\ 
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/ 

This is the exact -mathematica1 formulation of the fact that' the 
o _ 

ph,oton has a point-like coup1ing ta the quarks. By intro-

ducing (2.10) into (2.2) 'andperforming the )(~-integration° 

we get: 

" \ (~) ~ -'\ -\ 
l< 2- ClI5 (a a \ ùé ~ t -l::. +Q) + - A ~ D 

1t df ".,h} . 

where ~ 3: and Ct ,are given by (2.7), (2.8), and ,(2.9). Using the 

follow:\ng property of the delta function: .. ' 

with x~a being the solution of f(~)::o, we ca~ eliminate 

one integration in (2.11) thus getting finally: " 

Here ')(1 and 

Y-.t~5 
,f< (~S-\-'u..) 
')C.::t are given 

)< l.. ::: ~lt -
X ... ~ Hl 

\ 
by: 

')Ç.1' ;'4'1\."" ::. 
-u.... 

) 
stt 

y 

4 ~ ~ 0 

( 2 .13a) cornes from the relation ~ \--E t\.t ::0, if trans;lated in 
1 

terms of the s, t, u invariants. (2.1.3})- is obtained frOln J 

\~ 

, 

" i 
! 
1 

~t 

l 
0,0 li 
,',' 

: ~j 
o' i 

'1 
~ 1 

J-
01 
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\ 

,~he condition 6·~>S.~i Now if we choose the photon to 

emerge a~ Ç)c..VV\= ')d) Cperpendicular to the beam-ta~~t a~is), 
, " 

th en in the c.rn. of the co11iding hadrons the Madelstam 

'~~:a~~~bYC0pte : 

~ 

-,' 

and 

'" -;(. 
l't)<.T'S -1::::= 

t2.. " 

(2..15) . 

A J. 
)<.:t ~TS u. - , --

:l 
(7..-16 ) 

wi th X-r=2prfiS and fi/~ the, c. m' energy of the almost mass1es s 

beam (or t'arget). ,Inserting (2.14) bacK intb (2.12) we 

fi,naI1y get: ,Cv 

d-
q (SO()')} 

'O"'q.1ch A~B ')(: + 
(2. 'i-r -x,-) ~~ 

(.z.1:r ) 

where now: 

~i;'rYI'V\ = 
~T 

;(.-~I 
and 

X2. ::: 
~1"i-L 

.. 
~X ~-)(T____ ", 1. __ .. 

". 

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

bution functions according to the scheme: 

31 
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Ct 
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~ ~ 

F 111 A (>'.t) Q) -"l )<., F ~ 1 A (X1 ) Q ) 

The summation 2'h~~ l'uns over quark flaveurs 

neglecting charm) and gl uon. 

(d,s,u ~ 

The subprocesses differential cross sections have been 

calculated hy a direct application of the Feynman rules for 

QCD( 38). This calculation can he easily carried out using 

the Feynrnangauge for the gluon: (this . is certainly correct 

when there is on{y ~ne gluon" involved) (36» 

spi~';) 

where E;t' is the gluon polarization vector. For the colour 
"\ ... 

Burns· the following identi ty among the coleur matr~ces l.S 

needed: 

I{p 

"where a is the gluon colour Cl, 2, ••• 8) and i, j ,k, 1 are the 

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

gl"uons are considered to be massless. Finally the cross 

sections- are summed over final colours and averaged over the 
r 

initial, ones. -

We list here the l'esul t of the calculation. for the 

"Annihil~tion" (qq...",~~) cros~ section we get: 

do-'tii = .. <&-q-o(o(~:(' ~ + 1- )::. Jc-~~ 
dt ~ 4 -S:t ~ ~-\ ci-l 

, 

32 \ 
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and for the rr Compton" (qg"-'q~): , ' 

In these form~las the quark charge ~ is gi ven in uni ts of 

the electron charge, ~.'WI i8 the electromagnetic coupling 

const'l}lt Cunless otheI'wise specified) a~d ~(d) i6 the- QCD 

running ,?oupling constant ,for four flavours: 

(.l.2.5" ) 

This value 
~ , 

\ 

has' been found by the authors, of Ref. (37) by fi tting the 

33 

'asymptotic-freedom fOI'.JnU1.as (beyond the l e.a ding. approximation) 

to the -mom\nts of F3. , The data th,ey used were those of the 
'('38) \ 

BEBe group (for another set of data' see Ref. - 3'9). 

We have now listed all the ingredients to proceed in the 
/ 

calculation of reël.l photon' production to (~s >.' Details from 
, 

the structure funct·ions that enter (2.17) as weIl. as discussion 
~ 

of the kinematïcs for- the kT effects will be gi ven in Chapt'er 

III. 

2.3. The Bremsstrahlung contribution to direct photon 

product ion. 

The QCD radiative corrections to the DreIl-Yan formula 

o( qq~~4lepton pair), to tJ(c(~), are the "Compton" .frig. 13(a)} 

and "Annihilation" [Fig. 13(b) J subp~oc-esses.o 'l'hen the 
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'", 

"Bremsstpahlung" (qq-"'qq~ " dié!-grams [Fig. 13(c)] contributes 

an <J(o(~) correction. However, it invoives quark valence 

distributions which are stronger than the antiquark and gluon 

distributions that enter t'he f)rel1-Yan formula as weil as 
./ 

the "Annihilation ll and the "Compton'~ cross section. Thus 
1· 

in proton-proton coll~f3ions, the apparent 'supression of 

34 

this subprocess by powers of o(~ can be~ effectively compensated, 

in certain kinematic;al regions, by the relative strength of 

the quark distribution, inside a proton, resulting thus 

in )a sizeab1e Bremsstrahlung cross section. This is indeed 
r 

the case when '~one approaches the kineinatic boundary of the. .. -
reaction p+p...:re € .. X which corresponds to di1epton mass 

M .... fs< ,+0)-('42) • 

This particular é}{~) contribution,~ can be even more 

Sign~f~cant ip the case where the c.+e- -:,"pairs are produced 

wi th large transverse' momenta, obviously due to the absence 
+­

of the qq~f~e. e Born term. 

the case at large lepton pair , 

Again this is 

( 43),(44) 
PT : 

found to be 

/ 

But now, as we have discussed in ·Sect. 2.2, the,same 

QCD diagrams that\ contribute to the transverse momentum of 

the lepton pairs, give aiso real photons at large PT' Th us 
, . 

we may anticipate that the Bremsstr~hlung diagrams [Fig. 13(c1), 

l3(~)], give a nonnegligible contribution to direct 0 
production in p-p collisions, as weIl. 

This contribution has been recently ca1cu1ated iyVâei:ëiil. 

(45)-(47) The dominant parts arise from two Chara!t~ristic 
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. . . . (48) 
k~nemat~c conf~gurat~ons 

(i> The intermediate gluon almost eollinear with one of the 

t' seattered quarks [Fig. 13(c1 )]. 

• c 

c 

\ 

(ii) The emitted photon almost collinear with one of the 

final quarks [Fig. 13(e2)]. 

We shall diseuss each configuration separately. 

The caleulation of the contribution from the configura­

tion' Ci) is very similar to that of the ()(o(~) contribution 

(4'3) , (41+) 
to lepton-pair production at,large PT . First, this 

contribution i~troduces a singular term proportional to 
q' 

loge Q2./J'4'2..) where ~ is sorne regu1arization mass. This "mass 

singularity" (se~ Introduction) is absorbed, by well-known 

procedures, into the gluon distribution functj.on, thus 

implementing (to Ô(o(,» -the G.~ -dep-endence of F~ I~ (X )d') . 
However we are also left with a finite ,correction term. The , 

"magni tude of this correction term depends, to sorne extent, 1 

on the âefinition of the gluon density inside the quark(43)-(4S) 
" . . 

which is of the general form: 

"-

Here -11 , ( 51) 
is a probabili "ty. function (see Fig. 10). 

f 

Gf::.'il~ for colour SU~3). To specify the functiori ,~X) 
sorne convention is necessary. Following Ref. 48 we cons~der 

\ 
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~he longitudinal structure function FL()(.,Q) of deep inelastic 
,- !=V.l.) 

scattering, we calculate the ~s correction due to the sub-

process 9.\+-~1~1(~(tt~ (~~ , the deep inelastic virtual p,hoton) 

d 'f \1 () ,', h' , (46' an spec~ y \.r\. 1 ~ 1\ by comparJ.ng to t ~s correctJ.on • 

We find: 

V'l'hus the gluon densitY"inside a quark, Eq. (2.26), is fully 

specified. 

To give the corr.ection term arising from the configura­

tion (i); i t is convenient to intro'duce the .. ,covariant variables 

~ and il defined as fo~lows: 

where p~ , p;tare the 4-momenta of the initial quarks and p 

is the 4-momentum of the photon <Fig. 14). We also express 
\ 

thè 4-momentum k of the gluon in terms of Sudakov variables 

e<,p,«43): 

Then, after carrying the integrations with respect to e and 

~ and after absorption of the mass ~ingularity we ob tain 

the correction term: 

·i 
1 , 
i 

~ 
1 



-- - - "----f 1-' ,_,c,,, __ - _ ,- - _____ , _______ - ___ ---~,-- --,." .. ----- •• --- --.~_.~ ____ • __ • ______ _ 

\' . -- '- ' 

( 

( 

o 

where 

In (2.30) the quantity ~ +:1- S is proportiona@.. to the 
1[ 

squared amplitude for qg~q~ expres~ed as a mixture of co .... 

variant and Sudakov variables. The region of integration in 
/ 

(2.30a) i6 specified from the requirernent ~JD-~ ~o (see 

Fig. 14), where ~·,o, \'2.0 are the time components of the 

lf.-momenta ~ '~2.' This requirement implies:' 

In addition to (2.-31) we hé\ve also ta take into account the 

restriction O~o( ,p~i( 1J3) • Then ~\'r\<X)..= i to(-~- 'YJ. Furthermore 

for a photon at 8c.",::'~oo w~'get(:7): 

where as in Sect. 2.2, X.::.:J. PTI Vs and PT ois the transverse 

momentum of the p~oton. 

We turn now ta the contribution of the kinematiol, con-

figuration (ii) [~almost ~ara~lel to a final quark, Fig. 

13(c
2
)]. The contribution of this to the ,cross section for 

37 
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q+q-"q+q+ ~ is: < 

dt/le) ~ .2.1[",e"~(~\r~ S'Co<_lL) J? (.!L) 
Jiu '3 s';l., If Î c:< XT, ~1- 0{ 

l< eo:J -s(~~""-o() lM(oI) r 
p'J.. '\.'1. ~ 'J, '1. 

with 

and 

~'t-"J'l'1. being proportional to the q-q elastic l?cattering 

amplitùde (Fig. 15). 

I~' Eq. (2.33) the terro ",p~~ eod3/pl is the leading term 

of the fragmentation function of a quark to a photon; notice 
. L ~ 

that i t introduces an s-dependence (or a ~,...., fT -dependence). 

This fragmentation function to the 1eading order in o(~ is 

g"iven by: 

.. 
, 

J)~11 ()(,S) := -.(~~ e~ ~~ (,,{eo~ ~ f 1{ ~'1. (,,) ] 
.2tr' ~ 

(~. ~6) 

The function tt~'\-{~) can be sPecified by calculating the cross 

section ofe\ë-::,~+X(q5)(see Fig. 16). 

Fina11y: 

\ 
!' 

38 
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We (~an now easily recognise the term log(l-x) in 

Eq. (2.33), in the form log(~'W\q;-o()' if we take also into 

account Eq. (2.34) ~nd Eq. (2.31). 
'l. '2. 

In ouf. calculatiQns we replace ~~Ae. ànd use 1\.(. -::.0.5 

GeV,. (see also Ref. 45). In principle,- Ae should be de-

39 

... - v X termined by fitting data on e~~ 0+ with the form (2.36). 

Unfortunately, such data are not yet availab1e (May 1980). 

The complete correction term from qq~q ~ arising from 
1 

both configurations (i) and (ii) is: 

To obtain the Bremsstrahlung'correction to 

'pI'oc.ess A+B-I:. DtX we convolute dIS/da. with 

quark distribution functions: 

Il 

the P,hysical/I 

the ~-depe'dent 
1 

/ 

1 

/ 

A final remark must be made for the f~ther use of the ~ 

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

weIl defined prescription for obtaining the non-Ieading 

finite term, our numerical estimates are at bestlapproxi-
q 

~ate. For a consistent analysis, the parton distributions 

should be determined from deep inelastic scattering data 

using the,. next to leading order formulae ( 37) , ( 51) \ ( 52) • 

However, even for valénce quarks, :the parton distributions, 

are pres,ntly o~ly leading logarithm estimates. Anyway, 
, 

a bigger ~certainty is introduced bM the unknown gluon 

/ 

/ 
/ 

/ 
/ 
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distribution function (see Chapt~r III, Sect. 3.3). 

We turn now our attention ta some ather cant~ibu~ions, 

which are not of the conventiona1 QCD type. 

2.4 Other contributions. Vector mesons and CIM. 

Ci) Vector mesons. 

According to the Vectar Dominance mode1 (VDM) there is 

a direct coupling of the various neutra1 vector .mesons ~ and 
\ 

the photon (see Fig. 17). In our discussion we shall con-

sider only the "light" vector mesons, p, CU and cp. ,,' - ' 

Fo~ the experimental ratio ('0 (-yro ), VDM -predicts: 

O:111r .a~e the various couplings fo~ the vector mesons: 

Ô!/ J.t-cr c S'.l{ j ~~ t 911""=- J.f.,. ~i;/tt-rr=o.6l.f (53) • The ratios 

(Vitro) are defined as in Eq; (2.3) and, forpT~lj, are taken 
f to be:(54)-~ 58),( 6) 

·A direct application of Eq (2.39), using the above data 
\ 

gives: 

This ls indeed very small"much smaller than that predicted 
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by QCD (see Refs. (32)-(34) and Chapt" III). In subsequent 

comparisons of our theoretica1 predictions with experiment , 

we sha11 neg1ect the VDM contribution. 

(ii) The Constituent Interchange Model (CIM) 
i 

The CIM(60)-(62) predicts direct photon yie1ds at'large 

PT' through the fo11owing basic mechanisms: 
1 • 

a) Promp;t processes: 'tM~1 ~ , 't-'t-'1MO' where _ M stands for 

meson, 

b) Final Bremsstrah1ung processes: 'l.M.~1-'~ (,!-/~~) ) 

9. M ~ 't'ftl ('l' ~ ~) 
Explicit application of the dimensional counting 

1 (59)-(62) h' h 1" t" ( ru es , toget er w~t 'a proper norma ~za ~on see 

below), shows that in the CIM dominant source of high PT 
1 

photon3 is the prompt process 9..M.-'-'f.o shown in Fig. 18. 

For this particular subprocess, CIM predicts an inclusive 

cross section of the form: 

\ 

E da ( pp ~ ale) oc 
d),:> 

and a ( ~I~:~p )~10% ~t PT = 3.7 GeV. 

(2..~1) 

, In this estimate, the CIM normalization consta~t,­

usually denot"ed by a ~ 62), is taken to be ~", ~ 2 Ge V~ • In 

41 

this way CIM pre dicta significant photon yie1ds also at larger 

PT. Recently, however, it has,been argu~~(63) ~hat Q.mis of 
-:1-

t~e order of 10 GeV;then the CIM contribution is unimportant. 

We conside~ that the question of normalization of the CIM 

contribution is unsett1e9,~at present. 
\ 

1 

1 

, 
; 
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Nevertheless, on general'grounds(6l),(64),(65) , , we 

may anticipate an e~pansion of the 1 particle inclusive 

cross section of the form: 

(neglecting logar~thmic corrections). It is certainly of 
f 

(2.. l p. ) 

great importance to obtain theoretical and/or phenomenological 
\ ' 

information on the magnitude and shape of the functions 

I(XT ) Sc:.m) ) g.' XT 53 c.~ ), 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 de.tailed calculations , 

using only the aforementione~ QCD contributions (Sects. 2.3, 

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

in arder to understand the "per'turbative regime" (PT~Li) of 

photon production we have to resort to other models as the 

CIM. 

Having thus formulated our- problem, we proceed no~ to 

compare the results of our 9alculation with experiment and 

give' sorne predictions for the cases where experimental data 

are not yet available. 

o 

" 1 
1 

1 
1 

, 1 

. ' 

1 
1 

,1 
1 
1 
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CHAPTER III 

CALCULA~ONS AND COMPARISON WITH EXPERIMENT 

3.1- Distribution functions ln QCD 

It is customary in the phenomenology of large PT physic~) 

to split the quark structure- functions ~'A ' into a "valence" 

u 

theoretical justification for this spli ttirrg( l ) + 

(OV) and a "sea" (t ) part. L ----- q , 
There is however, no rigo~ous 

Î 

Quark structure functions are available for valence and 

sea quarks of different flavour's as a result o-f recent accumu-' 

lat~on of accurate lepto-prbduction data( 2),( 7). Their 

!l. 
Q -dep~ndence has also been found to be cpnsistent with QCD 

predi~tions • 

The gILuon distribution 'function' is not directly p!,cpbed 

in leptopro~uction, and reliable determinations are difficult 

ta ob tain ( B )- (~)'. Thus, in the present wbrk, we are ob­

liged to make ""'certain choices. For the gluon distribution 

inside the proton we choose two charactspistic forms: 

(I) A " s trong" gl'uon distribution: "" (i+1X)(i1-)C.)~; we notice 

that as x--'>l, the gluon distribution behaves like (i-X)~) 
in accord wi th more recent considerations based on the 

Al Il ' P . . . l t' '. ~13 ) tare 1- arlSl evo u lon ..... equatlons . Also we notice 

that the factor -1+1)(. e~chances the gluon distribution at 

intermediate x. Such a forro was fi-rst proposed in Ref. 14, 

on the basis of their QCD analysis of p+p-'),f tX at large 

PT; for a J:'ecent justification see Ref. 15,', 

\ 

\ 
i , 
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(II) . " d' 'b' (,5; . 5 A "wea{: gluon 1str1 ~t~on: "'"' ~~)(.), ~:: on account 

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

In our work we are interested in inclusive~ photon pro-
f· - ---.--/ 

duction in pp ;pp and li' p collisions. For the various dis-

tribution 'functions ins ide ."the proton we adopt the following 
,\ 

notation: / 

) 
('3,1 ) 

with: 

-(~.2. ) 
, 

;Il! 

1 

: J 
1 

" 
1 

! \ 
\ 1 

• ~ '2 

and -l("X) Q) ar~, th~ momentum . : 
1 

1 
distribûtlons of u-valence, d-valence and sea quarks and an -f 

t 

SU(s)-s,mmetric sea has been assumed. Similarly when q 1 

. 
is a gluon we set: 

! , 
1 

-! 
1 
1 . ~ 

F11 p('l<)d) ~ d (x,Q ) 
1 

i 
1 
j 
! 
1 

~' 2.' rt' ,;t, ' 

Also notice the relations .tt '\1 P (~>Q ) ~ .t'4./p()(/~~) which 

1 
î 
1 
1 

will be useful for- the apP.licati6ns in Pf> ....... ~tX. 
" 

\ 
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We present calculations with two different sets of 

.parton distribut~ons (1) and <rI). (Corresponding to the forms 

(I) apd tII) of the gluon distribution lJe ioned abovê.) 

S (1-)(16) . "" F( Q~) d . - d et uses ~nput d~s tr~butlo 'f.. 0 eterm~ne 
, ) 

, Q 
essent~ally by counting rules. The Q- dependence is obtained 

by Mellin - inverting the QCD predicted moments [see also 

Chapter 1, Eq. ('1. 31)J(17) , and fitting the predictions witn 

reIativeIy simple forms based on improved parametrizations 

<. of the Buras-Gaemers type (see Appendix' A for deta1ils) . 
... , \ / r 

Here for later purposes we present only ~he u-va1ence and 

"gluon distribution of this set_ (Fig. 19)(18). 1 In set (1): 

and 

the 

. with 

0.5' oeV 

as we mentioned before, the glu,?n distribution is of 

"weak" form: 

Q~ -o -

; 

':l 
~(')(?Q ) 

~ 
1.8 Ge V • 

S-- .. 
-:::::; ;2..4 (1-~) (3 .. 1-) 

Set (II) uses the following input distrib~tions~~),(19): 
1 

~ , 

-,t. ( !-,.:;) (c.o + c.-;T1 ~ (~1':l. t- C') T3 ) + 
r- " 

4/Q, 1 l 'T +- ~r (-i-)C.) (cp + Ci i) (3. ~ ) 

J-

\ 

l, 

'~I' 

... l~ 
l 



~----~~ 

( 

/ 

J. . . .--
-'/--' ' -, ~ 

with 

In the 

polynomials 

In set 
[ 

.) 

10 
-::: 0.215 ( -:{- x) (3.10) 

formulas, above 711::: T11{2.X-"l) are Tchebycheff 

, d' . 
and ('l1.,cl1.,dl\' YI. are given in Table 1. 

<-
(II) the q dependence is obtained Dy exact .. 

QCD moment réquirements and numerical invers\ion of Mellin 

transforms(19). This exact result hàs ~en pararnetrized 

in Ref. 20 and is based on ~' improved Parisi-So,u~l'as method. 

In Fig. 19 weIl illustrated the u-valence ànd gluon dis-
Q. " 

tributions of Set (II), 'including their Q :'dependence. In 

this set: 

i\ =- O~ '1 G-eY (3:1i) . 

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

the "sct:rong" form: 

, , . 

o 

't~)G~) =- b.~66 (H~,,) ({-X)~ / 

1 

/ 
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'<. \ 
with Qo =L~ Gev . 

AIl these parametrizations have-been chosen so that 

they satisfy the momentum SUffi rule: 

~J ~" F.: (",Q~) "i-
L 

where i runs over ail quark and antiquark flavours and over 

the gluon. 

For the parton distributions inside the pion we present 

calculations for two different sets of input distribution\ 

hereafter ca11ed Set (i), Set (ii). Both of them are para-

met~ized as follows: 

(~.14) 

(~,1:5) 

and F'cI/1T+==-t4../îrt etc. (see Appendix BL In Eqns. (3.14); 

( 3.15), V is the valence part of the distribution 
~ :t , 2. 

and S is the sea part. Then, élt Q =Q;)=3 GeV and A =0.5 GeV ~ 

, the two sets consist of: 

Ci) Fo~ms determined from old counting rules (Chapt. II, 

Refs. 5-·6) 

\ 

) 
- 2 (i-x) - Jo 

WE" wx 
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Cii) The following forms: 

rz.. 
i.3SC1-~) -

/ 

In set (ii), the form of V (valence distribution) has been 

determined by fi ts on ce;tain If-+-.N -)0 r tf': X data (21) ) (f 7) , 

and the forms of Sand Fd/:Jfl: are taken more in accord wi th 

h . 1 "d "(23) . recent t eoretlca conSl eratlons In Appendlx B we 

give the details (constants and parametrized forms) of these 

two sets of distributions. -

It is known (8) , (22) that there is an ambigui ty in the 

choice of the large variable Q':<.., that enters tlie' running 
,r 

coupling constant ,0(')\&) and th~ parton distributions 

FC )\/:;."). For indica-tion we mention here some possible 

choices: 
\ 
',' ('"'' /h ~1. - ';:,tu. 

~ ~ /\--\ 
(Ai) 

~?. S-lu. 

( stt-f'l..+-Q':t) 

") 

\ 

'l'hroughout our work we make the following simple choice: \ 

iU III.lInl .. .111 "IeF,,! ($ $ 7L 

ilS 

'< , 

R ... ' 

\ 
'1. 
f , 
j 



/ 

\ 

" 

This can be argued as fOllows(18): Due to the fact that 

the d;i:'stributioris F(x)q<-) decrease fast as x4 1 (see 

Fig. 19), much of the contribution ta the integral in 

Eq. (2',17), comes f.rom the region: 

./ 
A A '\ 

Then in view of the relations (2.15),(2.16) ç.nd 5+ttu..~O, 

(Al) becomes: 

:t Q. 
Q-=:. ~.5 PT ) 

(A2) " 
cQ '2. ::: 

Lj ~ 

'3 PT ) 

, ':l.()':L 
Clearly, the choice q ::::.vPT lS somewhere between the 

extremes, There are rather sma11 quantitative differences 
". tJ... 

wi th these choices of Q. For example in goipg from 
~ Q' 'l. /v'\ ""1 -,\';l -1':l. -\2.) 

CS)::.'l PT to Q::. i Ô tl..l (S H: tu. typically changes the total 

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

, , 

3.2 The parton kT effects. 

49 

J" 

"Anather ingredient in the QCD description of large PT 

direct photon (and hadronF production i8 the transverse momentum 

distribution (kT) of the~ncident partons inside thei~ parent 

hadrons(2~)-(2B? Experimentally the transverse momentum 

distribution of muon pairs produced at Fermilab and at 

the ISR was observed to be rfither wide(29)-C3l? Simple 

_'iii. Iii !II JUil :_1. B 11111' m 7 n2 

'., '"\ 

t 
1 
l' 
~ 



( 

c 

t 111 

( 31) 
QCD fits require an average value '<'~T)~ 0.7 GeV • 

,However more recent d~termin~tions ?uggest a not too large 

<h>':t 0.3-0.5 GeV. This is the amount of "primordial" 

or "intrinsic" kT required to f,i:t the Fermilab data, if 

the contribution of the diagrams of Fig. l3(a),(b) and 

tha t of higher order QCD g~aphs corresponding to soft 

50 

. - (3 3 ) (3l~ ) 
(multiple) gluon Bremsstrahlung are taken lnto account ' • 

Anyw~y, in aIl our calculations we use 

0.'5' CreY 
\ 

To include .. tl'~e kT 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: 
j 

('______.1 

, 

(3.~1) 

where 

... 
}(~ =- ~io ±..k L'? ,)" ~ ~ ~-Pi. 

" ( p~ as in Chapter II, Sect,,~ ). The subprocess invariants 

become: 

(3.~'i) 

\ + -. ~ 

S :::: S()<1 t !~.)( X~ ~ f~ ) -( tTi -t KT~) 

(3.'2.4) 
. - ~ 

i ~- s( ~- ;T J(~' -~)- (-tT1 -Pr) 

Q. ~- 'i.e ~ - . ~T )( f -'iT
-):- (1:12 __ PT-) (3.~5) 

7 

1 1 

"!-~ 
/ . 

Il ' 

; 

1 
l, 
1 
:l 
, . 
! 
1 

1 
1 

! 
J 

i 
) ' 

r 
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-( 

·_-~==~ 

where: 

,.:::.. 
and the structure functions are now -kT~ dependend Le. 

Et'I/A( ~, h-1,d") etc. In the above equation~ _we have 

exhibi ted explici tly the dependence of the s~process 
invariant on the parton invariant masses in order tc'show 

sorne controversy that exists due to the way these quantities 

1 
SI \ 

1 
j 

! 

, /-

are handled. In the "on-shell" kinemat1.cs approach C2-7),(36)-C3S) 

the partons remain close to the mass shell in the presence of 
• 

kT' while with floff-shell", kinemati'cs(2,S), (39),)(~O) ,,~ 
~ ? L 

becomes large and negative for large ~T and/or x nea1> 1. 
.. 

With "on-shell", kinematics and aIl masses set to zero 

Eq'. (2'.·11) become~: 

",AI\ Q. 'l..-
with s,t,u given by Eqns. (3.23)-(3.26) with ~-:: ~=O. 

To complete the- cal~ulation, the form of F()<.)-;T )Q} 
,must be specified •. We proceed,,_similarly to Ref. 36,with 

the usual and convenient factorized Ansatz 
(27), ( 38) 

\ 

Î , 
\ 

1 
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c (-
" ... 

with 

there is, however, no rigorous theoretipal justification 

for this forma The kT distribution is expected to be 

strongly damped at "large kT' We have chosen, as in 

ReL 36, a Gaussian form for g (kT) : 

~ .d(~) 
b~ 'Z 2-

(3~Q) - IT ,e~p(-b ~) 

with: 

<'f-r> Ir ;::.' (J. S- 6e'f ("3.'31) -
.1b 

\ 

Fr'om Eqns. (3.2·3)-(3,26) we can easily see that for a given 
.->. . -'\ 

value of kTI' and for fixed Kt and XT , t is smallest when 

~'I is in the direction OfPr' Physically this means that 
--\ . , 

for a t channel exchange, the parton q prefers to li'Tle up 
tl ~ --::.. 

in the ,direction of t);le tr:-igger. However for f:.r"f = PT and 

Xt = ~I, ~ vanishes' and e, g. the cross-section (2.32), blows 

up. 

Of course, for -< \:::T> = 0.5 GeV suèh poles become. signi­

ficant when PT becomes smaller than tl.\l GeV; and then ,lise of 

simple pertut>bative QCD will be vet>y unwise. Anyway, in 

order to avoid these poles the more common method is to 

. l .'. (18) ,(27) lntroduce a regu arlzlng.mass: 

.nniliil?lillill1lliiill ......... lll!illlll ... 1 .......... i'llliillill\l1if'iIIlYillfllif ...... tiÎiliiilii __ -.· .W!I:!'D'.tFO'li1Ulmlillilllilllll_lIII'z_-_rn-.......... • ...... --------- - -
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A 'l... 

so tli.att'nî'11ij =.M etc.; M is chosen ta be of the arder of 

l'GeV. 

Recently calculations based on "off-shell" constituent 
/. • (39)-(4~) • d . k1nemat1cs ' have been carr1e out. In 'th1s way the 

"'I>oles ~ ,{ ,\1~ 0 lie outside the allowed phase space 

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

effects in e.g. P~~lf~ the :esult of these calculations is 

that, at ISR energies and Pr~ 2' Ge V and wi th '. 
<n)~ 0.8 GeV, they increase the inclusive cross-section by 

a factor of'" 2. In PJ>4pç. we expect the kT effects ta be 
, 

less import~nt because,as a function of PT at ~ixed s, 

PP-7~X is le~s steep. than PP"'iïflC. 

Details for the calculation of mu1 tifold integrals of 

the type. of Eq. C 3.27), can he found in Appendix A of 
. 

Ref. 36. 

" In 'Fig. 22 (b) . we show the magnitude of the kT effects 

for pp-'~+X at various c.m en~t'giès. c:T(kT} denotes 

(CdtrfJ3p ) with <"ï> = 0.5 GeV andO'CO) the same'with 

in pp-+'TT"X, 

with increasing PT' the kT-effects become unimpor~ant. 

As i t is expected )"off-shell" and "on-shell" calculated 

kT effects affect very l~xtle the single photon inclusive 

cross-section when a moderate average' kT)like :(\!-1) =0.5 GeV:> 

is assumed(45). This is true for either an ttoff-sl\el~'f or an 
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"on-she11" calculation. However for larger <KT> and at suffi-
\ • • (39) 

ciently low PT there is a significant d2fference. 
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3.3 ,The p:-p---!>~t-X cross-section and the (Shro 
ratio. 

The experimental situation ln photon production is 

encouraging: There are at least four collaborations (March , 
"...;:' 198~) that have already reported results (final or pre-

,. 
liminarY). These are the'CERN-Rome-Brookhaven-Adelphi 

(CRBA») the Athens-Athens-Brookhaven-CE~ (A" BC) the 

Fermilab-Johns Hopkins (FJH) and the CCOR (CERN-Columbia­

Oxford-Rockef~ller) collaborations (see References 46-50) . 
"-

. 1 
When this work -was almost finished we had results from A ,Be 

1 

and CRBA, and sorne preliminary_results from CCOR. Thus 

only tl:lese data will appear in, our work. In particular 
1 

the A"BC collaboration has mea?ured direct photon produc-

tion in pp collisions, at the CERN Intersection Storage 

Rings (ISR), for ~.m energies 3i~rs ~ 63 GeV. and photon 

transverse momenta up to 9 GeV, using segmented lead/liquid-

argon colorimeters which are described in detail in their 

publications. They detect a i11-rr° ratio of order 40 % at 

ET=9 GeV and no significant energy dependence. It should be 

noted that over the full PT range they measure, the two 

photons from ifo decay are individually resolved in almost 

every case, providing a very clear 11'0 signature. Also 
, 

~2t, Cù~l(~ and 'lZ--'12~ decays have been subtracted. It is 

ta be noted that -most of the background cornes from -rr0 and 

~ deèays where one of the decay photons misses the calori­

me ter ; corltributions o'f other rnesons ta the illTo ratio 

are negligible(f g ) 
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Before comparing our pr~dictions with the data we wouid 
i, 

l.ike ta illustrate the effec-ts of scaie violations in the 
~ 

total photon' cross section, as. weIl as the relative strength 

-of the "compton" (qg) and "Annihilation" (qq) subprocesses. 

eonside~ e.g. Set (II~ (see Sect. 3.1) for the parton dis-

tributions. In Fig. 20 we present' the results of our ca~­

culation us~ng Eqn. (2.17) only. In presenting our results 

for ?lIT ~e have divided our predictions for Eda(pp~~tx. )/d~ 
by the experimental ~ross-sections for E.da{ pp-;;"TfOtx')fd3p 

[denoted by rro Cexpt) J. Because of ex:perimental errors as 

weIl as sorne differences between data of1different collabo­

rations, we represent ~o(expt) by a band. \ 

(i) As i t is expected, the "Compton" contribution (qg) 

in aIl three energies (see Fig. 20a,b~), is at leas.t one 

arder of magnitude greatér than (qq) in medium PT(~6-7 GeV) 

and almost four orders at large PT{9-14 GeV). 

(ii) It is a common feat~re of aIl three figures (three 

different energies) that nonscaling distribution functions 

(i.e. wi~h Q2 -dependence) reduce the total'l?hÇ>ton yield 

by one arder of magnitude at high PT with a corresponding 

decrease of the (2)ITr° rati~ ," For example, in Fig. 20 (b) 

,~ / 0 
(yS =53), the 'dhr pr~di.cted for one collaboration (CeOR, 

first solid line' from below), at PT""lO GeV 18 "" 20% while the .,.-
scaling pr-ediction ,(firet dashed lin~ from below), gives 

{ 

almost lOO%! Taking i~to account that qg~qi dominates 

pp~)(see (i», we can understand this difference 
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) . 

as mainly due to the scale violations ln the gluon dis tri­

Qution (for an i~lustration of their effect see 

Fig. 19). 
1 

Next we would like to illustrate the magnitude of the 

Bremsstrahlung contribution. For thi,s we reproduce Fig'. 21 

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

R~ ::: Edo-(q~)/ d3p 
( 3.33) 

and has b.een calculated using E~ns. (2,38), (2.28), (2.17) 

and the Set (1) of parton distribütion functions. Clearly 

in general, Bremsstrahlung makes a sizeable correctïon 

(~~1\;1), in partiéular as we approach .the kinematic boundary 

xT~l. Most of the correction is due ta collinear 0 emission 

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

(Edcr/d~p' /~~), . and '( Ed6!d~p 1B
)'"(.'(t\S) 

for two different energies. For the lowest energy 

(Vs=31 GeV) we clearly see that as xT~l the Bremsstrah1ung 

oontribution makes an -important correction, as has been 

expected( t 9) 

Now \we. would like ta compare our pr:dictions ~th data 

on the ratio of ?Jln-°, [Pigs. 23(p), 23(b)]. When the con­

tribution of qg~q {( dominant sub-process) is c"alculated 

S6 

Q. 5"., 
with a gluon distribution ~()()Q) N,Ci-x) (Set I), the predic-

tions fall somewhe:re below the dqta of the A2 BC('46),( 4-7); 

howèver, they are con$istent with th~ data of CCOR(48),(51). 

~ 

\ ) 

\ 

'1 
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When we use ~( ",d) '" (1.+9") ( :1.-><)+ we are in bétter agree­
~ 

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

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 lhr° (ifS>. Our theoretical predicitions on ~ 

have been divicled by 1[0 pata of the sarne 'collaboration (47). 

It 'is to be noted ,that, in general~ o'ur predi~ons even 

with a strorig g(x,Q2) lie below these data(f10). 

At present there is sorne d~fference between 'large' PT 

-u-O data from di fferen t experimen ts ( 53 ) ., ( Sil) '. ( ij 7) .:' TÇ> a void 

such- uncertainties, in Fig. 25 we' present directly our 

theoretical predictions Cinclu,ding kT effects -and the 
• , 1 / ' 

Bremss~ahlung~ correction) on 8,dotd p\.rr~}. We also 

pres~nt data of various collaborations. Whenever a col­

laboration gives only ~/1TD we have 'mul tiplied by their own 

lTo • Agàin, o,f course A~ Be data favour. a strong ,~ndis­
tribution. However data of the CCOR collaboration (~8) at 

-·----n6't~oo---l-arg-e-,Jl.r-~Il~::.. t~~o\1r a ~eak' t:~)·â). 
----

3.4. 
. 

We consider photon production by pion and anti ... pt'oton 

beams. Since"Tf (üd) and p (u.üJ) contain valence q ~ the -large , 

PT inclusive cross-sections are controlled by the ttAnnihila-
" 

tian" (qq) subprocess (see Fig. 13). Thè Brernsstrahlung 

corrections are expected ta bè amall and will. be neglected. 

Concerning'''p-'7#X 'predictions are somewhat uncertain 

\ 

57 1 

j 

) 

! 
1 

1 

1 
j 
i 

i 
1 
1 

,1 



---.---~---------------......---"f 

,"' 
• ~ ~t > __ ~ ~~ __ ... _____ ~..,..---'-'. ______ ~.-....... l"! .. '1 le:8ii.Mfl!itMh'l:""~'-'n7"",,'j •• "' __ "'''''L! ____ ''''''''' ___ ''_''''' ___ • ---_______ _ 

---_._~_._ . 

(. 

o 

due "to ambigui ties in the . quark valence distribution, and, 

ta a less extent, in the gluon distribution inside the Pion. 
\ ' 

• • 1 \ 
As we ment~oned :Ln Sect .'3,t, we preseI)t results' for two 

different sets of input d:i,stributions for o 1:he pion (set (i) 

and J set _ (ii». The parton distributions inside the proton' 

• • are from Ref. 16 (Set (I). Figs. 26(a) and 26 (b) 111us-
~ 

trate on1y the effect of scale violations in the part.on 

distributions; again it is a sizeab1e effect. 'Fig;- ,26(a) 
, 

has been calcu1ated wi th set (i) for the pion distributions 

al}d Fig. 26 Cb) wi th set (ii). In these 

are not included in the çalculations of 

l • 
fl.gut'es kT-effects 

îT~p~~ X,. 
Fig. 2 7 presents our resu1·ts 

and Vs ;19.4 GeV (as before). Now 

for,,--p->oX, at~c.m=90o 
\ ' 

1 

kT effects ~a ve been taken 

into account with <kT>=O.S GeV ~ Naturally re set Cii) 

[Fig. 27(b) ~ leads ta somewhat large photoz/yields, since 

the valence q dis :tribution is rather stron'ger than that of 
.&l 

set Ci). With 'th~ 1t"-p~1fX experiment~l cross-section, in 

aU four digures', taken as indicated(S5); at ,pT"'S 'GeV wf>e 

p~edict ~f't'r' ~ 20 - 30 % • 

Now we tur~ __ ~_pP--+'6~<-Th~ theoretical predictions are, 

1ess ambiguous because the dominant contribution cont'ains 

valence q and q. We use Set Gr) of parton distributions 
\~ "- \ 

inside the proton (including scale violatiQris). 0l!l\ pre-
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dictions for E.daq5p~~X~d p, B,."" =90'() are shown iI). 

Figs. 28 and 29. In Fig. 2lfwe ShOW-~~ effect of 

scale violations (without kT effects in PP~lX?. In Fig. 29 
• 

we .·~ncl ude ,kT effe.cts,' Eqn. 3 .. 27, taking as before, 

.' 
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, <'f-r'> = 0.5 Ge'V. For 'the Ifo experimental cross- séction 

(not measured yet) we' have chosen the po+p.."rrtX cross-
/ 

se€tion as indicated Cexpt) assuming: 
() 

at each energy. N~;'" the predicted photon yields are sig-
)~1' ~ 

nificantly larger; the reaBon is that both subprocesses 
n 

"compton" and "Annihilation" give sizeable contribution. 

We note that recently the ratio: 

R = 

, 

8 dcr-( pp~ If X)jd
3 
P 

Edo-( pp~ltX)/d~p 

has ~~en calculated by the authors of Ref. 56. This ratio ", 
is very close to unit y for large energy~riations~çonfirming 

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

< 
/ 1 

" 
iO 

fi 

./ 1 ( 
o ' ,(-

59 

- r 

l 
, 1 

! 
1 :,-1 
! 

, .1 
-, 1 

i 
'~ 

1 



- -----"-- - - ------. J-- \- --" ---- _. ---- --. - _.- - ------ •• -----------------.----~-- -----------

/ 

() 

\ 

CHAPTER IV 

PHOTON HAOko'N CORRELATIONS t:PPOSITE SIDES 
\ 

4.1 Two-hadron inclusive cross-sections (hadron trigger). 

The experimental study of two (and more) particle dis­

tributions has revèaled that the large PT events have three 

components (:U - (3) , ' 

60 

i) Towards jet. The density of lavge PT particles produced 

on the same side as the trigger particle peaks in the 

trigger direction. 

iD Awa.y jet. A clust e'ting of large PT pavti cles is ob­

served also in the away side of the trigger. 

iii) Law PT cloud. This background of smal~ PT particles 

is a n uissance, s inee" both in practice and in princip le, 

it is hard to distinguish p~rtieles in the jets from 

particles in the "'background. 

Anothe:r- feature is that the momenta "(p t) 'of particles '.' ou 

novmal to the plane. defined by the beam and tviggev direction 

are limited( lj.),( 5) (see Fig. -'3D). The P t distribution 
ou , 

falls r.;tpidly with a mean value <:: Po ut'> =500 MeV". _ 

The above jet stvuctuve is a natural consequence of 

hard scattering pictures of large PT reactions. 

Consider the reaetion A+B -+ hi +h1. +X with the two hadrons 

observed with loarge transyerse momenta PTt' PT; in opposite 

directions in the c.rn of"the initial hadrons. Again, we 

assume that the reaction takes place via the qq-qq, qg-+qg, 

gg-+gg etc. subp~ocesses. By t'7king advantage of fac~orizati.on(6} 

;\ 

-,1 
i 

/'1 

1 
\ . 

-J 
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we can immediate1y write down the expression for the l.n-

1 
. . ,( 7 ) . f 

C USlve cross-sectlon of 1arge-p :r productlon 0 two 

ha'drons (see Fig. 30).' 

( , \_ do- ",,1(; L. 5 d~ ):1 t: (~1~d) x 
cr Ill; pT< ,p.o.;' J = E, El. (~'p,) ( dp,;}lr 5 )(.~ ,,;.. 1.,'\-,.', (1 tlZ)' 'l,III. '(' 

\ 'h.i~ , i ('Vl--.. ~'1-~~'i) \ , 

. "r;,jB()(>' ,a) ~dVl~(~ 1 
) d; j) t.11f ~' ,4 )D{,.Jqf':- ' Q"I.) " 

(Y.1 ) 

where 

, (4.2 ) , 

Details of the deri vation of Eq. '( 4.1) can be found in Ref. 7. 

Th~ functions that enter Eq. (4.1) have been explained in 

Chapter II, Sect. 2.1. However the gluon fragmentationr\ , 
function that explici tly enters this equation des'ervés fur-

ther attention., "Thi.s is because ,~ot too mu ch is knOWfl for 

this important fragmentation function. 
\ 

~-
~~ftl"'~'tY\t.· 

\ , 
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Large PT production of hadrons is the only hardPprocess 

~o which the fragmenting gluons can considerably contribute 
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to the leading order. Particularly in Eq. (4.1), gluons and 

quarks fragment inçoherently to produce the observed hadrons 

(hl ,hZ)' Available data, however, do not provide any evidence 

for ~luon ,j ets differen-t: from quark ones;, t~, at fi~st 'sight, 

-seems to render impossible the isolation cYf the gluon fragmen­

tation function using Eq. (4.1). In Sect. 5.2 we will demon-

strate l;:low this prob1em can be overcome. 

In reaction (4.1), parton kT effects are known to be 

, unimportant (8), {9); an opposi te!side hadron wi th a large" 

PT plmost eliminates the trigger bias (see also Chapter III, 
. 

Sect. 3.2). 
, 

For later use we sha11 define here the transverse momen-

tum sharing (xe) distributions. Consider a partic1~ in t~e~ 

hemisphere opposite the trigger, with transverse momentum 

PT2 and call PX2 the projection of PT2 ~n the beam-!rigger 
.. 

1 p;tane (see Fig. 30). We define: 

, 

Xe= 

1 
J 

1 

l , 
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( 

\ 

) 

. , 
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where PT1. is( the transverse momentum of the tI·igger. The x ,e 

variable denotes the percent age of the transverse mom~ntum 

!.T balanced by the individual had!'ons in the 

phere. The x distribution~~ar~ defined by: e 

where "l.'l is the 

(<iS) , 

of the 

secondary and Pout i6 the component of the secondary's 

momentum normal ta the beam-trigger plane. Since<lO) 

(Y·6) 

wa rewrite (4.5) as: 

(Y.f) 

The ranges ..6~'2. ë!ndApout are specified by experiment. 

kind: 

Photon-hadron inclusive' cross-section /(photon _ trigger)'.; 
"-
In this chapter we are interested in rea~tions of the 

, 
'\ 

where the hadron h is produced at opposite sides to a large 

PT photon trigger. 

\ 
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To the leading'order in the QCD running coupling con­

'stant, two subpr~cesses cont!iÈut~~his reaction 

(i) q(g)g--tq(q)~ "Compton" scattering. The hadron h results 

a~ ,the fr.agmentation of a guark (antiquark). 

(ii) qq.,. g~ "Annihilation If subprocess. The hadron h l'es ul ts 

as the fragmentation of a gxuon. 

Bremsst~ahlung corrections should, in general, be important 

for A=B=pp However, subsequently we consider the reactions 

-nt +p~~ +~f1iX and, i? fact, isolate the contribution of 

qq .... ~g; in' this case, Bremsstrahl\.Ulg is not important and we 

shall negleèt it. 

We shall demonstrate here hôw we can derive the ~ -h 

inclusive cross section from ~he h-h one. As in Chapter II, 

Sect. 2.1, due ta the direct quark':'photon coupling thè "frag-

mentation" function is simply: 
/ 

J) ~ M,( ~1) =- ~ ( ~ - -1.) (4.')) 

( . 
Also, if we choose e1 = ~=900 <i-h at 90 0 rel~tive to A-B) 

/' (f J (11) 
and use Eq. (4-. ---2--)-a-n-'a- (4.9), Eq. (4.1) becomes: 1 t, . 
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Using the first delta f~ction to e1imiriate t;h.e integration, \ 

we get: 
.' 

• 

1 
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( 
+A~B 

~n the above equation we have suppressed quark, gluon indices 
,. 1 

and Q -dependence fot' convenience. dO"" ' • dt are g~ven in Eqs. 

(2.23) and (2.24) and they have to be calcu1ated now using: 

(lj.il) 

Let us consider now distributions in transverse momentum 
,-e,> 

sharing (xe)' which have giv~h important information in 

similar experimen"ts wi th large-PT hadron triggers. (5 ), (9 ) ,(101 

If we choose g -h to em~rge "back to-bac-k" (see Fig; 30), 

then/f~ ~ 180 0 and in view of the relation (4.12), Eq. (4.4) 

becomes: 

P'X2. 
:::: - PiQ. :- =---

Now the transverse momentum sharing (xe) distribution, 

[Eq. (4.7~) becomes: 

In the derivation of Eq. (4.14) we ~ave used: 



, 
{~ 

( 
, ! 

,0 

and 

\ 

By using xTi;2PTi/fS, i=1,2 and Eqs. (4.14), (4.13) and 

(4.12), Eq. (4.11) finally becomes: 
J 

t- A~ B (y.16) 

(see also Appendix D). FoY' the Q~ variable we make,1 again the 
2 2-

simple chôice: Q =2PT' q. 

56 

, 

4.3 The gluon fragmentation function. Experimental pràspects. 

In general the sum in Eq. (~.15) involves quark and 
1 

gluon fragmentation functions. We can isolate~ however, the 

latter by considering differences of appropriate)x distri­
"~~.r e 

butions.;'.> 

Lel us take B=p(proton) and let Sh denote the x distribu-
A e 

tion for A+p~~+h+x (opposite side). We define also: 

w~ere d~/dt are given by Bq. (2.23) and~q. (2~24). We indi-

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

it into two par~s: 

\. 
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s! :; sf('1~) t S;(~~) 
Furthermore, we àefine 

~ 

~ S;-S; SkA -

We also assume that h ïs identical to its own antiparticle 
- + -(eg. h=no or h=n- +tr ). After sorne manipulation i t can be 

shown (see Appenàix D) that: 

- ~, 

- ~ '1'1 D~I~ L E1 (~/~ - Ft/A) y. 
~ 'l 

X (t't/p - Ri)p) (Lf.20) 

where the summation is over quarks only. Notice also that 

(fq/A-tq/A), (fq/p-Fq/p) are valence quark distributions only. 
l' 

, Thus knowledge of them allows the extraction of the gluon 

fragmentation function Dh/ from data on: 
g. 

. 

S~ 
-

D t.~+ X • A+ p ~ • A 

st ~ ~*~ tiC 
(~.~i) 

• A+ P • A 

where A can be a proton or + a'Tr etc. \ .\ 
, . 

" " .... ··i 
Now if we want to sum Eq. (4.20) for ~,1i>articular choice 

\ 

of A and h we-mpst use the decomposition of the distributions 

that is given'in Eq~. (3.2'),(3.?),(3.4),(3.14),(-3.1S) together 

with the quàr~ charge assignments (se~ also Appendix D). 



(. 

1 J 

Also we decompose the fragmentation functions as follows: 

(4. ~1.) 

with the obvious càmposition law: 

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

- (4-.20)J an application when A=-rr -and h=Tf [=CIf .... +-rr)/2, in 
, ---

the quark model]. The finpl formula in terms of tne valence 

distributions df the pion CV) and the proton (uv' dv ) is: 

(li.2 '5") 

~ ~ 
where D1T/g:: Ihr/g (xe,Q ), d = d (x,Q ) and u 'EU (x,Q ). - v- v v v 

Thus experimental information on the LHS of Eq. (4.25) to-

gether witn V,uv and dv ' can determine the gluon fragmenta­

tion function to a pion. 

Eq. (4.25) involves measurement of the x -distributions e 

of the fo~lowing reactions: 

'511"+· + '" + X 1ft. 1f -rp~ ot1i.t 

\ 

\' 

• o 

'1 
6'8 

1 
! 

-

1 
1 

1 
1 

1 

1 

1 
! 
i 

1 
1 

l 
1 -, 

1 

l 

! 
,1 
-j 
1 



\ 

) 

) 

jReacti~ns (4.28), or (4.29) can be measured in the sarne run 
\ 

of the machine; sometimes, however, it'is preferable to make 
,-
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two independent runs in order to remove the background easier. 

Experiments of the, type 

,way(12). 

5 ,..+ S~- , 
Of, P and _ p aI,'e already under 

4.4 Calculations, discussion and'conclusions. 

We have calculated the quantity g~ven in formula (4.25) 

by using two different input fragmentation, functions both 

of the form: 

, (13) 
In, ~he first, in accord with old counting rules , we 

choose: 

In the second .. 
\ 

, 
More recent theoretical consiq~rations cOmbined with the 

ob ° o. . (14) Id 2' Gr~ ov-L1patov rec~proc1ty ~eIat~orts wou suggest m= • 

The choice m=l.S does not differ much and on the other nand 
p 

... : 

i 
,1 , 
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makes more clear the difference with Eq. (4.3]). In both 

palculations we have introduced scale violations in the dis-

tribution and fragmentationl functions as predicted by QCD. 

For the valence nucleon and pion distributions we use the 

parametrization of Owens and Reya (see Appendices A and B). 

The Q2. differen~e of the fragmentation f\~ction Dtr/g (x,Q'J.) 

has been calculated by S. L. Papadopoulos (lS) using an improved 

Parisi and Sourlas method; sorne details are given in Appendix 

B. - , 

Using Eq. (4.25) and working at fixed xe' we can also 

get an idea about the scaling violat ions in Dtrl g. (xe ,Qo..). 

Our results are shown in Fig. 31 ~or several trigger 

transverse\momenta PTt' Clearlyat large xe the choice 

(4-.32)- leads to differences 

(Factors of 3 .... 4). It is evident that measurement of such 

physical quantities should give the hest, perhaps, deter-
~ f 

mina~ion of gluon fragmentation functions( 11). As we 

stressed repeatedly,so far there is no direct information 

on them. 

w . 

1· 
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CHAPTER V 

SUMMARY AND CONCLUSIONS 

Summary of 04ur work and ,conclusions. 
~ " \ " 

In this work we have studied: 
f 

(1) The inclusive real photon production, at large PT in 

hadronic collisions, making detailed calculations for 

the typical processer PI>-+'t+x, pp->r~+x, "J1"-p....,(j'+x. 
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(2) Thg inclusive production of photon and hadron af opposite 
, 

sides. We have shown that by forming certain differences 

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

in isolating the gluon fragmentation function. 
,-

Our general framework was that of pe:rturbative QCD. 

The approach can be applied to all such proces~es involving 
, ' 

hadrons in the initial and/or final states. This framework 
1 

also, interrelates the various processes by permitting the 
1 • \ 

information gained from sorne of them (eg. deep inelastic 

leptoproduction) ta be used in more, compiex ones Ceg. hadron 
+0-

production in h-h collis.ions, Drell.:. Yan production of t ~ -

pairs etc.). Therefore, it is.p6ssible to make prediction~ 

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

comp'aring with available data. 

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

photon prqduction to éf (O<s) in the strong coupling constant 
i 

for pp,pp, i"'15 and to LJ( 0<;') [Brerns,strahlung correc-t:ionl for 

pp c2J-lisions only. 

In part (2) of oUr study we have .ca~èulated tl)e differellce 
'. 1 

1TO ~ J '" 

x distributions S"'''-lT- Cfollowing the notation of Chapter " 
e" \ . 

of 

IV). As we have seen this part:r'cular- difference 1so1ates the / 

qq~g~ sJbproce~s and subseqùently the gluon "fragmentation 

\ 

, t 

1 
1 
! 
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f 
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function. 

" :In our calculations we have used: , 
, . . 

(,A) the quark distribution function's inside the proton ob-

tained from lepton initiated proc~sse~, ep~e+~, fP~+x 

and neutrino and aiatineutrino. interactions "\' 
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~ (B) the quark (valence) distribution function inside the pion, 

which ~as' been de.term~ed by fi t~ on c~rtairi ',,- "N~P.+ 1":: + X 
data (see Chapter III, Sect. 3.1). 

j 
The unknowns in our calculations were the ""power m de-

i 
termining the shape of the gl~on distributions inside the 

pt'oton and the pion: We did not tr-y to obtain an optimal fit 

te the data by adjusting these unknowns; instead, but·we 
, 

made two characteristic choic~s for the input gluon distr~bu-

tions. 
\ 

P,is for the partons t average' lntrinsic (or "pl?imordial") 

transverse momentum kT ,,!>we have chasen a moderate value 
.--

<kT) ~ 0.5 Ge V • ; o : 

Our detailed conclusions are as follows: 

(1) l-P inclusive cross-sections. 
> 

(IÂ> On,the comparison with experiment of the calculated 
, . 

PP~1+x cross 'sèction. 
. ,\ 

Perturbative QCD predicts a large (j'n° ratio, fa!' above 
'" . 

t~e predictions of the'Veètor Dominance model. In particular 
1 . ./.. .. d 

at low x
T

("- O. ~5) ... mo~t of ~he c~~tributi~~ comes'~;, "'Compton-----· 

Scattering" .~ith the Bremsstrahlung. c~rrection being down .. , . , 

éilmost one order of magnity.de. HüWever 'at ,X~ .• 4' . " 

nre~strahlung 

becomes comparable to the' "Born n. ~erm.: '. "-y, 
'~ \ 

, " 
/' 

'~ 1 \ . ' 

" 

.'\ 
\ 

J~ 
" ... ~ 

. ~, 

" 
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, 
The Q -dependence of Ïhe structure functions, as dic-

tated from QCD, leads to appreciab~ differences between 

scaling and non-scaling predictions. 

In g~neral, p'erturbative QCD (based on 0 (~) and 
, 

Br>emsstr>ahlung [0'( ~ ) ]. diagrams does not seem to match very 

weIl the data, particular>ly at mèdium and 10w PT. At higher 

"PT it r>epI"Oduces the ~in features of the data rather weIL. 

Also when RT effec:.ts are includeà with<;kT"> ~ 0.5 GeV a 
o 

better ~greement with ~ta is achieved. In particular: 
, -

(a) 

,-' 

wt th our moder>ate < kT~ and a "s'tr>ong" gluon distribution 
~ . ~ 

[-Cl+9x)(I-x) û] QCD lies somewhat beIow the A BC data 

(Fig.23(a» \ 
'" 

Cb) Wi th, the .sarne < kT) but wi th a "weak" _gluon distribution 
'-. S-
[-Cl-x) ] the "theor>etical prédictions' are eve,n more 

beiowùthe experithental yi~lds' (A':J. SC) ,(Fig.23Cb» , 
• 

~ There are several wa~1:! to ~mpnove our> predictions: 

(a) We can use a lar>ger value, of ~ kT> (""1 ~eV) .... (see 'Ref. 1). 
, 

However as we havé discussed in Sect: 3.2, the amobn: 
. . 

··primordial" kT requ~red to fit 'the Fermil,atr • data 

.,o~_ d~lepton pP-Oduction 'i,& ~.sma11: <. .~T>~O.3· 0.5 GeV. 
rt 

(see,also Sect. 3.2) • . 
Cb) We can take an even stronger gluon distribution inside 

" 

th~ pro~~n C 2 ), ( 3 ) H6wever, such a distribution 
, ' ! 0 .-

40es not.appear to be"supportedQby the ye~y recent 

(c:) -

analysis of Ref. 15 of, Chapt. III._ :, 

'we'~~~o introdu~e Ccmstituent I~terC~~ge Model cQntri-
< 

! 

7'3 

• 1 

.' .. ' . \ ..... 
butions (Fia. _18) ,'~)-dch, if taken into ac,count ·might :!mp:rove' 

• \ 1 vtl ... (: f ~'#.'f . , " , . 

, " 
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our theoretical predictions particularly at low PT ( li- ) 

However, recent work(S ) iDdicates that tije old problem 

of CH1 normalization is still unset'tleo. 

In view of these reservations and of the fa ct that the 

CCOR Collaboration data (on pp~~+x) are somewhat below those 

ofllBC (Fig. 25), we would like to fwait for more' accurate 

experimental information. Anyway, it is evident that A~BC 
'1 

data favor a tlstrong" ['" (1: +9) xC l-x) ] gluon distribution; so 

do th~ data of FJH and CRBA Collaborations. Certainly pre­
fi."'" 

cise data on l~rge.PT p~i+x can offer one of :t~ bes:, per-

haps, d~terminations of the gluon distribution inside the 

proton. .. 
(lB) On the pp4~+X and 'If p~O+x predictions. 

/ 

Most of the contrib'ution cornes from tl)e QCD "Born" terms. 
~_ ~ 0 

. For ""If op ..... "6+x, 's"'19. 4 GeV and pT""S GeV) we predict 3' /1T°,.,20- 30% 

and for pp ..... X+x at Vs ... 2 3-'5 3 GeV and PT'" 6 , il 't{'0'" a 0-10 0 %~ 

The 'effeét of scale violatiohs 18 important; i t reduces 

the yields by one order of ~agnit'\lde at ,large PT' kT effects 

play a miRor l'ole particularly at high PT [Fig. 22(b»);at low 

PT(<! 2-4 "GeV) they enchance the cross-section by a factor of~' 
'>.. 

'of 1.5., ./ 

(2 ) 2-particle inclusive cross sections.~ 
o 

Opposite sides photon-hadron correlatiop in pertul'bative 

QCD, can help to isolate the ~luon fragmentation 

. apprao~ria~ differences 0: sorne x-e distributions 

r 
function if 

\ 
are formed,. 

'On/the ~àis of'two dtfferent (lho~ces. of the g~uon frag-
- , \ 

ment~tion function Cse,e Chaptel' IV" Eq.' (4,.32)] and taking 

.. 
• 

6 
1 t 
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into account the size of the involved cross sections in 

!: ( flJ? 
Tf+p.:....O~1Toorf +X , we c<;mclude that, measurement of the 

relevant physical quantities (Sect. 5.2) should be able to 

give important information on the' gluon fragmentation function. 

to a pion . 
.r_ 

~.2 rOveral1 conclusions~ The Moral. 
:7 

{«..... . 
We may briefly summarize our conclus~ons as follows: 

( a) Perturbatite QCD essentially acco~ts'for the main 

features of the large -PT experimental pp ..... ({+x and ~ves 
;;, 

defini te and cIear· predictions for pp""~+x and ,r p-'>~+x 

reactions. 

(b) Precise data on large -PT pp-'>~+x should offe~ the best, 

perhaps, determination of the gluon distribution insidè 
~ 

the proton. 
~ 

Data on large PT photon-had~on correlations in particular 
.f-

in 11- +p....".~~lIo()f'r ,+x will give valuable information about 

the gluon f~agmentation function; 50 far there is no 

direct information on ;his. \ 
,\ 

In carrying out these calculations we hav~ se~n that 

there is a 'minimum number of free paramet~~s in the theory 
1 

("primordial" kT and gluon distribution and., . fragmentation func-

tions) which introduces sorne uncertainties when one tries to':' 
«(> , 

:::: p::::s:~:"::::::t~;: ::~::S::~:d :: ~::::: un::)::~::es. 
The point is that the theory makes pr)dictiQnS rOI' a large 

'nlll1\ber( 7 ) ,d) ·o~ har'd scattering; ~nclusive, process,es':' 

\ 
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\ 
e + e - annihilation, photon-photon collis~ons, :J,.eptoproduction, 

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

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 dynamics. In 

all cases there is no \quali tati ve disa~re~ment between - ex-

.' d h ( 7 ) ,( B) - . d d th -. d' d t perlment an t eory provl e eory lS exten e Q 

sUbleading orders when they are non negligible. At the pre­

sent stage the strong~st argument in favour of Quantum 

Chromodynamics is not 50 much the success of any individual 

test, but rather its failure ta 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): [R~produced from J.F. Owens and E. Reya (Ref. 16)]. 

\ 

with 

1'f.1 = 0.1 - O. H6 S 

:t 'l. 'a. ", 't 
--where s=log [log(Q I~ )/log{Qo /~ )J;" Qo=1.8 GeV and l\. ~ 

1; 

0.5. The sea (t) and gluon (g) âistributiors are given ,by: 
_ v 1 

4...(,.:.,d) ~ At(i~x)1(t. 't A~t.(J.- y..)'1t; + B-l:.;C t
)( 

, 
~(')(.)Q1) := ~(.i- ~)'ll~ + A;Cr.-x)l~ -\ 

with 

At.. t:::!. O.1S" - 0.125 . t 6.0~ 5'2. ) 

1 

A -~ 
~ ~ C>.1 ca5 s - 0.061 s 

-~ 
!!" T.O t Q.Ql'l.S "'" O.o~'f '5 

II{ 

1 
., '~1 

. \ 

1. 

i 
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• 
"" -, lé - A l6-7.. 

,J 5~ - T • ..,6 5 -J. 1 S , 

Notice that throughout our work we use momentum distributions. 

In the valence distributions BC'lZb1z.;) <i=1,2,3f is the Euler' 
)1. .. _ ... 

1 

Beta function which ensures baryon number conservation for 
:z.. 

aIl values of Q. These pàrametrizations are valid for 

x~O.02 and OfS~1.6. 

\ 

• 
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~/ 
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APPENDIX-B 

Parametrization of the parton distributions inside the "Pion. 

Set Ci): [Re.produced from J.F. Owens and E. Reya (Ref. 16)]. 

/ 
, 

(B~ ) 

~ 

with 

) 

with s=log [lo'g(a.iif)/1.og(G.;;fi..)J, Q~ =3 Get , and f1.~O.5 GeV. 

The seâC"S) and gluon (g'l!'), distributions are parametrized 'as 
l 

i~ the proton (see Appendix A) but with: 

A~ 0.1. - 0.06~ S ... 0.01.1- S~ A~ ~ ~.o- 1.C!S5 ~ , -~ 
!::! 

'1 t- 0,5:1 S ' 

1 1 

A, ~ 0.161 s - -êt 
0,051 oS A~ pt ?> .1-<il9.6 - 1.1 S'i'S~ 

( 
"" 

1("$ ~ $".0 -O.?.65' S T o.~"!l~.s':t :::! '3.0 - 9 -:l.. , ~1 +-1.4\14 ~ -0.5 Ss 

1 
Ct 6.5~1 r L 10i 'i + 0.06 S'l 6Sn t 4.115'S - i .q6~ s~ '115 '1l~ ~ 

G~ ~ 
_~ -:t' 

~ <;? - -~ OA44~ "".o.oS1.~ ~ .1255 - CL .02.Y 5 

~~ .!:;:!. ~q.yq .J.:" 4l~1.f S + 6.5S6S~· 
1 

" 

,. 
, . _ 
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\ 
Set (ii): (Reproduced from\ S. L. Papadopoulos, Re f. 20) 

This parametrization uses an improved Parisi and Sourlas 

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

pion are parametrized as: r 
! 

(B.~) 

The expressions for ~j are given in Table 2. The contants 
~ 

Cjk(Q ) for PT=2,'+,6,S,lO are given in Tables' 4,5,6,7 and 8 

respectively. The number of Jacobi \polf~als that have 

, (20) 
been used to approx~mate sufficiently weIl the q.s', 

) 

is 7. For both parametrizations [Set (i) and Set (ii)] the 

l followil1g conventional de composi tion has been ass,umed~ 

(see also TABLE 2) • 

GLUON FRAGMENTATION FUNCTION 

The parametrization uses the 

method( 20), (57) ~s before. 

parametrized as: 

~()(e,d) 

", 

(B.")) 

(e.4) 

D1f/g(x ,1». 
. el . .• 
lmprpved Parlsl and Souslas 

/ 

The gluon fragmentation is 

\ 
c 

---, -) 

/ 
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Fol' the -coefficients ~~ and ~(s) see Tablé 3. 

Tables 9, 10. (Q7....=3 GeV) 0, 

\ 
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APPENDI C 

\ 

We present here the cmalytic expreSisions that enter' 
1 

the IP inclusive cross-section (Eq~, 2.17 and 2.38). 

\ 

'where i,j run over all 3 quark and antiquark flavours f, 

and q. or q. can be a gluon (for "Compton" scatteringL 
1 J 

By a (r) we distinguish the arguments (~.2.) of the struc-

ture functions '1 \ , 

The quark charge assignments are: 

'11 . <;L :z.. !l ~ eU. = €, ~et:t =-€- = c. 
<j 

2- 'l ~ Q. ....L es = ed =e&" e eJ <= 

9 

We shall make explicit use of the decompositions given by: 
'" ' ' 

Eqs. (3.~), (3.5), (3,6), (3.g), (3.8), (3.18), (3)19) and 
~, ~ d LI 

Eqs. (B3) anô (B4) 'from Appendix B. The d:-qi q. cfod J~ qi q. 
, ' dt" ] ,. u J,.,_ 

for "Compton" and "Annihilation" are given in Eq. (~.23) and 
-

Eq.· (2.24-) and for Bremsstrahlung in Eqs. (2.30a) and (2.33) .• 

p+p JI -A=B=p, (f runs over q,q flavours an,d gluon). 

p + P "4- '(5 + ,X ., 
• 

A=B-=- P 
, ,,' 

. . . 

(1-'iLtv\, oier' '1,9" 
~V\d ~ko~) 

:t~ '. ' ~! . l ' 

~~?EiJpFa;df17+fe:F'IdpF1fP ~~~l -
. " 
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, 3!U il 
. ,- .,-.... - . \ 

, t' 

For the Bremsstrahlung (qq~qq~) cross section we select: 

! ~ 1 J (6ft'M'l1 J:,. 2. 1 d C~'J) 
. ~ e( F'h/~G;lPd~ + ti e, F'IdpFqjfp 4~ . and. 

negfecting sea quar~s contributions wè get: \ ~ 
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1 • 
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~ __ t._ ........ ____ .... --..~ ___ .. __ 

For q Cëj) g - q Cg) 0' : 
;t~ ~. ("c:\o-f et F"I.Llrr- f~ Ip cff 't j + èlr è-'O F) -

= ~ [S-Y 1- 1:<~S)}j' ~r~~ 1- ~ [4u~1-d: +120;~ :~~'t~ 
. For qq..o,g'6 : (f runs over 3 flavours on~) 

~ ~ 1 da--
ftlF1':/1T-F'Up~'11 1- (li-..... p) =. 

::.tc 1::1. S-\,' 1- :;Vt' + 4VLl~ +"5 d/ J dt '\.ï 
c 

A=p, B=p. 

~ 1 

-
\ . \ 
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\ 
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APPENDIX D 

'In the following we shall derive certain re}~t1.bns 
- , 

between the various S symbols defined in (4.13) and prove 

Eq. (4.15). For q(q)g--x}(q)'t with the subsequent fragmenta-

~~~f the quark (antiquark) to a hadron we have: ' 

~ " 
For qq~gD' Annihi~ation wi~h'the s~bsequent fragmenra~ion of 

• 1 \ 

the gluon te a hadron, we have: 

-
. S;(~<f) ",a't'Ï?~/l[~~(F'j,/Aff/~ + FiVA0fA l 

, 
. . ~ ~ 

Dhl l.S a functl.on of x and Q • ~ runs over quark flaveurs 
. q ~ - 4 

only, 2:: over quark-antiquark. Froom (Dl)~, (D2) and defini'-
q.,'i \- ~ 

tions ~4.14) we get: 

• 

where we have used the ebvious relation, 

and 

·and the identity: 
-

o 
::t ' , • . 

q,1e~ ~ F 'UA-Eviïl ?~J~": rl,(Rt/A -F'lIA)( D~l'fD~I't) (I) 
) , la ~ w \ 1 t ' J", 

',L ,_. C - , 
-~ 

, " 

, . 

/ 

, l 
1 

1 

1 , , 

- 1 
1 

\ 

! " , ! 
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In a similar way and using CI) we get: 

~ t '> ~ 

k:::S _ .... lC~~~ ~( ~ 

We collect here sorne ne_cessary formulas for the distribution 

functions for convenience • 

.1. Ci) ~ 4 ~. ~, l 
.,=u,d, s 

F 0 = q eu ::: e c 
::: 
9~ ed, = e ,= 9' , q/p ~ 

.u = Uv +t 
u s= OS = tu 

"'t.. 
d = d +td c = Co f;- ::: t d v .. .. 

d-d d 0, - 0 u-u = uv' = v' s-s = c- c. = ...... (ii) 

(iii) 'u".+-u".... -( u ~ ..;,ü '-) ::: V 
-." 1T 0 

(see alsQ Eqs ~ (4.22), (4.23), (4.24) for fragmentation 
, 

functions).: I,Then, using (n.4) and 'Ci) ;{ii>,(iii) we 

S1T~~T~ ~-r1<r~1, t~(~1T+-~+)~:~ 
'- ~'ltqllv;v] Y D~~/~ 

t _ <;' \ 

USiRg (.D3) and (i),(ii),(iii~ we get:· 

(, 

)' 

" 

have: 

" , ' 

,If 

" ' 
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Repeating the cal~ulation (D. 5) ~.but wi th h= 1T-, and assuming 

(b.f) 

1 

Similarly, using (D3) and h= 1T- we get: 

If we define: 

and Sum (D5),(D6),(D7),(D8) tnen: 

~'iCf, [4 Uv -dv] V D'(J~ 
.. 

Q.E.D. 

For more formulas see Ref. 20 of Chapter III. 
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FOOTNOTES 

\ . t 
'"These "anomalous" terms, which a priori would spoU 

. 

the renormalizability of the theory, cancel if, as 

pointed out by Bouchiat, Iliopoulos and Meyer, quarks 

are taken to be colourful objects carrying three dif-

ferent colours. 

oI..~(Q~) i8 calculated at the one-loop renormalbation 

level. 

From Bq. (1.20), and the requirement that oC~O as 

~ '\ \ 
Q~(lO we get f,6l6. This i8 the maximum number of fla-

vours one can have wi thout loosing the asymptotic 

freedom property of"QCD • 

Kinoshita and Lee and Nauenberg have' proved that fol" 

incl~sive cross sections, the "mass" singulari~ies 

101 

associated wi th final state undetected 'particles, 
\ 

moving parallel to each other, cancel (the KLN !heorem) 

(see Ref. 30, and references therein). 

By fitting the asymptotic freedom formulas to the 

moments of It
3

, Ref. 3'~'l" 'obtains the scale A::.. \ 

Aexp[~( ln41f - ~E)] whère 'te =0,' 5772 is the Euler-Mascheroni 

constant, ana where A is the scale parameter in the lead:ing log 

order. The term In41f- te is an artifact of the dim!!n­

sional regularization scheme used and should be absorhed 
J 

through a redefini tion of A. 



f 

d • 

- " • ~ -~, <"'~'" ," ~ 

Footnotes, ,Cont' d. 

/ 

In this particular es~imate of the ( ~hr°)VDM the ratios 

(V Jif) have been assumed constant for different energies ( 54) 

Notice that the data of Ref. 21 correspond to relatively 

low s and Q- (=M~t( ). • Ithas been poirtted out'( 21) (and 
~ 

verified by our calculations) that for higher Q , cOr-

responding to other higher s data, scale violations in­

creàse the effective power of l-x, so that for x large: 

V".. ('(..lX) "'" (-1-)C;.)~ )'l1",{ . 

ft. -t 

For more details, see latest papers of A BC on direct t 

The results of Ref. 45 of Chapter II, although in agree-
• 

. ment with ours, étire 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. II, 

Sect. 2.3, this---1>art is the most important. We count 
) 

as correction everything of arder ~)or higher, Le. 

everything beyond the "Compton" and "Annihilation" sub-

processes. [see Figs. l3(a),13(b)]. 

" 

. " 
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Footnotes (Cont'd.) 

f lO ' Due to unassigned ene~gy eut and to the demand that no 

addi tional reconstructed shower (46) be present in the 

calorimeter, the experimental 6hr° ratios given in our 

figures do not correspond to fully inclusive conditions. 
o 

In order to obtain the fully inclusive ~I~ ratio, the 
:z 

experimental points of the A BC Collaboration ahould be 

multiplied by a common factor ,of 0.8StO.15. 

1 

The magnitude of the cnoss-sections of Eq. (4.25) is 

near the limitsof present experimental accuracy. In 

order to improve the yields we can: a) meaq ure 'bath 
t - ~ 

charged (~ ,V ) particles; then S is mul tiplied by . 
a factor of 2'. b) measure direct ~5 for 2:Tf 

-0 

geametry; 'then S W 'is multiplied by 21f. In this way 

the yields increase by more than one order of 

magnitude. ( 
This configuration may be suppressed by additional Suda-

1 + _ 
kov form fac'tors just as pp ---. P. fL +X at fixed Q',% ~ Q 

is. This is discussed by Yu.L. Dokshitzer, D.I. Dyakonov 

and S.I. Troyan, Phys. Reports 58, 5 (1980) 269--3è5.~i~ 

this work however we do not investigate this affect. 

o , 

1 

1 
l 

1 

1 
l , , 
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T,eBLE CAPTIONS 

1. Constants determining the valence distributions of Set II. 

2. Constants that enter ~et (ii) Of~istribution 
iUnctions (Appendix B, Eq. (B2». G=4/25. 

3. Constants that enter the gluon fragmentation functions ta 

a 1f"_CAppendiX\B, Eq. (B5»). 

4. ~nstants Cjk fôr Set (ii) parametrization of the pion 

distributions (Appendix B, Eq. (B2). Here PT=2 GeV. 

5. Same as in Table 4 but for PT=4 GeV. 

6. Same as in Table 4 but for PT=6 GeV. 

7. Same as in Table 4 but for PT=8 GeV. 

B. Same as in Table 4 but for PT:10 GeV. 

9. Constants Cg~ for the parametrization of the gluon frag­

mentation.to aT (Appen~ix B, Eq. (B5» for the choice 

m=3 [Eq. (4.31)]. 

10. Same as in Table 9 but for the chaice m=1.5 [Eq. (4.32)J. 

, 

\ 
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Fig. 1. 
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r" ,;) 'f- Fig. 2. 

Fig. 3. 
1 

Fig. 4. 

.Fig. 5.\ 

Fig. 6. 
F.j.'\ (", 

',-

Fig. 7. 

/ 

Fig. 8. 

Fig. 9. 

Fig. 10. 

- _~~ __ 't __ ..-____ _ " 
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FI GU RE CAPTIONS 

Self gluon fundamental interaction involving 

3-gluons corresponding ta Eq. (1.17). 

Self gluon fundamental interaction in~Ving 
~-gluons corresponding to Eq. (1.18). 

Lowest arder photon-photon interaction in QED, 

induced by an e1ectron loop;-\ 

Diagrams contributing to the vector-vector-axial 

vector vertex anoma1y (triangle anomaly). 

Graphical representatio interactitms 

corresponding ta Eq. and its QED 

analogon. 

10wes t o,rder contribution renormaliza-

tion in QED. 

Lowest order contributioons to coupling constant 

renormalization in QCD. 

(a) Fermion contribution. 

(b),(c) Gauge bosort contributions. 

(d) Fadeev-Popov "Ghost" contribution. 

Electroproduction of-f partons to é)(~) in Qct­
photon"," quark (or gluon) ~ anything 

The "square" of diagram (g), Fig. 8. This diagram 
. 

cantains a mass ~ingularity. 

The Altarel1i-Parisi splitting functions and their 
-:1.. 

vertices. The distribution (l-z)r is defined by 

the equation: 

105 
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FI GU RE CAPTIONS (Con t' d. ) 

Fig. 10. Cont ' d. ~ 

1~Zf('Z)/(1-~)+== fdZ[f('Z)-fO)]/(l-Z) wh~;e 
o 0 

f( z) is any f,unction regular at the end points. 

Fig. Il.· D?,mi!lant contribution ta. Edo'! d ~p. The -._. _._ . 
.. ),\ 

Fig. 12. 

Fig. 13. 

Fig. 14 . 

Fig. 15. 

Fig. 16. 

Fig. 17. ) 

line represents qua~ks and gluons, the shade~) 

blobs represent non-scaling~istribbtion and 

fragmentation functions and the liB" implies that 

we take the ftorn term contribution cal~lated 
using the effective quark-gluon cOUPling~ 

Eq. (2. 25) . 

Kinematics for f4 +h.z.~~+x. The _.-·-as in Fig. 11. 

Feynman graphs of QCD subprocesses included in 

our calculations. (a) and (b): Born terms (con­

'tributions ofé)(oCs »)" (c) Photon Bremsstrahlung 
- '2. 

(contributions ofér(~~). C"C~ represent the 

collinear gluon and photon configurations, 

respectively. 

Kinematics for the Bremsstrahlung contribution. 

_The qq.,qq diagram. 

+ - -Feynman diagrams for e e -?qq~ .. 

Production of two particles A and B through 
/ 

vector meson'decay (VDM). The qark blob indicates 

the vector meson-photon coupli~g. ~ and rnv are 

thè coupling constants and the masses of the 

various vector mesons, respectively. 
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FIGURE CAPTIONS eCont'd.) 

. Fig. 18. 

Fig. 19. 

Fig. 20. 

Fig. 21. 

Fig. 22.' 

Dominant CIM contributions to' direct photon. pro-

duct.ion (qM-7q'~). M :=:. meson. 
o • 

The u-vplence and glue distributions of our cal-
~ 

culations as functions of Q. (a) Set l (Ref. 16, 

Chapt. ÜI) (b) Set II (Refs. 18, 19, Chapt. III). 

Contribution of Born terms ta the inclusive cross­

section for pp~i+x at {) =90 0 'and predictions for 

the ~tot/~O ratio. kT effects and the Bremsstrah­

lung correction have not been taken.into accoun~. 

The ratio R =Ed }rems /d~ p/Edcrqg /d3 p, in pp ..... li'+X. 
) 

The parton distributions are from Ref. 16, Chapt. 

III. 

e a) Contributions of Born terms and of photon 
" 

Bremsstrahlung to the inclusive cross-section for 

pp-"~+X at tJ =90 0 : .Solid lines:' Total contri­c.m 

bution of éJ( o(~) (i. e. qg""q~ and qq...,~). Dashed 
• Q. 

lines: Contribution of a (0(5) (i. e. qq:-"qq~). For 

comparison at each energy we give the range of t~e 

experimental pp->.>tP+X. (b)- ';['he effect of partons' 
~ . 

intrinsic transverse mo~ehtu~ calculated with a 

gaussian kT-distribution of "(kT).=O. 5 GeV. We 

denote byCCkT) the pp""~+X inclusive corss-secti'on 

~i th kT-effects and by() (0) the same cross-section 

calculated without kT-effects «kT)=O). 
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FIGURE CAPTIONS (Cont'd.) 

Fig. 23. 

Fig. 24 .. 

Fig. 2S. 

Comparison of the theoretipal catcUlations with 

data on the ~ /,r> ratio, for pp..>rt+X, usirtg mo 

different !nput distr~butlons functions fo~ the . 
gluon. Data are from + ,(Ref. 49) ,.? f (ReiL 46 

, 
(a),(b», T i ef . lj.g). (AlI Refs. are frorn Chapt. 

III) . ') 1 
,Predictions fo~ thé ':r-atio l Irro ($ • =90°) cornpared c.rn 

~ ~. . 
with data of the A BC Collaboration. Dashed lines: 

Weak gluon distribution [Eq. (3.5)J~ Solid lines: 

Strong gluon di~ribution [Eq. (3.12)]. Data: 

Open circles (VS=53) Ref. 46(a), Chapt. III. 

Glosed circles (Vs= 31; 45 .. and 63 GeV) Ref. 4 Ei (b) (~o) 
Predictions for EdD"(pp~~+X) 1 d'3 P cornpared wi th the 

data. Dashed and solid lines as in Fig. 24. Data: 

9 Re f. 4 6 ( Cl). + 4 6 ( b ) ( A"l, B C Co 11 ab . ) ( 410 ) . 
f. Ref. 48 (CCOF). + Ref. 49. (AlI Refs. are 

from Chapt. III). 

Contributions of the Born terms to EdC1(1f-p""'i+X) / ~ 

d3; and predictions for th~, rat~o'~ /lfo wi th a Tf 

bearn. (Solid lin es represent calculations where 
'1. Q -dependent distribution functions have been 

used.) (a) Input distributions' of Eq. (3.16) 
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(b) Input distributions of Eq. (3.18). The 

upper parts of the figure show the adopted 

- 3 ( EdO'(Vp""TfX)/d p=-rr0 expt). In the lower'parts 
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Fig. 26. 

Fig. 27. 
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Fig. 28. 

. 
Fig. 29. 

Fig. 30. 

Fig. 31. 

JP 
Cont' d'. ~ 

the difference between solid and da~hed11ines ~ 
~ .. ~~ 

shows the magnitude of scale v~olat1ons. kT-

effects have been ignored. 

Same as i,n Fig. 26 but including kT-effects. In 

the 10wer parts the difference between sQlid and 

. ."'" dashed I1nes shows the magn~tude of the kT-effects 

in li p-'>~+ X . 

sented), 

.. 
(Scaling calcu1ations are not repre-

- '3 
1 Contributions of the Born terms t.Q Ed6(Pp"i.:l-X) 1 d P 

and predicti~ns 'for 1/lfo wi th antiproton beams. 
:t 

(Solid lines repres~nt calculations w~ere Q -, - . 
dependent distribu~ion functions have be~Sed). 

In the upper parts we aiso show the assumed Edo-

- ~ 
(pp~rf+X)/d p_~O(expt). kT-effects have been 

ignored. 

Barne as in Fig. 28 but including kT-effects, The 
/' , 

• 1 

dashèd lin es show the magnitude ofthè kT-effects 

" 

in pp~i+x. (Sca1ing calculations are not presented), 

Kinematic~ of the large PT event. 
" f 

1 . f d . . (J 1) f h 1 Il ustra~10n 0 the e~er~natlon 0 t e g uon 

fragmentatioh function n1To/g-(D1T+~ +Dlf7~ )/2': 

Predictions for the difference S.".._o-S; = 
. c'Ç1r~) (~-) . . 

:: S1I"- Sv+ as a function ..... of the moJrten-

tum Shar~g variable Xe for V;:iOUS photon trig~ 
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