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Inclusive meson produc:tion at large transverse _n_;: ",:' 

<,,) in hadronic collisions is studied in 'the fr~rk of Quantum 

Chromodynam1cs (1mproved parton model). Scale vfolat1ons ,~re 
- f 

1nc,luded in the parton distribution and fragmentation 'funetions; ancl. 
1 ,} t 

the contributions from quark-quark. quart-gluon and gluon-gluon scat­

tering to ~owest order in the (!"l'nnfng) coupling eJns'tant are .... d. 

The·1ntr1ns1c transverse momentum of the partons relative ta thefr 

parent hadrons is a150 taken lnto ac~ount. The gen.ral f'lnnalt.15 ap­

plied to pion production l~rge p in proton·proton collisions. CERN· 
't 

ISR data are fa1rly well accounted for, but Fenn11ab data some.hat exceed 

the predictions. Possible sUbasymptotic effects contr1but1ng'It relative-. . 
1y low p and energy are a150 d1scussed. 
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RESUME 
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1 1 \ \ .;] , 
On etudie la production inclusive des/mesons a grande impulsion 

transverse CPt) par les col11s10ns hadro~rqUeSt.dan~ le cadre d~hromo-
" l" .1 . dYnamique Quantique (modele de 'partons ~eliore). les violat~ns d~. 

ft • 

scal1ng sont incluses dans les fonctioD~ de distribution et de fragmen-

\ . 

tation des partons. les contributions du plus bas ordre dans la constante 
l , 

(courante) de couplage dues aux collisions quark~quarkt quark-gluon et 
" , F:> ..... 

gluont.g.1uon sont ajou~s'. On ti~nt conpte de l'impulsion transverse 
f . 

intrtnsfque des partqns, relat1~ent aux parent~ hadroniquls. On applique 
# r q' " , , .', ~ "-

ce fonnal1sm general a la production des pions a grands p dans les CQll.isf~s·~ 
• • T . 

. l , ( 

proton-proton •. Les donnels dé CERN-ISR sont assez bien decrftes mais '. 
1 celles de Ferm11ab exc1dent quelque peu les predictions. On discute aussi .. . 

, -- , 
d'effec~s poss1bl.es sous-asymp.totiques contribuant a des PT et d~s energies 

relativement basses. ,~ 
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CHAPTER 1 

INTRODUCTION 
1 

1.1 là"rge"P
T 

Physics, ' (J'. • 

~ ,(\ ~ , , 

The field of large transverse momentum (p ) phys-.fcs wu born at '\1 1972. <,. , T. 

At t~at tlme early CERN-ISR exper1ments(1) 1ndfcated.that the\d1fferen-

tfal cross-sectf,on for sf,r'lgle, partiel, .. production :w1th ,large Pt (Pt ~ l ~V), 
, . 

in hadronfc co111s10ns is SOOlt! orders of magnftude h1gher than what was' - : .' . ' 

expeçted frœ extrapolati~ns oi"small p data. Those data '(p, < 1 &eV) 
, Tt, , . 

\ ' 

are descrfbed by an inclusive cross-section of the form: , 
t . _. 

(1.1) 
, ... 

" The CERN-l'SR exper1mental data. sU9gested tbat a tl1fferent produc .. 

tion mechanism,may be responsible for the l~rge Pt yields. Act~a11y the 

data could be explainèd in a hard scattering.model.·wher~ the ~adrons' 
.0 

constituen~s .undergo an fncoherent point-like scatter1ng; thts was in 

" 

• \ 

contrast to the coherent scattering p1ctu~e of small P inclusive prOduc-
, t 

tion~ i~~Wh1Ch the ~n1t1al hadrons part1,c1 pate, as a Wh(IT,\~ . 

: 1 ~his point of. view was r~inforœd from the fact that the study of, 

deep fne1ast1c lepton (1) - hadron Ch) scatterfng demonstrated that hadrons 
l , 

have an effective point-like constituent structure. The experimental' data 
, . . (2) (3) 

were we"-explajned·in tenms of the quark-parton model • 1 whioh could 

al~~ be u~e~ ~o descr1be large, Pt pr~cesses invo1v1ng anly ha~rons., ln 
l , 

this way large p hadron production and deep inelast1c leptoproduetion 
,. T 

~ 1 

" 

pa 

1.,. , . 

')1' , 
-, '~ 

, , 
, , 

, , 
" ) , 

1" 
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were 1ntimate1y related. 
~ 

,We shal1 br1efly, descr1be the quark-parton model below. 
, , 

1.2 The Parton Model and e-h Inelast1c Scattering , 

ln the one photon exchange approximation (see F1g. ,,1) the 

inclusive electron sc~ttering eross section from an unpolar1zed had­

ron1~ target 1s g1ven by(~) .' . 

J 

and . 

da 0 (dO) 
dildt' ;z an Matt 

( da) • 
dO Matt 

2 2 
4a E' 

li 
Q 

2 e. 
cos T 

2 2 2 2 e Q = -q = -(k-k') ,= 4EE' sin T 

. , 

~ 

(1.2) 

(1.3a) 

(l.3e) 

E(E I
) and &' are the 1n1tlal (final) energy and the seattering angle of-. 

the electron in the lab frame; k(k l
), q·and P are the 4-momenta of the 

initial (final) electron, virtual photon and the target. M is the target 

mass and the electron mass 1s neg1ected. 

W1 andr.w2 ln (1.2) are in general func~ions of the iwo invariants 
2 

1tand Q of the process. They are cal1ed structure functions of the 
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target and represent a generalization, of the fonm factors descr1bing 

e-h elast1c scatter1ng. 

. Bjorken(5)'using the Adl~r sum rule(6) ~bta1ned the following 

1nequality for inelastic electron-n~cleon scatterfng: 

W \ 2 2" 

[ ctt'T W2 ep (ov-,Q.) + W2 ~n {v,Q )J ~ t '.' (1.4) 

-./ 2 , 
* The absence of Q dependence on the R.H.S suggests that-the total 

electron-nucleon ~catter1ng cross section corresponds to scâttering 

of point-like objects. 

Defi ne 

( 
2 

and consider the l1mit Q +., 'V" + ID , X = fixed (called Bjbr,lcen 

(1.5) 

. , 
CI (1) . 

limit). Bjorken suggested that (1.4) can ~e understood if the . 

structure functions in the integrand have the ~ehay1our (ca11ed 

scal 1ng): 

2 
then as Q 

1 

2 -
'V'W2 (v,Q )~j. Ùm F2 (x) ; 

.. \ 

The ~c~1ing behaviour (1.,6) ) a sim~lar beh~viour for W1 0 

, ~ 

(1.6) 

(1.7) . 

(1.8) 

'. 

.... 

1 

,,;.' ~. , r(;' 

" 'J"'t< .., ,~ 

, -
. '.~ 

~ . ;'~ 
... ~ 

, .; 

'. 

.' 
'~ {, 

f', 

, ,'/~ 
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were consistent with subsequent ex~~riments even at moderate values 
222 

of Q (Q > 1 GeV ). 

The scaling behaviour naturally'arises in a simple constituent 

pictu're of the hadrons fonnulated by Feynman(2) ,(3) t the parton ,model. 

J According to this model the hadron consists of pofnt~like (str,ucture- ~ 

less) constituents, the partons. These are almost free, and carry a 

finite fraction'of hadron's momentum. The eléctrdns are scattered 
, 0 , 

Incoherently from the partons. 

',' 

• For ,the validity of this picture,it is assumed that: 

(a) The impulse approximation can be applied: the constituents 

can be treated as free on a time scale (tinter) ~uch shorter 

than the sca le of thei r mutua l str~ng 'co~p l i ngs (\): 

Tinter « TL . (l.S) 
c \ 

This condition is satisfie~ in a frame in which ~e hadron's<"' 
", .... ~ J 1 

momentùm is very large. ' , '-, 

(b~The distributi~n of pa-rton's momentum k transverse to the 
T 

hadron's momentum has a sharp cutoff. In this case it'can be 

shown that processes in which the vintual photon is absorbed , 

by di1iferent partons cannat interfere; this leads ta incohe~ent 

scattering. The sharp cutoff in'the k -distribution is an 
.. 1 T ,1 • 

o 

assumption characteristlc of the parton model. 
, ,'!' 

Denote by f i / H (ç;) the probabiHty déns~ty t~ find within a 
- ' 

hadron H a parton of ~ype i; with, a fraction ç; of had~on's momentum. 

Then the above two conditions can 'be shown to imply(3)\·{8): 

., 

, . 
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- -j 

where ei is the electric charge of the part~n hrunits of the . ~ 
, e 1 ectro~ charge... Then, 

.. ·t.l2H (v, Q2 ) F H ( ) 2 f () 1 n 
2 

y" - 2 X =_~ ei x i/H x x = ~ '(1.9) 

"':l 

In this 'i;!ay the parton model easily leads to sca1in~ behav1our. 
, 

Ana'lysis of the experimental data indicated that the different 

types of~~rtons can be ~d~ntified with the (spin t ) quark flavors 

encountered in hadronic spectroscopy. On the other hand ft was found 

that ~bout ha-lf of the momentÛm of the pr()ton is carrfed by neutral 

partons (called gluons). 

The parton model cQuld be applied to other processes fnvolving 
;> , , 

, coupling of quarks with photons; e.g. electron - positron annihilation 

into hadrons (e+e- ... X) or .. lepton pair production (hl' + h2 -+ .. +,,- + X). 

~n general in these processe~ the differential cross-section can be 

factorized .in three p,arts: 
,. , 

i) '-the pnobabil it~sity f i/h. (x) of finding '!nside an fncoming 
1 .. 

hadron hi a quark of flavor ; with fraction x of hadron's mornen": 
, 

tum (parton di stri but; on funet; on) 
. 

ii) t~ point-like interaction of the quark f with the yirtual photon . 
ii i ~ the probability density Gh (z), for the scattered quark i to 

2/i 
fragment into ~ hadron h2 carrying a fraction z of quark's 

momentum (parton fragmentation function/l. 

It is impo~tant to notice that, measurement of the structure 

functions provides (through Eq. (1.9)~ infonnation about the quark 

distributions inside the hadron. 

.. ' 

·V _ 

'\ 

" 
'. 
" 

.. 
" , , 

, 
.t; 
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1.3 The BBK Mode 1 

The parton model was applied by Berman, Bjorken and Kogut 

(B8K) to purely hadronic reactions with large p Yiel"ds(9). Assuming 
T 

that the large p hadron is produced in a single interaction between 
"" 't 

.... two incoming quarks they were led to the following fonn for the cross-

section of the inclusive hadron reaction A + B ~ C + X (Fig. 2)(9),(10) 

(1.10) 

'1 

where acm is the CM angle of the produced hadron C with large p , __ 't 

relative to the beam axis, and s the CM energy square~,of the collinding 

hadrons. 

For pp collisions the distribution functions falA (Xa) and fb/B (~b) 

can be extracted from ep and'Vp dèep inelastic scattering data. and the 

fragmentation functions Gc/c(z) 'from ep and vp hadron production or 

,i 
l, ./' 

.. - d from e e + ha ron + X. , 
A 1(,1 

ln (1.10) d~ represents the large angle scattering cross-section 
dt 

of the constituent subprocess' a + b .... c + d. This cross-section carries 

information ~bout the strong interactions. ~ 

The subprocess a + b .... C + d was assumed fo take place via single 
f:> 

massless vectof meson exchange and, as in a single photon exchange: 

(l.~l) 

Then if falA , f b/B and Gele satisfy exact sca11ng: 

(1.12) 

V';I~ r 

'J,~' <III 
~,::: f .,. .. 

'.' 

'~~::. ~-~""""7-r,.i:.J~' .~-"""r-"""'---~r.. ~ f~ ~ l'", •• ' .......... _-"':'~,. ·-~'~'n~f ~ _~ '1 ... f~~,,~~~,~i .. ~ •• J""" - , 
.. .i" j .,.'· ... t,J.:"bf1jj'~1 , '_ .f." .. !. L '\ '"--J/-" -1<"r-/t;J;' ....... '~j,,\ :.<~ ~( ~"~#'rf~,~,. -4 ~~ " 

" :!:'-: ~-~.';.-~ " " .' ':., .. /),,<".o,-_~.:: . l'", " ~" >,.), J~~;::'" "_I~"':";ii~,}i~';::}t~~~~:f,~i' ~'_, 
1. -" .~..,._ ~ __ ..... ~J;. .r,.I .... ~rl-~ .. .,.,.~, ... ~ .. ~'f,.~t. '>("" ,.~~~ \. ....... $" '" '1 .. r,*;;" '11>0'&1.', t~ ... :.~,\\'I'Q~(y",ïF'· "j. (;~ - 'u _ ~ 

_r~ " 1 . -: ':::" ~ ~. :' (~.~' \ <F._ • :T ." '~""" f _ ' , ~}t\{ v; ,~ "d ~ ~ , • • 

.' 
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For fixed x and a~~. the above p-~ decrease of EC ~ 1s ~uCh 
• T w" . T dp 

slo .. r than that of tho small ~ form (1.1), and it was in C accord 

with the very ear1y experimen:s ). Later ISR data(ll), 'however, on 
8 

pp + W + X indicated a cross-section of the fonm (1.12), but w;th p. 
~ T 

rep1acing p_4. These ~ata ruled out the naive (but attractive) scale 
T u 

invariant quark-quark (qq) scatte.ring model and suggested various "other 

models()2). The most importlnt of them were the constituent inter­

change mode1 (CIM) and the black-box model. 

1.4 The CIM Mode1 

The constituent interchange model (CIM)(12),(13) and a related 

model due to the Cambridge group(14) explained the data by more complex 

scattering subprocesses as e.g. 

qM -+ qM' • qB + qB'. qq + MA , (1. 13) 

~ whore M (Meson), B (;:ryon) indicate qq and qqq clusters. These 

subprocesses assumed scale invariant still lead to simple power-law 

behaviour: 

E 4- '" 1 n 2 ' f (x ,ecm) 
d p (p 2) - T 

T 

(1.14) 

The p dependence is summarized by the fo1lowing rule (called dimensional 
T . 

counting)(15)~ n is the total number of e1ementary fields (quarks, 

e1ectrons, photons etc) participating in the subprocess . 

. Sinee q, M, B have 1,2,3 consti~uents (elementary fields) respectiye­

ly this rule leads to: 

1 
1" 

• 



........ 

, . ) 

- a -

fIii 
E~ '# Subprocess n '" d E 

qM ~ qM' 6 
_8 

(1.15a) PT 
- _8 

qq -+ MM 6 PT (1.15b) 

qB -+ qB' 8 p-1t ( 1.15c) 
T 

Within th1s model the pp -+ ~ + X data could be interpreted using (1.15). 
_8 

It should be noted that the authors of Ref. 13 were advocating p 
T 

behaviour prior to its confirmation at ISR. 

In the original version of the model problems of the normalization 

of each subprocess, the structure of the 'M' jets which are not necessarily 

the same as in lepton induced reactions and insufflCie!~exP.lanation for 
• (16) 

the absence of the qq subprocess. restricted the predicti e power . 

One could argue'that thls mode1 did not provide the basic mechanism in 

large p physics. In its present form the mode1 deserves special 
T 

attention. as we shal1 discuss in Chapter IV. 

1.5 The Black-Box Mode1 

This model was jntroduced by Feymman,Field ~nd Fox(17).(18) and 
A 

it i$ based on quark-quark scattering. The subprocess cross-section d~ 
d+ 

in (1.10) was adjusted (black-box) so that the resu1ting inclusive 

cross-section" fit the large p meson data. Assuming that the fundamen­
T 

tal qq + qq subprocess contains a scale and behaves as 

A 

da .. = (1.16) 
d! 

,. 
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(1. 16) 1 eads to 

(1.17) 

. 
c1earl, the c~oice n = 4 accoynts for th~ data (P

T
-
e
). One must 

a150 specify the abso1ute magnitude of d~ t and an overall best fit 
d* 

wa5 found with the expression: 

A a 
do . 2.3 x 10 mb GeV6 

,.. a ,. ,.. 3 
dt (-s ~ ) 

-{l.18} 

The mode1 was successful in accounting for ratios of single 
, ~ 

partiele (meson) inclusive cross-sections as wel1 as for jet eross-

sections. It was in difficulty, however, to account for other data, 

partieu1arly in relation w1th correlations for two large -p hadrons 
1" 

in opposite directions. 

The model has been cons1dered as a "useful too1" in extract1ng 

information fram the data, but not as a basic mechan1sm because of the 

1ack of theoretica1 understanding of the form (1.18). 

1.6 A~Ptotic Freedom. 88K Model with Scale 8reaklng 

T gether with the development of several models(19) various 

attempts were made ta remove the difficulty of the SBK. model ta repro­

duce the experimental data. 

These attempts stemmed from the understanding that if the inter­

actions of partons are descr1bed by a'renormalizable field theory (RFT) 

(i.e., with a d1menstonless coupling constant) then the partons cannat 

. " 

~ 
1 

-
" .. 

l', ~ 
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be treatêd'as completely free; this because there is no time (and . " , 

length) scale beyond wh1ch interactions can be ignored. In such a 

theory the partons will never be precisely structureless and point­

like. A parton, seen by f probe with a certain value" of 4-lI!omen-
2 

ttlll squared Q , will revea 1 further substructure for a 'probe with 
2 (20)_(22) 

higher Q . • 

RFTs have been analyzed using renormalizat10n group (RG) methods. 

The result of the analysis is that in such theories one expects viola­

tions of scalqng. These violations are expressible more precisely in 
2 

tenms of the Q -dependence of the moments . 

M (Q2) = ,1 dx xn":2 F2 (x ,Q2), 
n" 0 

(1.19) 

.. 
2 2 

of the structure funçtion F2 (x,Q). The predicted Q -dependente 
2 

of (1.19) for large values of Q can be classif1ed in two categories: 
2 

of inverse powers of Q ; this OGcurs 1n conventiona1 field (a) 

theories (CFT), in which the renormalized coupling constant 
2 4 

increases with Q , as in QED or ,-interaction. 
2 

of inverse powers of log Q ; th1s occurs in asymptot1ca11y (b) 

free field theor1es (AFFT), in which the renorma1ized coupling 
~ 2 

constant decreaSe~OgarithmiCal1Y) with Q (asymptottc 

freedom(23~, as in Yang-Mf11s gàuge theories(24) . 

AFFT are leading candidates for a theory of strong interactions; 

th1s because their property of asymptotic freedom gives credibi1ity to 

the parton model and 1ncorporates Bjork~n scaling as an asymptotic 
(25) , 

phenomenon. It has been demonstrated that essential1y the only 

asymptotical1y free thEnr1es are the non-abelian gau"ge theor1es of colored 

\ 

1 
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~ and globn., Qu.n~ c::n~IC5 (QCD) (2't . 
QUarkS)caling violâtions have now ~~en observed in accurate deep . 
inelastic scattering ~ata (27)_(2~) 

Beeau,e of the defin1te QCD predictions and the exper1mental 

evidence ft was of ~uch intere~t to examine if the naive BBK model. 

refonmulatèd to take 1nto account scaling vialattons, could explain 

the features of the 1 arge p data. 1('" 

T 

The first study of this prob1em was made by Caha1an. Geer, 

Kogut and Susskind(30). They used the ~cale·1nvar1ant parton mode1 

of Kogut and Susskfnd(21),(22) (fntu1tive but powerful extension of 

the nalve parton mode 1 , jncorporatlng the effe<:ts of scale,).arlant 

interactions) with 10gar1thmlc scale breaking in the d1str16ution and 

fragmentation functions. They found, however, that their predictions 

wer: we1l below the data and that on1y al sU~er~igh.energ1e: ($ a 6 X 10
3 

GeV ) the model could Agree with FNAL extra~lat10ns. On the other 

hand, their form of sca1e breaklng was a reasonable solut10n of QCD 

equations on1y for x ~ 1. 
- (31) Another attempt was made by Hwa, Spiessback and Teper who fit 

the data on deep inelastic tN scatter1n~ w1th a parametr1zat10n for 
, 2 

the structure functionsi this parametrization, extrap01ated tO,.h1gh Q 

within the SBK mode1, provided a fair account for the large PT pp+v~+X 
, 2 

data. Their parametrization, however, led to moments M (Q) (Eq. (1.19») n, . 
2 

decreasing 1ike inversé powers of Q , in disagreement ~1th the QCD pre-

dicti ons. 

In a further deve10pment, a mode1 by Contogour1s, Gaskell and 
- (32 ) """ N1colaidis f accounted for a number of QCD requirements and led to 

2 2 
moments Mn (Q ) asymptotical1y behaving aS,fnverse powers of log Q • 
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This model prov1ded a good understaAding Of the exper1mental dâta 

on single partiele (meson) inclusive cross-sections and two partiele 

correlations (33). 

However, among the basic diffieulties of. and objections' to, the 
• , (33) (34) 

approaeh of Refs. 31,32 and related work ' are the following: 

1) The value of the strong coupling con~tant required to fit 

the data 1s higher by a factor of "'3 than the now accepted 

value"'of the runn1ng coupl1ng constant of QCD. 

11) The scale violation 1s stronger than that predicted by QCD, 

and, 1n general, the quark distributions are not deduced 

as solutions of QCO conditions. 

1.7 Parton Transverse Momenta 

In most of the early applications ~f the parton model the trans­

verse momenta of partons (k ) were assumed to he negligible. 
. t 

Experimental results, however. l1ke ~the wide transverse.momentum 
.' (35)_( 37) 

distribution of massive lepton pairs and the lack of coplanarity 

of the away particles w1th re~pect to the beam-trigger plane(38)-(40) 

(pout ~istributions) indicated that ~he partons' transverse momenta have 

important effects and should not be neglected. These k effects have 
't' 

been the subject of many investigations(41 )_(45) • 
~ , 

As first pointed out by Combridge(44). the transverse momentum 

, of the parton i s biased in the di rection of the detector. The reason 

1s that because the cross-section fal1s off 50 rapidly with increasing 

trigger's P t configurations in wh1ch p~rt of the p is supplied by the _ '( t 

'partons are favored. Roughly speak1ng the net effect corresponds to a 

translation (of arder < t » of the inclusive cross-section curve, towards 
T 

\ 
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• 

the positive'p axis; tbis affects both the magnitude and the shape 
't 

of the cross-section. espec1ally in the small Pt reg10n (2-4 GeV). 

Thus if k effects are 1ntroduced 1n the single particle cross­
't 

section the agreement with the data 15 expeete~o improve. 
~' 

1,.8 QCO as the Under1yfng QFT of Partons 

In all the applications of the parton model discussed' 50 far 

the effect of gluons was also neg1ected. 

Another difficulty of a11 the models based only on qq scattering • . 
15 that they predict consi4erably more posi t1ve than negat1ve hadrons 

on the away side. ln p-p collisions at rs = 53 GeV and a tr1gger .. 0 

at e = 90° and p = 3 GeY. the Black-Box model. for example, predicts cm t 

50% more positive than negat1ve hadrons on the away side w1th p > 1:5, 
't 

(46) . 
GeV ; data from ISR show about equal numbers. This 15 one of the 

experimental indications that the recoiling away-s1de parton 1s not 
. 

always a quark, but sometimes -a neutra.l constituent (a gluon). 

On the other hand, in QCD detenn1nations of tlie scale breaking 

<= of quark distributions, gluon effects are 1nseparable and cannat be 

neglected. Therefore. a consistent QCD treatment of large p phenomena _ 't 

requfres a1so quark-g1u~n (qg) and gluon-gluon (gg) scattering subprocesses. 

These subprocesses have been inV8tt1gated and an important conclusion(47)-{49) 

~ 15 that at Pt ~ 2-5 GeV production of hadrons via q~ and gg scatteri~g 

is very significant. 

These considerations suggest that an approach bésed on QCD and 

taking into account the effects of partons 1 transverse momenta (k ) may 
T . 

expla1n the main features of large p meson production. 
't 

j 

j 

1 

1 

, 1 
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The purpose of our work is to study the baste hadron;c proeeSG 

~ + P" '/f
0 + X (and p + P"" J:i ('('('+ + lf-) + X) in the framework of 

p-;;.ton-pa~ton· scattering uSing the following ·;ngredients: 
• - 2 , • 

\ 1) ~he QCD runnfng coupling constant as (Q). _ 

i1) Quark and gluon distribution functions satisfying, to a good 

approximation, all the QCD requirements and fitting the 

electroproduction and neutrinoproduction data.(50),(51) 

111) AH- the hard seattering QCD subprocesses qq, qg and gg. 

1v) Intrinsic k distributions of partons inside a hadron (and 
t' 

of hadrons fnside a parton jet). 

When the main part of this work was carried out (Fal1 1977) 

• use in large -p hadron production of parton distributions (including 
t 

2 ' 
their Q -dependence) obtained fram leptoproduction analyses was justi-

fied only on probabil istic grounds (see Sect. 2.1, in particul-ar 

Eq. (2.3)); no field-theoretic justification was available. It is now 

known that perturbative QCD fully justifies our approach. , In particular 
o (52) (53) ~ , 

Sachrajda ~ has considered t~e quark-gluon graphs corresponding 
to gluon radiative and vertex corrections to quark-quark scattering. 

3 
To the order'as in the cross-section, and in the leading logarithm 

approximation he has shown that these graphs, introduce scale violations 

.in the parton distribution and fragmentation funetions; and more~ver, that 

to the same order in as ' these scale violations are identical to those 

found in electroproduction by renormalization group and light cane tech­

niques f~The same result has been previously o~tained by Po14 tzer(S4) 

in the Drell-Yan approach(55)to lepton-pair production and further ex-
" , 

tended by SaChrajda(56). Subsequent work has made clear that, in the 
, . "(57) (61) 

leading logarithm approximation, the se resu1ts hold to aJ1 ordes of as - . 

, ' 

, ' f 
~.;j.~...,_~. './. t~Irt.r_:~.~, 
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In Ctiapter II we 'present the general fonaalism of Our 

WO~ko on pp + .. 0 + X ana Pl>'" l('Il'+ + ~~-) + X. In èhapter IiI We 
, f 

d1scuss the results of the calèulations"and compare w1"th'experfment. 

In Chapter IV we sumnartze oùr conclusions; we "8150 discuss the main 
'-.] 

results on two-particle correlations. Moreover we examine possible 

connections of our approach with the CIM. ~ppend1x A contains details 

on the parton distributib~ and fragmentation functfôns used in our 

calculations.' Final1y in Append1x B 'we d1scuss the sensft1vity of 

o~r results to certain assumed lnputs. 

... 

.. 
f 

1 

j 

'-, 
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CHAPTER II 

LARSE· P SINGLE HADRON INCLUSIVE PRODUCTION 
't 

GENERAL FORMULATION 

, 

.In this chapter a~d the next we present our wark(62) on 

' .. '. large p;t-,single hadron productif' I",",the sense of perturbative 

.QCD (Sê~4)'~) this 1s an applic'llion Ctf now establis11ed formulas 
/ ~'>"'> 

ln the leaa1ng log Q2 approximation. Later (Sec. 4.3) we briefly -

consider possible effects of non-leading terms (corrections). We a1so 

lncorporate the lntrins1c transverse momenta of partons (hadrons) re­

lative ta their parent hadrons (partons). 

2.1 The Inclusive Cross-Section.with QCO and kT Effects 
\ 

The form of the invariant inclusive cross-section for A+S+C+X 

with parton (and'hadron) intrinsic transverse momenta has already been 

tJ con:;idered in ttre f~amework of' the naive parton model ~without scale 

brealdng) (63): 

.. 

(2.1) 

" " 

Eq. (2 •. 1) 1s.a generalization of (l.lO) (BBK model). In (2.1) d~ 
, < dt 

represents the differential cross-~ection for any subprocess a+b+c+d via 

which A+B+C+X 15 assumed ta take place. 

... - 16 -
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We shal1 use the Salle fo~ for the hadronic cro~s-~ec~'. but:, 
~ _ - - t' 

4) re'place the scaling distribution and fragmentation funetions by . , 
/' 

non-scaling ones; b) add the eo~tributions of all the possible QCD 
o ,. 

scatter1ng subprocesses with d~ calculated in the lowest order of 
di . , 

perturbation thedry and c) introduce the QCO running coupling constant. 

{ In this way wè take 'into account the leading log effects ta a11 orders 

of perturbation. \ 

Thus we obta in the equa t1 on: 

'" .. EC :gp (PT,e ,s) ;; a~,_c f ikT~ f lkTb ! ik~c. 1 clxa ! dxb f alA 
C 

, 2 
(Xa ,tTa ,Q ) (2.2) 

where a,b,c represent quark -(q), antiquark (ij) or gluon (g) '" ;,t,~ are 
, . 2 

the invariants of the subprocess and the, variable Q will be specified - . 
later. 

, 2 
Thè non-scaling parton distribution functions f(x,k .Q ) are 

. t 

defined in the language of parton model by :~. 

(2.3) 

).Jhere dP 1s the differential probability that a hadron A of momentum ~A 

is seen by a probe'of 4-momentum Q, ta contain a parton a w1th long1tu-
+ + + 

dinal momentum xa PA and transverse momentum k~a relative to PA. Cor-

respond1rigly, the non-scaling parton fragmentation function G(z,k c.Q2 ) 
" " T 

1s defined by: 

-" --~-~- ----~ .... --_....---:-:':""!"'""'------':"'.-

" 1 

-0 

',' 
.'. 1 

! 

, " 
1 :' 

. ,~ 
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, ~ _ ,f 

where dP 1s, the differential probab11ity that a parton c of momentum 
... " '. 
'Pc 1s seen by a probe ,of 4-fllomentum Q, to produce a hadron C with 

, longitudinal momentum 1pc ~nd ·t~ilsverse momentum t'[~ relati,ve to pc. 
The summatfon over a,b,c i~ (2.2) stands for all possible lowest . / 

order subprocesses ab ... cd. "For t~ ~ubproc~sses the corresponding /:" 

differ:ent1a1 cross-section d~ is of 1 the form~" _! -

dt ,.. ') . 

• A 

da 'If(l2 ~ 
,,' ( ab ... cd),'" ;:r Lab ... cd dt . s ' 

(2.5) 

The e~act fOrR! of L b d fo~ the various combinations ab'" cd a ..,. c 
l , 

(Fig. 3) has been ca1culated 1n Refs. 47-49 ~nd is given in Tab~e 1. 

Ne have evaluated the contributions from all the subprocesses of this 

table in the case e ,= 90°, k'li = 0, .; = a ,b,c and we found that on1y the 

fol1owi~ cases give nonneg1igible contributions 

qi 9 ... qi 9 , 99 ... 99 (2.6) 

~~er~ i and j den ote quark fiavors. In the multiple integral (2.2) tf~ , 

~$tonsidered only the contributions, fram (2.6). : . -

t li ln (2.5) •• = as (Q2) is the QCO runni ng coup lIng (or fine 

structure) constant with the typ1ca1 value (corresponding to four flavors) 

(2.7)' 

" 

• 

(' 



, 
1 

l 
1 
f 

-\ 
1 
l 

, 
,­
~ 

\ 

, 

,_ - 19 -

The i nvari ant~ ;;. t • ~ are expressed ·.i n tenos of the mome~ 

fraction z and th~ integratian variables xi' t~i (i = a.b) and t
TC 

f Dy: 3 

<:) 

~ = 2mTa m'rb l cosh (y -y $ -tab ] + 2m 
2 

a b (2.8) 

.- ~ 2 
!=-....l+m z {2.9) 

u 2 
~=-....l+m z 

(2.10) 

~ 
.. 

~ l .:1 2mTa mTe [cash (y -y,) 
a e - Ea~J (2.11) 

'. 

, 

- 'tbe ] u = 2m b fil c [cos h (Yb-Ye) l '''C. 'r 
.~ 

{2.l2} 

, 
/-

where 

. 11 

m2 • 
2 2 

= k . +m ;, = a,b Tl Tl (2.13) 

m = pl 
"Cc T 

(2.14) 

• l-
,(2.15) 

l = a.b '(2: 16) 

, 

and thé-'raPiditie~ Ya~b,c are 'giVe" by: -
'/ 

o 

" 

.. . , 

) \ 

"l. '( . 
, , 

-i 
i ' 

" 

~ 

, \ 

• -;'1 
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ct 

sinhy = xa rs 
a ~ 

sinhyb = xb rs 
2rnTb 

pl 
sinhy =-1. 

C m
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1r~In the above formulas m is the parton mass; we have taken 

(2.17) 

(2.18) 

(2.19) 

m = m = m = lOO MeV a ··b <." , 
m = m = 0 

C d (2.20) 

.. 
1rrespective'of the flavor of a,b,c,d. A non-zero mass for c,d is 

unnecessary because the results are not sensitive to it while the 

fonmal1sm becomes complicated; it is however necessary for atb because 

if m = 0 (2.l3) gives m i l= 0 when k 1 = 0 and leads to divergencies in 
T T ~ 

(2.17) and (2.18). For this reason we also use the same value of m 

even when a or b is a gluon. 
, 

The constraint 

''1 
A A A 2 
s+t+u=2m (2.21) 

together with the relations (2.9) and (2.10) determines the momentum 

fraction z in tenns oof integration variables: l' 
u + i 

1 1 
z=--~ (2.22) 

s 

A A 

In this way the 1nvart~nts s, t, u in (2.8) - (2.10) contain on1y inte-

gration var1ables. The boundary of the integration region corresponds p 
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ta the '1 imit z = 1; :then (2.22) reduces -to a quadratic equation for 
y . 

e a in ~rms of the remain1ng'variables: 

2y Y 
A e· a + Bea + C = 0 

-y -y b c A = e - >'2 e 

y -y y -y . 
B = 2>'3 - Al (e b c + e c b) 

where 

!lb Y 
C = e - >'2 e C 

pl 
, - '( 

• 1\2 - -
mtb 

2 
m 

1 m m ta Tb 

(2.23) 

(2.24a) 

(2.24b) 

j (2.24c) 

(2.25) 

2 
~he t dependence of the distribution functions f(x,t ,Q ) 15 

t t 

genera11y unknown. We set 

(2.26) 

and proceed with the ùsual and convenient for calculations factorized 
Ansatz(41)_(43),(64) 

. 
o 

(2.27) 
" 

.. 
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subject to 

2 
1 d k oct) = l 

'( '( 
(2.28) 

.' 
Then, because of the re5ulting relation: 

2 2 1 2 
1 d k F(x,t ,Q ) = F(x,Q ) 

'( '( 
(2.29) 

2 
we may interpret F(x,Q ) as the longitudinal momentum distributions 

of partons in electroproduction. For x = 0, however, certain of the 
. 2 

funct10ns F(x,Q ) do not vanish; for k 1 0 the point x = 0 i5 kinema­
'( 

tically accessible, and this causes (2.26) and (2.2) to diverge. To avoid 
".--\ 

• ." " ( ~ 2 (42) (43) thlS, ~e lntrQd~ce the modification or redefinition) of F(x,kT,Q ) • 

where xR 15 

~' 2 
F(x,t ,Q ) 

f(x,t ,Q ) = x T 
'( R C 

the energy fraction Carr~bY the parton 

\- i 
2 4m'~ , 2 2 2 

xR = (x + -.!.) m = ,k + m 
5 'T '( 

2 
and the function F(x,t ,Q ) in (2.30) is given by the fractorized 

T 

(2.30) 

(2.31 ) 

form (2.27). In the absence of any information we use the Ansatz (2.27) 

for all partons (quarks, antiquarks and gluons), as well as for the frag­

mentation functions. 

(2.3,2) 

'''''-' "-.'."', . 

• 1 
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.. ... 
In the presence of parton k the kinematical invariants s, t 

A T 
and u may become very small and cause (2.5) and the expressions of 

I:ab + cd (Table l) to diverge. To avofd th1s,we make the replace­
ments(41) ,(42): 

" ... 2 
S .... S + M 

A .. 2 
~ .... -1: - M • 

.. " 2 
U + U - M (2.33) 

with the typical hadronic mass scale M = 1 GeV. We have checked that 

at suffic1ently large PT (~ 3 GeV) the pr~dictions are not sen~it1ve 

to the precise value of M (see Appendix B for details). 

The evaluation of the multifold integral in (2.2) has been 

carried out with Monte Carlo techniques. Details of the 1ntegration 

procedure are presented in Appendix A of our publication, Ref. 62. 

2.2 Distribution and Fragmentation Functions from QCD 

We are fnterested in hadron production in proton-proton collisions' 

(A = B = Pl. Then using the notation: 
• > 

-2 2 
Xfa/p (x,Q ) = Fa/p (x,Q ) = a, a = u,d,s,ü,a,s (2.34)' 

we write 

2 2 
U = Uv (x,Q ) + t(x,Q ) (2.35) 

2 2 
d = dy (x,Q ) + t(x,Q ) (2.36) 

(2.37) 

f ' 
l 

, 
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f, 
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() , 

.' 

1 -

( 2) (2 2 .-.where UV X,Q , dV x.Q) and t(x,Q ) are the momentum distributions 

:of u-valence, d-valenee and sea quarks inside the proton and an SU (3)-
, 

symmetric sea has been assumed. Similarly when~~.is a gluon we set: 
. ,. . ~ "~{ , . .,.-,-

(2.38) 

The expl1cit fom of the distribtuions uv' dv.,!t and 9 as funetions \ 
2 ... 

of x and Q ha5 been obtained from Ref. 51 which makes a detailed ae­
~ 

eount of the QCO requirements and fits the available data on nucleon 
(50) (51) 2' . 

structure funetions, • • The Q dependenee of these distributions 
, 

15 speeffled by the QCD variable 

(2.39) 

with 

2 2 
Q = 1.8 GeV , A = 0.3 GeV o (2.40) 

We present al1 these funetions in detail in Appendix A. 

To detenn1ne the non .. sealing fonn of the quark fragmentation 
• 

funetions we are guided by the QCD solutions of Grass(Tl) and POlitzer(2sa), 

whieh have also'been used in other similar ealcuations(30),(49} ~.The 

fact that these solutions are valid for z not very small ~es not affect 

the predictions beeause most of the contribution to (2.2) comes from the 
f region near z '" 1. Thus we take 5 : 

~ 
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( ") As GC/e z,s '" 9C/e e 

. ' 
" 

/ 

• 
(1 + mC/CCG» , 

(1 + nlC/.e(S» 

_ , 2 
where the v~rfable $ carry1ng the Q dependen~e 15 gtven agatn by 

2 
.(2.39) with the same values of the par~meters A and Qo ; 9C/e are 

constants and 

mc/c(s) ~c/c(O) + 4Gs 

(2.41) 

(2.42) 

where the standard QCD model' of 'four flavors and three colors 9tves(71): 

G =!.. 
25 A = 0.69 G (2.43) 

The functfons GC/c are subject to the momentum conservation sum ,ru1e: 

1 

LJ (2.44) 
/ 

, 

Gc/e (z,s) dz '" 1 
t'o 

for every species c. 

For s = 0 (Q2= Q2) we obtafn from (2.41) and (2.42) .he corres­
o 

ponding sca1ing forms 

(2.45) 

- E l GC/e (z) dz '" L 
C 0 C 

(2.46) 

" 

" 

-, ' 
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The values of mc/c(O) are determined from an analysis of hadron 

èlectroproduction data and the values of gC/c from the same ana1ys;s 

and the sum rule (2.46). A11 of them are given in Appendix A. 

We should note that for the non-scaling form (2.41) and ~th 

9é/c'= constants, the sum ru1e (2.44) cannot be satisfied for al1 S. 

Therefore we a~ contented to satisfy (2.44) exactly for s = 0 

[ Eq. (2.46)J and notice that, owing to the weak dependence of 5 on 

Q2[EQ. (2.39)] the violation 1s ~ 10% for all Q2 of interest. 

As we mention in Sec. 1.8, perturbative QCD predicts scaling 

violations for (a11) the fragmentation functions'~ (52) t (60). Data on 
/ 

. (72) 
electroproduction of pions t however, appear to be compatible with 

scaling ones. In order to study in more detai1 the sensitivity of . ' 
, \, 

the cr~-section (2.2) on the scaling violations of GC/e we pr~sent 

comP1F calculations both with sC,aling and non-scaling quark frag­

mentation functions and dlscuss the compar1son between theory and 
fi " experlment in Sec. 3.2. 

For the gluon fragmentation function we take for simp1icity a 

scal1ng ~orm: 

m 
Gc/g ~ 9C/ g (l-z) C/g 

subject to a sum ru1e such as (2.46): 

The ,effect of(ndn-scaling GC/g 1s discussed in Sec. 4.2. 

.. (2.48) 
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CHAPTER III 

CAlCULATIONS AND COMPARISON W!TH EXPERIMENT 

In this chapter we present some deta1ls of our calculations 

together with our main conclusions concerning t~e effects of 1ntrinsic 

transverse momentum. Also we present our basic results and compare 

them with experimental data. 

3.1 Calculations and Conclusions on k Effects 
T 

The form of the intr1nsic trans_verse momentum distributions 
~ . 

D(k
t

) [Eqs (2.27), (2.32)J of partons (hadrons) relative to their 

parent hadrons (partons) 1s not known theoretically. We have carried 

calculations by choosing simple (and phys1cally reasonable) distribu­

tions of exponential and Gaussian form; we present detailed results 

for the former case and discuss in Appendix B the (not much different) 

effects of the latter. 

For any type of parton we put in (2.27) and (2.32): 
, . 

2 

D{k
t

) = ~w exp (-bk
t

) (3.1) 

which has been normal1zed to sat1sfy ,(2.28). The parameter b 15 
" 

related to the average value of k by: 
T 

, < k.> = f d
2
k k 0 (t.) = -h2 

T T T L 

. 
(3.2) 

2 
It is generally believed that < kT > 1s Q independent and of the arder 

of a few hundred MeV. For simplicitly we do not lnvest1gate'a possible 

.- 17 -
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x-dependence of < k > and choose the constant value: 
~ 't 

< k > = 0.5 GeV 
't 

(3.3) 

This value 15 consistent with the results of var;ous analyses(76).(78) 

of the transverse momentum (q ) distributions of massive muon pairs pra-
t 

duced ln pp co111sions. In these analyses the qr distribution is cal· ( 

culated ,by taking into account: a) the perturbative contribution(5~),(79}_(8~) 

due to the recoiling gluon (quark) in the subprocess qq + Y* + q (qg + Y* + q) 

in which the virtual photon y* decays into a p+p. pair, b) the no~-per­

turbative éontribution due to the intrinsic k of the initial partons.Th~se 
-_ T • . 

two contributions are properly combined according ta a regularization prescrip-

tion proposed in Ref. 16, and an overal1 good fit to the data is obtained 

with a value of intrinsic < k > = 0.5 '\,,0'.6 GeV (16).(18), ' 
or 

To show c]early our results on the k effects of quarks and gluons 
T 

we have separated in Fig. 4 the contributions of the subprocesses qq, qg 

and gg, for li = 52.7 GeV. All results of Fig. 4 correspond ta scaling 
) 

fragmentation functions Gele = GC/c(z) and an input gluon distribtuion 

(see Appendix A), 

2 Y 
9 (x,Q ) = .402 (y +1) (l.x) 

o 
(3.4) 

with y = 5. With the same choice as above we present in Fig. 5 the total 

cross-section for two different energies 15 = 52.7 and 19.4 GeV. Our 

conclusions can be summarized as follows: 

(a) At fixed 5 t as p 1ncreases the k effects always decrease. E.g., 
'( '( 

• at JS = 52.7 the k effects 1ncrease the qq contribution by a 
T 

L 



/ 

( 

(b) 

(c) 

(d) 
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" factor of ~ 2'at p = 2 GeV, but only by ~ 1.1 ât p c 8 &eV 
~ T 'T 

(Fig. 4). These are typical results of other similar calcul~-

'tions(41)-{43),(73) as well. The decrease of the k effects 
, T 

.. (41+) (74) (75) 
1s intuitively clear 1 , (see Sec. 1.7). 

At fixed p , as s decreases, the k effects increase (Fig. 5). 
T T 

Elllq., at IS = 19.4 and P = 2 GeV they increase the qq contri-
t 

bution by a factor of ~ 3. This aspect has a1so been observed(42),{43~ 

The transverse momentum of the gluon has a very important effect 

(at intermediate PT)' E.g., at JS = 52.7 and Pt ~ 2 GeV it 

enhances the qg contribution by a ,factor of ~ 2.6 and the 99 
, .... 

contribution by ~ 5 (to be comparéd with the factor ~ 2 for the 

qq contribution). Qualitatively this is understood as fol1ows: 

'" ln general, the stronger the p dependence of a given contribution 
'{ 

is, the stronger (percentagewise) the k effects are (Sec~ 1.7). 
T 

The qg and. ln particular the gg . contribution "as a very strong p 
"C 

dependence (F;g. 4); this 1s due to the exponent of l-x of g.<x,Q2), 

whlch is already large at Q2 = Q2 but increases relatively fast 
o 

with Q2 ~ p2 (see Appendix A). This results in stronger k effects. 
T - T 

The transverse moment~ t c of the hadron C relative to the parton 
, t 

C r~'tc dependence of the fragmentation function} has a sEll effec't 
'( 

in the single particle inclusive cross-section. (It haSt however, 

a large effect in the two particle inclusive cross-section(82) ). 

All the above conclusjons remain qualitatively the same for non-
Çb 

scaling fragmentation functions or for different values of theexponent 

y in (3.4) (see next Section). 

, , 
1 

, 

1 -
1 
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3.2 Comparison with Experiment 

The predicted inclusive cross-sections for pp + nO + X (and 

pp + ~ (~++ w-) + X) are presented and compared with data in Fig. 5. 

(scaling GC/ c) and Fig. 6 (non-scaling quark GC/ c)' In both cases 

the exponent y in the input gluon [Eq. {3.4}] has been taken y = 5. 

We see ttat inclusion of intrinsic k effects accounts fairly , T 

well for the magnitude and the p dependence of the ISR data, down 
T 

to p = 2 GeV. The predictions are in good agreement with the very T . 
(83) . 

large PT (~ 7 GeV) data • This is certainly true fo,r scaling GC/ c' 
l' 

As one expects, inclusion of scale violations in the quark fragme~tation 

functions somewhat increases the p dependence and lowers the predictions 
T 

(Fig. 6). 

We should note. however, that recent (Fall 1978) very large p 
T 

(7 ~ p < 12) data(84} are somewhat below·those of Ref. 83. Then the 
'" 't '\, , 

predictions with sca}e violations jn the fragmentation functions are 

in better agreement, in favor of the QCD results, requiring non-scaling 

fragmentation functions. We discuss this point further in Sec. 4.2. 

The p dependence of the Fermi1ab data ( JS = 19.4) ;s also pre-
T 

dicted reasonably well (in particular, Fig. 5); however, the predicted 

cross-sectionslie somewhat below the experimental ones. The difficulty 

ta account for the correct energy dependence at fixed p has also been 
T 

. (30) (32) (47) 
observed in other applications of the scale vio1ating approach. ' t 

However possible corrections can be invoked, which we dfscuss in Sec. 4.3. 
,. 

A very important role in the energy dependence is played by the exact 

shap~ of the gluon distribution at Q = Qo (the expanent y in (3.4»). 

Decreasing y, weakens the x dependence and thu~ enhances the qg and 99 
T 2p 

contributions particularly at Fermilab energies (larger x =~). 
, t IS 

t 
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To show this effect we present in· Fig. 7 ~lculations for y = 3 

and 10 .. For y = 3 wit.h the intlusion of partorts'· k the predictions 
\ ... T i 

are almost the same for ISR data, but in somewhat better agreement 

(than for y = 5, Fig~ 5) with Fennilab 'data, in particular at p = 2 GeV. 
T 

The shap~ of the gluon distribution at Q = Qo is to a great extent 

unknown. Values in the range 3 < y < la have been sU9gested(85)and 
. - -(50) (51) (86) 

eonsidered in other QCD applications ' , • The aforemention~d 

sensitivity to the energy dependente 1s rathe~ weak and does not lead to 
• 

a specifie value. In most of our cal~ulations we use y = 5 in accord 
~ (87) . 

with naive counting rules • 

t 

/' 

1 

( 

" , 

1 , , 
'1 
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CHAPTER IV 

DISCUSSION AND CONCLUSIONS 

4.1 Summary of Our Work 
1/ 

In this work we have studied the inclusive meson production, 

at large PT in hadronic collisions, ma~in9, explicit calculations 

for the typical process pp ~ wo + X (and pp ~ ~ (w+ + w·) + X). 

Our general framework was the QCD improved parton model, 

which can be applied to all (high energy) processes involving 

hadrons in the initial and/or final'states. This framework' inter­

relates the various processes by permitting the information gained 

fram some of them to be used in more complex on~s. Therefare, it is 

possible to make predictions for the latter processes and thus test 

~he theory (QCO) by comparing with available experimental data. 

We used a) the quark distribation functions obtained from lepton 

initiated processes ep ~ e + X, JJP + P + X and neutrino and antineutrino: 
\ 

~ 

interactions, and b) the quark fragmentation funct10ns obtalned from 

hadron production in e+ e; annihilaÙon and from th~ semf-incl~ive 
~ 1 

processes ep + e + h + X and vp + IJ- + h + Xi then we perfonned explicit 

calculations for the purely hadronic process pp + 11'0 + X "explaining" 
l' • 

the data and testfng the theory (Fig. 5-7). 

The unknowns in our calculations were the power y [Eq. (3.4») 
\; 

determining the shape of ,the gluon distribution function, the correspo~d-

1n9 power for the glvon fragmentation, and ta sorne extent the average 

value of the intrinsic parton transverse momentum. We did not try to . 

obtain an optimal fi~to the data by adjusting thes~ unknowns. In particular 
" . 

---, 

.. 

o 

• 

, ! 
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1 , ' 
\ 
\ . '3 

the absolute magnitude of E dard p ·is specified fram the magn i tude 
2 

of the r~nning coupling constant o.s(Q}. 

We fi nd that we essentia 11y account for the rn.ain features of 
, 

the da'ta» and we, may conclude that QCD accounts for large 8>'r single 

meson production reas,onably well, certa inly at ISR energies. 

4.2 Main Results from large-Transverse Momentum Co~relations 

Arter the completiçn of t~e main part of this thesis(62), 
,tt 

the precedin"g QCD approach was al sa appl ied to large-p two hadron 
or 

a 0 (8!) 
inclus~ve reactions and correlations at ISR energies " In particul~r 

we studied opposite side hadron corre'lations, which are known ta .be 
, '(88) (1gb) (33) 

particularly sensitive to detai ls of the dynarnics ' , • 

For pp collisions we calculated and compared with ~ata the follow- , 

ing quantities: 

(a) Nonna l i zed 

1 dN 
N dx ' e 

transverse momentum sharing (x ) distributjons 
e p 

vs trigger momentum P ,for several bins of x ::...!2... 
'rl e p 

Tl 

(b) Nonnalize~ xe-distributions k ~~ , vs xe' for different trigger 
e 

momentum p . 
'rl œ 

Integrat~d Xe-distributions k f ~~ 'dxe • vs trigger P
tl

' 

. xe-min e 
for x l' = 0.5 and 1.. e-m n 

(c) 

(èf ) 1 dM 
Rapidity distributionS'N ';;:dY;';'2--:d-~2 ~ vs the (pseudo-) rapidity Y2 

of the secondary. 
" (82) 

Our calculations indicate that scale violations in al1 the 

fragmentation functions are important in obtaining agreement ~ith experi-.. 
ment for al'l the above quantities' (a)-(d). 

On the other hana, sca1e v'io1ations in G
W/9 

will affect the single 

p~rticle cross-se~tion [Eq. (2.2>] to a 1imited extent. For PT ~ ,5 GeV 
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~ 

the dominant contribution comes from qq scattering (see Fig. 4) so 

that the exact form of Gw/ g is not very ;mportant~ At PT ~ 2-5 G~V, 
3 

th~ predicted E do/d p will be samewhat smaller. However, as we 

d1scuss below, in this region of p other contributions may be important. 
~ -

4.3 Possible Corrections 

The fact that QCD predictions are somehow below the data at 

PT ~ 2-5 GeV and/or at FNAL energies can probably be explained by in­

voking the following corrections: 

(a) Uncertainties in sorne parameters. 

At low p the results are sensitive to: (al) the precise input 
T 

gluon distribution;)decreasing y increases the cross-section (Fig. 7) 

ana 1m~roves the agreement with experiment. (a2) the value of the momen­

tum scale A. (h = 0.3-0.6 GeV). In our calculations we used A. == 0.3 GeV, 

but perhaps higher values of h are preferable.' Increasing A, increases 0 

the predictions at low p (with h ==0.6 GeV E 4- is 'higher by a factor 
T d P (89) 

of 2 at p = 2 GeV and IS = 53 GeV than that with h = 0.4 GeV • (a3) the 
or 

2 
precise cholce of Q (see Appendix B). 

(h) Nonleading corrections from higher order diagrams. 
2 -

At small Q (small p ) the ~on1eading terms of the higher arder QCO 
T 

subprocesses, as qq + qqg and more genèrally of the 2 + 3 or 2 + n 
(52) (57)_(61) 

Feynman graphs, may contribute. It is now clear' that only 
s 2-

the leading log Q pieces of those graph~are inc1uded in the renonnaliza-

tion group improved distribution or fragmentation functions. At present, 
1 l ' 

however, there.exists no calculation of the nonleading terms for large-p 
T 

hadron production. 
~ 
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Larger value of < k >. 
'T 

A somewhat larger value of < k > ('" 0.6 GeV) 1s also consistent 
'T 

with the analYSes(76)-(78) of transverse momentum (q ) distributions of 
'( 

massive muon pairs produced in pp col1isons (See Sec. 3.1). Larger 

< k > will increase the inclu~sive cross-section at small p , especially 
T T 

at FNAL energies, where the p dependence ;5 stronger (Figs. 5-7), and 
T 

will improve the agreement with experiment • 
..> 

In fact, Field with < k > = .848 GeV obtained good fits to the 
t 

data at both energies JS = 53 and 19.4 GeV C90
); subsequently othër authors 

'verified this conclusion (91) ,(92). Such a very large value of < k > has 
T 

been interpreted as, effective value representing.both the intrinsic 

transverse momentum of the partons and the transverse momentum due to 

the ~remsstrahlung of gluons. This point of view, however, isoquestion-' 

able(93) ,(9'+). Also nofice that with such values of < k > the inclusive 
T 

A 

cross-section is very sensitive to the cutoff required at low s,t and u. 

[see relations (2.33)]. 

(d) CIM Contributions. 

In addition to the parton-parton scattering, CIM subprocesses can 

be considered, as in section 1.4, Eqs. (1.15). Recently, Blankenbec1er, 

Brodsky and Gunion(95) were,able to determine the normalization of the 

subprocesses and the probability density of finding a meson inside a hadron 

especially Fnfp (x). Thus the CIM has been cured fram that disease and 

is capable of making definite predictions. Calculations(95)-(97)lndicate, 
o 

that the CIM terms ate important at the low p region. with the leading 
'[ 

QCD subprocesses (parton-parton scattering) dominating for PT ~ 5 GeV. 
, 

Qualitatively this can be understood as fo11ows: In any quark or 

gluon scatterfng subprocess t~ere 1s a numerical suppression of the 
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inclusive cross-section, because of the rapidly falling fragmentation 
2 2 

function Gw/ g (z,Q ) or Gn/ g (z,Q ) at z 4 1. On the other hand, if 

the pion trigger emerges directly fram the subprocess (as in the CIM 

Mq -+ ~q) there is no suppression due to fragmentation. Furthermore, 

due ta the rapid fa110ff of ~he CIM cross-section with p , 
T 

2 
.. tra 

d~ (qM -+ qM) ~ -+ f\, ~ 
" dt su P 

'[ 

their contribution cannat be dominant at high p • 
'[ 

(4.1 ) 

Other arguments in favor of the CIM contributions at small p 
t 

are the following:(~4) 
A 

i) The form (4.1) for d~ is simi1ar ta that\ proposed in the 'Black-Box' 
dt 

model Eq. (1.18), giving the best fit to the angu1ar distribution 

of pp -+ tr + X. 

1i} The CIM méchanism predicts that the trigger particle usual1y 

emerges alone, without same side correlated partiel es. This seems 

to be in aggrement with the BFS(98) experiment at ISR with a 4 GeV 

trilger (in f\, 85% of the events the trigger particle is unaccompanied 

by same side charged ptrticles). 

fii) The qM + qM I subproces~implies that flavor is general1y exchanged 

in the hard scattering reaction. Thus the charge and flavor of the 

away side jet in the CIM can be correlated with the flavor quantum 

numbers of the trigger. In contrast, the QCD diagrams predict very 

s~all(89) flavor correlations between the away-side and same-side 

systems. The data fram the BSF-ISR collaboration show striking 

flavor èorrelations in agreement with CIM. 

/ 

( 
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iv) In the case Df pp ~ P + X,'the dominant CIM subprocess 1s 

q~ ~ qp, leading to a behaviour of the inclusive cross-section 

(at fixed x
T 

and sem) 

Chicago-Princeton(99) 

E ~ '" ~, in agreement with the 
d p P 

data at FNAL Tenergies and p < 7 GeV. On 
T 

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

the other hand , there seems no way to account for the p -dependence 
't 

of PR ~ p + X in terms of QCD subprocesses (without enormous scale-

breaking in the fragmentation functions of partons to protons). 

If CIM contributions are dominant in baryon production the y may 
o ~Jf 

a1so be present in meson production. 

Thus there is much evidence that the CIM contribution prov1de 

important corrections to the QCD subprocesses at the small p region in 
't 

inclusive meson production. 

4.4 Overa11 Conclusions 
'\. 

Our conclusions can be summarized as follows: 

QCD'predictions for inclusive pion production at large transverse 

momenta in pp collisions are in good agreement with exper1ment. at least 

for ISR energies and PT ~ 5 GeV. Also for ISR energies data on two­

particle opposite-side correlations are reasonably wel1 accounted for. 

The intrinsic transverse momenta (k ) of partons inside thelr pa­
T 

rent hadrons are important for the single particle cross-section in the 

smal1 p region; they increase the cross-section ~ at least a factor of 2 
, T' _ 

, , 

at p = 2 GeV. Also the intrinsic transverse momenta of hadrons with 
't 

respect to the parent partons are important for the two particte inclusive 
( 33 ) (88) (100) cross-section ' , • 

The fact that the predicted cross-section for'pp + • + X l1es sorne­

what below experiment at Fenmilab energies and for ~e small p~ reg10n 



;U" si 

1 
'1 

.' 

• f L î __ ii 
Ê Zr:: 

- 38 -

at lSR energies, cannot be considered as a serious trouble of QCD. 
2 

At relatively 10w energies and/or p , (smal1 Q ) many subasymptotic 
't 

effec~s take place. Probably the most important of these are the eIM 

subprocesses (called a1so "higtter twist" _ QCO(94»). ' 

j 
1 
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APPENDIX A 

DETAILS ON DISTRIBUTlON AND FRAGMEMlATION FUMeTIONS 

In thfs Appendix we)present the detailed forms of the pàrton 
( 

distribution and fragmentation funetions used in the ealeulatfons. 

A 1. Distribution Funetions. 

Throughout the work we used the distributions of Ref. 51. 

With the definitions (2.34) and (2.38) and deeomposit1ons (2.39)-(2.37) 

the formalfsm of Ref. 51 leads to the expres~ions presented below. 

with 

The valence distributions are: ' 

u = v 
3 Tl Tl 

8{0 ,1+n) x 1 (l-x) 2 - ~y 
1 2 

l Tl ,Tl 
dv = 8(1'\ ,1+0) X 3 (l-x) 4 

3 If.,. 

where G = ~5 (as in Eq. (2.43» and, 
\ 

(A 1) 

1 (A 2) 

(A 3) 

.. 

Il (0) = 0.7, 1'\ (0) = 2.6,0 (0) = 0.85 ~ 0 (0)· 3:35. (A 4) 
l' 2, 3 "It l " 

(A-5) 

In (A 1) and (A 2). 8(Tlj~1+nj+l) j = 1.,3 are Euler's béta funetions. 

-39-

1 
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The' $'ea and gluon distributions are expressed as 

• 1 't (or, / 't ) .. 2 
t • 6 -:;- (T

2 
- T

3
) (l-x) 2 3 

3 

, 62 (G2/ G3)-2 
9 = Ga (G2 - G3) (l-x) 

where a11 the above variables are 5 dependent. 

The exponent y in Eq. (3.4) is connected with the above 

parametrization by: 

_~o 2 y - -G3 

(A 6) 

(A 7) 

(A 8) 

Variation of y in the input gluon distribution at the reference momentum 
2 2 (_ Q = Q s = 0) affects the sea and gluon distributions at other values o ' 

2 2 (_ ' 
of Q > Qo s > 0). With the decomposition 

j = 2,3 

the formali$m of Ref. 51 1eads to the fo11owing resu1ts 

A2 • ~.11 exp (-0.427 5) 
\ 

_3 .. 
Al • 9.167 x 10 exp ( .. 0.667 5) 

82 = 0.429 + 0.169 exp ( .. 0.747 i) - 0.488 exp (-0.667 i) 
~ , 

8
3

= (1.246 x 10 .. 2 ~ 0'!,1!7~) exp (-1.3865) 

+ .(0.15376 + O.!1!7~ ) exp (-0.609 5) - 0.157 exp (-0.667 i) 

G2 = 0.571 - 0.619 exp (-0.747 i) 

(A 9) 

CA 10) 

,. 
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1 
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+( 0.37185 _ .4.0027 x 10-2 ) exp (-1.386 i) 
y + 2 

where only 83 and G3 are y dependent. 

A 2. Parameters of Fragmentation Funct1ons. 

The parameters mG/c (0) and 9G/c of the quark fragmentation 

functions, Eq. (2.41). are specified as fol1ows: When c 1s a valence 

quark of ",± or K~ (e.g., u of ",+) we take 

m ± (0) = m ± (0) = 1 
'Ir le K le 

(A 11) / 

( .... ) (101) which is in accord with hadron leptoproduct1on analyses t ts 
1 

'(15) / ± well as with counting rules • When c' 1s a nonvalence quark c(f 11' 

± _ ("9) (101) or K (e.g., u of w ) we take ' 

,. 
(A 12) 

The same leptoproduction analyses requ re 

g = 2g 
+1 -'Ir U 'II' lu 

(A 13) 

\. ' 
+ . (32) and f1ts to pp ~ K- + X require 

9 + ~ 2g ~ ~ 49 _ 
1r lu ,K lu K lu 

Also, we take as usual 

, . 
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Then, leaving out baryons(32), the sum rule (2.46) js satisfied 

by: 

9+ =0.75 
'II' lu 

in fair agreement wlth Refs. 49, and 101. 
, 

For the gluon fragmentation function, Eq. (2.41), we a1so 
\ 

ass~me "that the sum rule (2.48) is saturated by C = 1f±, 1r
0 and K± 

(110 baryons). Jor a11 these mesons we take 

mIl;: 1 / , 
C 9 

± 0 ± C='If,1T,K 

(A 15) 

(A 16) 

(A 17) 

this (or a s;rni1ar) value is a1so used in other ca1cu1ations(1t7}-(49). 

We take 

and 

9 + = 2g + 
'II' Ig K Ig 

as suggested by the ffrst of Eq. (A 14). Then th'e sum rul e (2.48) 

impl1 es 

9 + t: 0.5 
'Ir /9 -

1 

(A 18) 

(A 19) 

(A 20) 
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B 1. M-Dependence 
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APPENIHX B 

SENSITIVITY IN ASSUMED INPUTS , 

In the presence of k effects, to avoid divergence of 
~ T • 

d~ we made the replacements (see re1ations (2.33», 
dt ( 

,,~ 2 .. " 2~ ~ 2 
S -+ S + M, t -+ t - M , u -+ u - M 

1 

We te~ted the sensitivity of our predictions by varying M2 in the 
2 

range 0.09 < M < 1. With our value < k > = 0.5 GeV we found 
T 

that for p > 3 GeV the results are not sensitive. For p = 2 &eV 
T 'ù " T 

the predicted E da are enhanced by factors < 2'at ISR and by factors 
d3 'ù . 

I\.P 
~ 4.5 at FNAL energies. 

The insensitivity of our results at p, > 3 GeV is due to the 
T 'ù 

, 
relatively smal1 value of our < k > ; for higher values the depen­

T 

dence on the cutoff M is stronger. We may say that the value M = 1 

GeV of our calculat10ns does not exaggerate the k effects. ,. 
Recently calculations based on off-shell constitutent kine­

matics(93),(102),(103) have been carried out{lO~). In th1s way the pol es 

s, t, u = 0 lie outside the allowed phase space boundary and there is no 

need of cutoff. The tesult of these calculations is that at ISR energies 
-

and p = 2 GeV the k effects increase the inclusive cross-section by , 
T l' " 

a factor of 'ù 2. This is in good agreement with our result. ) 

B 2. Scaling Variable, 

An important question is the choiee of the scal1,ng variable [Bjorken 

~ x' ( 1 0
5

) or é: 06) J tha t best aa:ounts for,..ss effec ts (CC)l'n!Ctl ons af 

,-·43 -

", 
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D (-t». It is possible that such effects are still important 
. Q , 
at JS = 19.4 but they practically disappear at JS = 52.7 GeV. 

To investigate this question we have replaced in the gluon distri­

bution the variable x by the Nachtman variable 

and have calculated s according to Appendix A and Ref. 51, the necessary 

changes in the sea distribution. 

As expectéd, we found that at 15 = 19.4 GeV this replacement 

s~what improves the agreement and at JS = 52.7 GeV 1eaves our 

resu1ts unaffected. 
1 

(lOG) 
However, for M = nucleon mass the change i~ 

very small. 

B 3. Gaussian Distribution of k 
T 

We a1so carried calculations with a Gaussi~n form of the 

function D(k
T
), [Eq. (2.27) J . 

2 2 2 
= Q. exp (-b k ) 

'If T 

where we took again 

< kT > = ~b = 0.5 GeV; 

As expected, the k effects were somewhat (but'not much) smal1er. 
T 

, 

'. 
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\ 

J A problem we have faced concerns the choice of the variable 
2 2 2 , 

Q in the functions Fa/A (x,Q ), Gele (z,Q ) and in thè running 

couplin~ constan~ as (Q2). In ~ep collisions, Q is the 4-momentum 

transfer from the electron ta the quark (4-momentum of the virtual . ' 

-
photon). On the other hand, for the subprocessess, shown in Fig. 3 

2' (47) (49) the cholce of Q is compl icated by questions of guage invariance- ' . 
o • t..J 

In our calculations we have always chas en Q to he the 4-rnomentum 

of the parton exchanged in the~ubprocess ab + cd, irrespective of 
, ~-{-".. ... whether the exchahge takes place in the t, u or s channel. 

-.! 

2 ... 
We a1so carried calculati~ns ~aking Q = -t; for hadron pro-

\ -., 0 

.~uction at e = 90 0 this reduces to the previous choice only for qq + qq 
2 .... ,. , 1: 

(Q = - t = - u). The results were not significantly altered (~ 25%). 
• (47) (!tg) 2 .. 

Other s;m;lar calculations ' with a variety of cnoices of Q 

lead to the same conélusion. 

The extension of our QCD approach to two-hadron correlations(~2) 
2 

s~ows that in general the choice of Q somewhat affects the shape of 

the opposite-side rapidity distribution (k ~N a+) and the position 
- y 2 2 (82) .!l 

of its péak. Details are discussed in our publication • ' 

" 

\ 

" 
o , 
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FOOTNOTES 

fl. If there is. no incomi,ng (observed outgoing) hadron in the p'recess 
under consideration, 'the corresponding parton' distribution (frag­
mentation) function, has to lie replaced by a delta function. 

f2. See e.g. Ref. 53 for the justification of using the renormalization 
group improved distribution and fragmentation functions ànd the running 
~oupl ing constant and all the parton-parton scattering subprocesses 
(qq, qg and gg) 

f3. We fol1ow essentially the notation of Ref. 43. . ~ 

f4. Reciprocity relations (&5) requ1re that at least for z+1 GC/~ behaves 
as Fa./A _for x+l; there are aho other fteld-thèoretic arguments(6&} foJ}d 
model calcolations (67), suggesting scale violations,- for Gele similar to . 
those of Fa/A. Recently it was"demonstrated (68) that the scale violations 
in Gele are deténmin~ by similar (transposed) integr~differential matrix. 
equatfons(69). Furthermore it cam be seen that for z~l these matrix 
equations decouple and the Q2. dependence of the quark fragmentation , 
function is the same as that of the valence quark distribution for x+l. 
This fully justifies our app.roach. ~ _ /' 

f T 1 · f f l' (_lnz)'mC:/c(S) l'nstead' of (1_Z)Yn CIC (S).' 5. he 50 utlon 0 Re ,7 lnvolves 
For z~l, however, -lnz = l~z, 

.. 

• ' 11# 
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TABLE 1 

Cross se~tions for the various subprocesses ab ~ cd to 

lowest order in QCO. 1 Eab + cd is defined in Eq. (2.5). The ihitial 
,- . 

(final) colours aQd spins have been averaged (summed). SUbscripts i, j 

denote quark flavors. The original derivation is by Cambridge, Kripfganz 

and Ranft, Ref. 47. 

'!II 

, 
a0d Eab + cd , 

q.q. L q.q. 

-
... 2 ... 2 

1 ( ifj) 
4 s . + U . 

9" ... 2 1 J 1 J .. t 
A2 ... 2 • 

2 " - ( ifj) 4 s + U q.q. + q.q.. g- A2 
1 J l J t , 

, 
" , ... 2 ,,2 .. 2 ... 2 ,,2 

3 q.q.,+ q.q. ~( S 
+ U + S + t ) 8 s AZ ...t - 2i-;;-;::-l l 1 l t , u ut 

" ... 2 ... 2 ... 2 ~2 "'2 
4 - - • ~ (s + U + ~ + U ) 8 u q.~ q.q- ,,2 A2 - 27 A:" 1 " l 1 - t s st 

ù ... 2 A2 . A2 A2 

5 qiq; + gg 32 u + t 8 u + t 
27 ... " -3 ... 2 

ut \ s 
... 2 A2 A2 ... 2 

6 - , 1 u + t 3 u + t ,gg + q·qi 6" ...... - "8 .. ;t 
" 1 ut ~ s ,. , . 

'-2 .. 2 "2 ... 2 . 4 u + S U + S 7 q.g + q.g , 9 AA + .... 2 1 1 
US t 0 

, , , 
\ 

...... AA ...... 
0 9 (3 ut us st) . 

8 gg + gg , 2" - ":"T - -:T - -:;:y - "s . t u 
Q 

~ 

/ 

\ ,- :47 .. - l' 
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Figure 1. 

Figure 2. 

Figure 3. 

Figure 4. 

Figure 5. 

F,igure 6. 

Figure 7. 

fI GURE CAPTfONS 

Inelastic electron-hadron scatter1ng in the one-photon 
exchange approximation. 

Large p hadron production in hadronic collisions. The 
large tfansverse momentum react10n A + B + C + X 15 
assumed to occur as a result of a single large angle 
scatter1ng of constituents a + b + c + d, followed by 
the fragmentation of cinto the observed particle C. 

Lowest order graphs contributing to the subprocesses: 
(a) qq + qq t (b) qq + qq, (c) qg + qg. (d) 99 + qq, ~_ 
'( e) gg + 9g. _ ' _ 
The graphs contriQutin~ ta the subprocess qq + gg are 
similar-to those in (d) and have been om1tted. 

l , 

f' 

o 1 +_ ,Separate contributions to pp + w + X and pp + ~ (w + w ) + ,~ 
at e = 90° of the subprocesses qq + qq, qg + qg, gg + 99. 

Inclusiveocross sec~ions for pp + wO + X and pp + ~ (w+ + w·) + X 
at e.!'\' 90. -Data: 0 Ref. 83, a 107 •• 108, 0 109, ~ 110, 
.. 111, • 112. 

2 
As 1n Fig. 5 for nonscaling quark GC/c à Gc/c(z,Q ). 

As 1n Fig. 5 with y = 3 and y = 10 (without kteffects). 
/ / 
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