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ABSTRACT

Inclusive meson production at large
(g‘) in hadronic collisions is studied in
Chromodynamics (improved parton model).
included in the parton distribution and f
the contr'ibuﬂons from quark-quark, quark
tering to Towest order in the (runnfng) c

The. intrinsic transverse momentum of the

parent hadrons is also taszf)nto account.

plied to pion production a

transverse homgnfuujh:
‘the framework of Quantum
Scale vi‘olations\,a’rev
ragmentation functjons; and_
~gluon and gluon-gluon scat-
oupling cénstant are added.
partons relative to thefr

The general formalism is ap-

arge p_ in proton-proton collisions. CERN-

ISR data are fairly well accounted for, but Fermilab data somewhat exceed

the predictions. Possible subasymptotic

ly Tow P, and energy are also discussed

o il .
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effec%s contributing at relative-
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" RESUME - % -
N I | ) .

On etudie 1a production inclusive de;{mésons 2 thnde 1mﬁulsion | '
transverse (p ) par les collisions hadroiyﬁues..dané le cadre ds,Chrome-
dynamique Quantique (modele de ‘partons ameliore) Les violatibns dq. '
scaling sont 1nc1uses dans les fonctions de distribution et de fragmen-
tation des partons les contr1but10ns du plus bas ordre dans la constante
(courante) de couplage dues aux coT]isions quark-quark, duark-gluon et
gluon-g]uon sont ajoutees' On tieﬁt conpte de 1'impulsion transverse
intrinsique des partqns. relatiyament aux parents hadroniques. On applique
ce formalism general ala production des pfons a grands P, dans les cq]1151§;§~
proton-proton. - Les donnees Qe CERN-ISR sont assez bien decrites mais
§g1les de Fermilab excident quelque peu les préﬂictions. On discute aussi
d'effects possibles sous-asympiotiéues contribuant a des p, et des energfes

relativement basses. /f .
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I CHAPTER 1 ,
5 ' g
. : lmowcnou : )
1.1 La‘rge-p Physics . ‘ ¢

-~ -

The field of large transverse manentwn (p ) physics was born at n 1972
At that time early CERN-ISR experiments( ) indicated .that the differen-
tial cross-section for single particl@ production with large P, (p 1- Gev)
in hadronic collisions is some orders of magnitude higher than what was - °
“ expected from extrapo1ations of small p data. Those data’ (p <] GeV)
are described by an inclusive cross-sectfon of the form: .

E“‘“ n o Py - C(1.)

- . d p . 5 .
¢ co

The CERN-ISR experimental data, suggested that a different produc-
‘tion mechanism may be responsibfe for the large p_ yiel;!s. Actually the
data could be explained in a hard scattering.mpdel,'whera the hadrons®
aons;tjtuer;zts .undergo an incoherent point-1ike scatteri'ngg; this was in
'contrast to the coherent scattering picture of small P, 1r;c1usive produc-
tion in"which the initial hadrons participate as a wh\lé\
. This point of, ‘view was reinforced from the fact that the study of.
deep inelastic lepton (1) - hadron (h) scattering demonstrated that hadrons
have an effective point -like constituent structure The experimental data
were wel]-explajned«in terms of the quark-parton model (2)’(3). which could

alsa be used to describe large p, Processes involving only hadrons.. In

this way large p
- T

"hadron production and deep inelastic leptoproduction
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were intimately related.

N -

. - v
(:)“ . We shall briefly describe the quark-parton model below.

Voo o 1.2 The Parton Model and e-h Inelastic Scattering .

In the one photon exchange approximationr(see Fig. 1) the

inclusive electron scattering cross section from an unpolarized had-

/ (") - ’ - " .‘
, ronic target is given by _ ] e
- do - dc)u [w 2 2. .24
-/ ‘ = Ma(v,Q) + 2(v,Q) tan 7 (1.2)
e dadE” (Zﬁ Mott |2 e _
) / g .
where o
i . 2.2
) J 2 a ,
3 o
- 3 . ;:
and *
B 2 2 2 2
2 . : Q =-q =-(k-k') .= 4EE’ sin ¥ (1.3b)

) veSlope (1.3¢)
\ - E(E') and o are the initial (final) energy and the scattering angle of
the electron in the lab frame; k(k'), q-and P are the 4-momenta of the -
initial (final) electron, virtual photon and the target; M is the target
e

mass and the electrén mass is neglected.

W andﬂﬁz in (1.2) are in general functions of the two invariants

2
v and Q of the process. They are called structure functions of the

kY
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target and represent a generalization of the form factors describing
4

L]

"e-h elastic scattering. ,
5y. : 6y °
Bjorken(")"using the Adier sum rute(®) obtained the following

inequality for inelastic electron-nycleon scattering:

[ 1% (v.0%) + w o )] >3 (1.4)
? ) . A ©2 3 .

2 . °
fﬁ; absence of Q dependence on the R.H.S suggests that the total
electron-nucleon scattering cross section corresponds to scittering

of point-like objects. T :
Define

-

x=%;-‘; ) (1.5)
c “

2
and consider the 1imit Q + o ,% > =, x = fixed (called Bjorken
7 -
Timit). Bjorken suggested( ) that (1.4) can be understood if the
structure functions in the integrand have the behaviour (called

scaling):
/

. . o\

Vo )T 0 (L)

2
then as Q -+ =

'

2 2 '
de“z (v,Q) =]g;’:-\\ F2 (x) = Q - independent (1.7)

Y

The scaling behaviour (1.§) jpd a similar behaviour for W,

> N

Wy 00 )gs T P () (1.8)
s

a

o
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were consistent ﬁith subsequent experiments even at moderate values

of Q2 (Q > 1 GeV ).

-

’

The sca11ng behaviour naturally arises in a simple const1tuent
picture of the hadrons formu]gted by Feynman( ), (3 ), the parton model.
hccording to this model the hadroﬁ consists of gofntflike (structure-
legs) constituents, the partons. These are almost free, and carry a
finite fraction of hadron's momentum.  The eléctrdns are scattered
;ncoherent]y from the partons.

o For the validity of this picture.it is assumed that:

a

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

can be treated as free on a time scale (¢, ) much shorter

inter
than the sca]e of their mutual strong coupl1ngs (rL):

T1nter Y ’ . (1.8)

A

- .
3

This cond1tion is satisfied in a frame in which ghe hadron s
momentﬁm is very large. ’

(by\"The distribution of parton's momentum kt trangverse to the
hadron's momentum has a sharp cutoff: In this case it>can be
shown that processes in which the virtual photon is absorbed
by diﬁferént partons cannot interfere; this leads to fncoherent
scattering. The sharp cutoff in'the/k;-distributjon is an
assumption characteristic of the parton model.

Denote by fi/H (g) the probability déns?ty to find withiﬁ a
hadron H a parton of type i, with_a fraction ¢ of ﬁadron's momentum,

, 3y (8
Then the above two conditions can be shown to imply( )P( ):

-
o

e“ . , '/2

io

L2 1 C 12 , o
W' e )‘==§ [ e fim (€ Wy dg =5 ¢ e; fiy (&) G(V-%,Tg) de .

< '
, % s o B o4 .
. e I ’4;1;' EETY ‘;'.é;{’. %
F e . 2 st RS A
7 - 3 el PR "“ W A 3
. i f*m vﬁih«* i, AN "fle:"-,.i“?&?‘q M

Q/ | \'



- ‘ ' -~/

where e, is the electric charge of the parton i ur;its of the ‘

C ' , electron charge.. Then,

LN

R T g O g st W

o

feng

5 —

H 2 H a 2 2 .
vy (v,Q ) Foo (x) = )1‘ e; xfy (x) y = %‘_v (1.9)
~ &y

b 3

. e
|

-

In’this way the parton model easily leads to scaling behaviour.
‘ Analysis of t;\; experimental data indicated that the different
types of,gértons can be identified with the (spin ]Z ) quark flavors
encountered in hadronic 'spectr“oscopy. On the other hand it was found
that a{bout half of the momentum of t‘ht_e proton is carried by neutral
partons (called gluons). v
The parton model c6u1d be applied to other processes involving
. coupling of quarks with photons; e.g.’ electron - positron annihilation

into hadrons (e'e” + X) or_lepton pair production (hl' + hy » 4 x).

In general in these processes the differential cross-section can be
factorizedr jn three parts: .
i) ¥the ;mbabﬂity*ﬂe'nsity fi/hi (x) of finding iinside an incoming
- hadron hi a quark of flavor i with fraction x of hadron's momen-
tum (pa‘rton distr’ibuﬁon function) :
ii) the point-like interaction of the quark i with the virtual photon
iii) the probabﬂity' density Ghz _ (2), for the scattered quark i to

/i
fragment into a hadron hy carrying a fraction z of quark's

momentum (parton fragmentation function)fl,
® It is important to notice that measurement of the structure
functions provides (thr:ough Eq. (1.9)¥ information about the quark

J ' distributions inside the hadron.

( . S

gt V.
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e - 1.3 The BBK Model

(_) The parton model was applied by Berman, Bjorken and Kogut

- (9
(BBK) to purely hadronic reactions with large P yields( ). Assuming
that the large P, hadron is produced in a single interaction between
= two incoming quarks they were led to the following form for the cross-

. 9) (10
section of the inclusive hadron reaction A + B » C + X (Fig. 2)( ),(20)

’ ~ Gn, (z)
P do 1y ‘ do _"C/c "
c ’ t Rt ] ,

where ®em is fhe CM angle of the produced hadron C with 1arg5 Pos
relative to the beam axis, and s the CM energy squaredﬂof the collinding
= hadrons.

For pp collisions the distribution functions fa/A (xa) and fb/B (~Xb)
can be extracted from ep and vp déep inelastic scattering data, and the
fragmentation functions GC/C(Z) ,’from ep and vp hadron production or
’ from e'e” + hadronh+ X. » ' -

‘ In (1.10) d—f represent::( /the large angle scattering cross-section
of the constituengtsubproces?/ a+b+c+d. This cross-section carries
information about the strong interactions. “

The subprocess a + b + ¢ + d was assmged % take p1a'ce via single

massless vector meson exchange and, as in a sfngle photon exchange:

~ R 2 )
@ (1.41)
dt N

Then if . /p, £, /p and Gcjc satisfy exact scaling:

B 5— v Ir flx, 00, x = ot (1.12)

C e
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For fixed x_and 8_, the above p. decrease of E. 99— is much
T tm T C d

slowér than that of the small -p_ form (1.1), and it was inpc accord
with the very early experiments ). Later ISR data(ll),.however. on
pp + n + X indicated a cross-section of the form (1.12), but with p;s
replacing p;“. These data ruled out the naive (but attractive) séale
invariant quark-quark (qq) scattering model and suggested various ‘other
(*9) |

models The most important of them were the constituent inter-

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

1.4  The CIM Model

. (12),(13) '
The constituent interchange model (CIM) ' and a related
14
model due to the Cambridge group( ) explained the data by more complex

scattering subprocesses as e.g.

gM>qM', . qB-+qB', qg-+MA, {1.13)

-

where M (Meson), B (Baryon) indicate qq and qgq clusters. These
subprocesses assumed scale invariant still lead to simple power-law

behaviour:

do N 1

£ 4g -
dp  (p 2"

f(x,0 ) , (1.14)
The P, dependence is summarized by the following rule (called dimensional
15 )
counting)( )f n is the total number of elementary fields (quarks,
electrons, photons etc) participating in the subprocess. -
"Since q, M, B havé 1,2,3 constituents (elementary fields) respective-

1y this rule leads to:

iy
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Subprocess n E=S5 n

\) 8 * — _._E__d

-8 *

M » qM* 6 - P, (1.15a)
- - _8
qq >+ MM - 6 P, (1.15b)
q8 + gB' 8 p1? (1.15¢)

Within this model the pp + n + X data could be interpreted using (1.15).
It should be noted that the authors of Ref. 13 were advocating p;a
behaviour prior to its confirmation at ISR.

j 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 insufficiéaf\;xp]anation for
the absence of the qq subprocess, restricted the predictive pow;r(ls?
One could arg;e‘that this model did not provide the basic mecﬁanism in
large P, physics. In its present form the model deserves special
attention, as we shall discuss in Chapter IV.

4

1.5 The Black-Box Model g

: 17} (18
This model was introduced by Feymman,Field and Fox( 1,(19) and

~~ jt is based on quark—quark scattering. The subprocess cross-section Qg

dt

[

in (1.10) was adjusted (black-box) so that the resulting inclusive
cross-section fit the large p, meson data. Assuming that the fundamen-

tal qq + qq subprocess contains a scale and behaves as

3

~

9o - piigs) s " (1.16)
at

R
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(1.16) leads to
do 1
d p (pTZ)n T
8 @
clearly the choice n = 4 accoynts for the data (pT' ). One must

also specify the absolute magnitude of -3—‘:,.— » and an overall best fit

@

was found with the expression:

~ 3 ‘
9-‘-1- . 2.:3 X 10 mb Gevé 1.18)
dt (-st )

The model was guccessfu] in accounting for ratfos of single
particle (meson) inciusive cross-‘sections as well as for jet cross-
sections. It was in difficulty, however, to account for other data,
particularly in relation with correlai;ions ‘for two large -P. hadrons
in opposite directions. |

The model has been considered as a "useful tool" in extracting
information from the data, but not as a basic mechanism because of the

lack of theoretical understanding of the form (1.18).

1.6 Asymptotic Freedom. BBK Model with Scale Breaking

o Tdgether with the development of several models(w) various
attempts were made to remove the difficulty of the BBK model to repro-
duce the experimental data.

These attempts stemmed from the understanding that if the inter-
actions of partons are described by a renormalizable field theory (RFT)

(i.e., with a dimensfonless coupling constant) then the partons cannot

- P e =
1 .
. = -t
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be treated as completely free; this because there is no time (and
\length) scale beyond which 1nteractions can be ignored. In such a
theory the partons will never be precisely structureless and pojnt-
1ike. A parton.seen by g:probe with a certain value of 4-momen-

2
tum squared Q , will reveal further substructure for a probe with ¢

higher 02 (20)"(22). : ‘ .
RFTs have been ana]yze; using renormalization group (RG) methods.

The result of the ana]&sis is that in such theo;ies one expects viola-

tions of sca]ing These violations are expressible more precisely in

terms of the Q ~dependence of the moments.

M, (Qz) = él dx x""2 Fy (x,Qz)' ' (1.19)
® R | ’
of the structure fungtion F, (x,Qz). The predicted Qz-dependence
of (1.19) for large values of Q2 can be classified in two categories:
(a) of inverse powers of Qz; this oecurs in conventional field
theories (CFT), in which the renormalized coupling constant
increases with Qz. as in QED or ¢k-1nteraction. A
(b) of inverse powers of log Qz; this occurs in asymﬁtotical]y
free field theories (AFFT), in which the renormalized coupliﬁg
constant decreasei/;;ogarithmicalIy) with 02 (asymptotic
fr'eedom(za)), as in Yang-Mﬂ]s gauge theories(%).
AFFT are leading candidates for a theory of strong interactions;
this because their property of asymptotic freedom gives credibility to
the parton mo&el and fncorporates Bjorken scaling as an asymptotic |

25 .
phenomenon. It has been demonstrated( ) that essentially the only

asymptotically freetheories are the non-abelian gauge theories of colored
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) ' 26
quarks\and glubns, Quantum Chromodynamics {qcb) ( l.
o . caling violations have now been observed in accurate deep

inelastic scattering data (27)'(22),

Because of the definite QCD predictions and the experimental
evidence 1t was of much interest to examine if the naive BBK model,
reformulated to take into account scaling violatféns. could explain
the features of the large P, data. =

The first study of this prob]eﬁ was made by Cahalan, Geer,

Kogut and Susskind(ao). They used the §ca1e~1nvar1aﬁt parton model

of Kogut and susskind(*')+(*%) (fntuitive but powerful extension of

the naive parton model, incorporating the effects of scale tpvariant
interactions) with logarithmic scale breaking in the distribution and
fragmentation functions. They found, however, that their predictions
were well below the data and that only af su erhigh energies (s = 6 x 10
Gev ) the model could agree with FNAL extrapplations. On the other
hand, their form of scale breaking was a reasonabIe solution of QCD
equations only for x ~ 1. ,

Another attempt was made by Hwa, Spiessback and Teper( ) who fit
the data on deep inelastic tN scattering with a parametrization for
' ‘ the structure functioﬁs; this parametrization, extrapolated to, high Q2
within the BBK model, provided a fair account for the large P, pprr’+X
data. Their parametrization, however, led to moments My jqz) (kq. (1.19))
decreasing 1ike inversé powers of Qz. in disagreement with the QCD pre-
dictions. ‘ , |

In a further development, a model by Contogouris, Gaskelf‘and J
Nicélaidis(az), accounted for a number of QCD‘;gzuirements and led to

2 2
moments M, (Q ) asymptotically behaving as inverse powers of log Q .

AN - wr.‘
4,.,“ .ot #

- !'Lf‘wipbrr'p' A, W ’-?

L]
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This model provided a good understanding of the experimental data\v

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

(33)

correlations .

, " However, among the basic difficulties of, and objections to, the
. ' (33) (34
,// approach of Refs. 31, 32 and related work (23),(3%) are the following:
/ : . .
//' 1) The value of the strong coupling constant required to fit

»  the data is higher by a factor of 3 than the now accepted

value*of the running coupling constant of QCD. &
. 1) The scale violation is stronger than that predicted by QCD,
and, in general, the quark distributions are not deduced

as solutions of QCD conditions.

1.7 Parton Transverse Momenta : »

In most of the early applications of the parton model the trans-
verse momenta of partoné (kr) were assumed to be negligible.
Experimental results, however, like the wide transverse. momentum

' 35).(37
distribution of massive lepton pairs( )-(37) and the lack of coplanarity

38)_(u40
of the away particles with respect to the beam-trigger plane( )-(+9)
(pout distributions) indicated that the partons' transverse momenta have

important effects and should not bé neglected. These kT effects have
been the subject of many 1nvestigations(“l)f(“5). ’
As first pointed out by Cmnbridge(““), the transverse momentum
" of the parton is biased in the direction.of the detector. The reason
is that because the cross-section falls off so rapidly with increasing
trigggr's P.s configurations in which part of the p; is supplied by the

‘partons are favored. Roughly speaking the net effect corresponds to a

translation (of order < kT >) of the inclusive cross-section curve, towards

.
gt e 1y . 2 N : : , T, AT kLA R AP Ty
TRy, : ) . . g ,L*' Ly B «jég‘w‘l'\ RENPAI g | \
5 wff RN AT e YRR T
2ol S o 3 b e ,,4':‘3%,‘2; K ¥ .3;:;_\;‘(@ P R Y S
S SRR R S Kok aper v Sempgiby o B gkagen hem Lol ;}5 'mg’q,‘ e vy ‘f:’ ‘
- . — ‘ SPOF A .
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the positive 'pt axis; this affects both the magnitude and the shape

of the cross-section, especially in the small p_ region (2-4 Gev).
Thus if k_ effects are introduced in the single particle cross-

section. thi agreement with the data is expected to improve.

Y e
AT

Fotn
1.8  QCD as the Underlying QFT of Partons .

In all the applications of the parton model discussed so far

the effect of gluons was also neglected

\ Another difficulty of aH the models based only on qq scattering.
is that fhey predict considerably more positive than negative hadrons
on the away side. In p- D collisfons at /s = 53 GeV and a trigger «°
at ®em =\ 90° and P, = 3 GeV, the Black-Box model, for example, predicts
50% more positive than negative hadrons on the away side with P, > 1:5.
GeV( ¥ ; data from ISR show about equa1 numbers. This is one of the
experimental indications that the recoiling away-side parton is not
a]ways/a quark; but sometimes “a neutral constituent (a gluon).

On the other hand, in QCD determinations of the scale breaking

( of quark distributions, gluon effects are inseparable and cannot be

neglected. Therefore, a consistent QCD treatment of large P, phenomena
-

requires also quark-gluon (qg) and gluon-gluon (gg) scattering subprocesses.

L7y (49
These subprocesses have been investigated and an important conclusion( )-(+2)

_is that at P, = 2-5 GeV production of hadrons via qg and gg scattering

is very significant.
These considerations suggest that an approach based on QCD and
taking into account the effects of partons' transverse momenta (kr) may

explain the main features of large P, Meson production,

DU
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The purpose of our work is to study the basic hadronic process
ptp> a1+ X (andp+p+%(r + 1) +X) in the framework of

)E;;ton-paéton’scattering using the following .ingredients:

. 1) The QCD running Eoupling constant a (Qz). ’ ¢
i) duark and gluon distribution functions satisfying, to a good
approximation, all the QCD reqqirements and fitting the
electroproduction and neutrinoproduction data.(so)’(SI)

ii1) A1T the hard scattering QCD subprocesses qq, qg and gg.
iv) Intrinsic kT distributions of partons inside a hadron (and

of hadrons inside a parton jet).

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

“use in large -P, hadron production of parton distributions (including

their Qz-dependencé)‘obtained frmp‘leptoproduction analyses was justi-
fied only on prob&bi]istic grounds (see Sect. 2.1, in particular

Eé. (2.3)); no field-theoretic ju;tification was avaifable. It is now
known that perturbative QCD fully {;Etifies our approach. , In particular

- 52y (53
Sachrajda( )»(%%) has considered the quark-gluon graphs corresponding
to gluon radiative and vertex corrections to quark-quark scattering.

To the order'az in the cross-section and in the leading logarithm
approximation he has shown that these graphs, introduce scale violations

dn the parton distribution and fragmentation functions; and moreover, that

to the same order in ag these scale violations are identical to those )
found in electroprbduction by renormalization group and light cone tech-
niques f%The same result has been previously obtained by Po]@tzer(s“)

in the Drell-Yan approachfss)to lepton-paig production and further ex-

tended by Sachrajda(ss). Subsequent work has made clear that, in the o
‘ ' (37)-(1)

leading logarithm approximation, these results hold to all ordes of ag
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In Chapter II we present the general formalism of our
[¢]

o

work on pp +» 7 + X and PP + %(n" + 1;") +X. In 6hapter iil we
d‘11:~:cuss the results of the calculations and compare w'i“'th‘experiment.
In Chapter IV we summarize our conclusions; we ‘also disédss the main
results on two-particle ‘correIations. Moreover we examinegpossible
connections of our approach with. the CIM. Appendix A contains detaﬂs=

on the parton distributibn and fragmentation functfons used in our

@

calculations. Finally in Appendix B we discuss the sensitivity of

our results to certain assumed inputs.

-
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a CHAPTER 11

LAREE: P SINGLE HADRON INCLUSIVE PRODUCTION

R ‘ GENERAL FORMULATION

A .

. A
' (62)
In this chapter and the next we present our work on

= et

large R: single hadron producti%zt‘qnn%the sense of perturbative
Qe (Sééf’l B) this is an applica

of now established formulas

in the leaﬁ?ng log Q2 approximation. Later (Sec. 4.3) we briefly "
consider possible effects of non-leading terms (correctibns). We also
Jncorporate the intrinsic transverse momenta of partons (hadrons) re-

lative to their parent hadrons (partons). . ) '

2.1 The Inclusive Cross-Section with QCD and kT Effects

t
The form of the inyariant inclusive cross-section for A+B»C+X
with parton (and hadron) intrinsic transverse momenta has already been

considered in the framework of* the naive parton model gwithout scale

63
breaking)( )
2 2 ’ 2
Ecd3P p_.0,5) = ‘:-’cfd kg 72 kp S a2k 5ok, 7 dX Fo
c
(x.,k.) f (xi)lﬁi(éia)"e (z,8 ) ° (2.1)
a’ta’ b/B *"b*tb) d% i ;7' C/c ‘"¢ ’

Eq. (2.1) 1s.a generalization of (1.10) (B8K model). In (2.1) do
. ~ dt
represents the differential cross-section for any subprocess atb+c+d via

which A+B+C+X is assumed to take place.

’ g T T S D 5T, ol v PR
N K ,ei‘ ’1” b{‘f;, %W ,’,E%\,i “ % ( 5&} g, ?5,!,1‘ 1';[ S
. et . Py kY Wi “»:{“&’% &;‘ ¥ r‘ ‘1‘ 2‘ i %‘ ety ey
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We shall use the same form for the hadromc cm§s~sec n, but:
a) replace the scaling distribution and fragmentatmn functions by
non-scaling ones; b) add the contributwns of all the possﬂﬂe Qcp .

d" calculated in the lowest order of
d’c

scattering subprocesses with —

_ perturbation thedry and c) introduce the QCD running coupling constant.

{ In this way we take ‘into account the leading log effects to all orders
of perturbation. . L

Thus we obtain the equation:

ALY

do__ " | ) 5 % Ak rdk, rdk_ S fd f
EC ap Pys8sS) = a,b,c Fdkaldkyp fdke fax, f b "a/A
C "

' 2 7 2y 1de 2oy d > 2
(XB’KTG’Q ) fb/B (xbokasQ ) ; :"";‘ (S,t,U) ;TGC/C (Z’F(TC’Q ) 52-2)
where a,b,c represent quark {q), antiquark (q) ot gluon (g),- ; t,u are
the invariants of the subprocess and the, variable Q will be specified
later.

' 2
The non-scaling parton distribution functions‘f(x,‘lzt.q ) are

defined in the language of parton model by:,

+ 2 2

dr = fa/A (xa,kta,Q ) dxd kg (2.3)
“where dP is the differential probability that a hadron A of momentum ?A
‘is seen by a probe: of 4-momentum Q, to contain a parton a with longjtu-
dinal momentum Xy PA and transverse momentum -I: relative to ;A Cor-
respondmgly, the non- scaling parton fragmentation function G(z, k c,Q )

is defined by: ]

o

A Gn Ny,

3




lg 2y 42 - .
| dp = > C/c (z,k o) dzd k e (2.4)

whé;'e dp 1‘5, tlie differential ’probabﬂity that a par;ton ¢ of momentum

: ' ;c is seen by a probe of 4-gomentum Q, to produce a hadron C' with

| ' " longitudinal momentum 'fpc and -trahsverse momentum E[;: relative to Ec'
- ’ The summation over a,b,c in (2.2) sta;\ds for all possible lowest

s

order subprocesses ab + cd. For tt;;@,g subprocesses the corresponding ik

) ‘ differential cross-section — d° is o{ /the form: -
di '
, do 2

Tha exact form of Z' for the various combinations ab + cd

+cd
(Fig. 3) has been ca1culated in Refs. 47-49 and is given in Tab'le 1.

We have evaluated the contributions from all the subprocesses of this
table in the case & = 90°, k.;=0,1=a,b,cand e found that only the

following cases give nonnegﬁigib]e contributions

Q9 ;+ 959 - 9 9*9;9 . 9g-gg . (2.6)
wﬁeré i and J denote quark flavors. In the multiple integral (2.2) vqe
N i} éons 1dered only the contributions from (2.6). «.
o A '
(’ In (2.5),a = a (Q ) is the QCD running coupling (or fine

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

-

a () = 12¢ - (2.7 -

S _25 Tog (Q2/A2)
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The invariants s,t,u are expressed in terms of the momen

fraction z and the, integration vayiables Xs» |1 (i = a,b) and .Erc ‘

i
By:f3 . _ '
o
- h s ‘2 2
s=2m,m, [cos (¥,Yy: "eab] m (2.8)
~ { ’2
t=- E’L +m {2.9) .
G=-El-+m2 (2.10)
z ) oo
-I;l o a M [cosh (ya-yc’) - eac] (2.11)
ul = ZmTP_mTc [cosh (yb—yc) "Ebc] (2.12)
O L4 /,-
where . ‘
v ‘ .
2 2
2 = =
mo =k, ~+ m i=a,b (/2.1?)
v - b VLB (2.14)
mTC P 4 pC irc
’ = oo r
€ab K‘ta : F’rb / *Ma e (2.15)
e TKe B mm o i= b _(2.16)

and the\-rapiditie%\ ya‘b c are given by: - ‘
L L |

o

A

1 ~ T .
\/ N . -,
B ‘o

©
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X
= a fs s
() sinhya -ﬁ;— (2.]7)
X
sinhy = o /s (2.18)
b N
’ o .
~. i sinhy = —Z% T (2.19)
c om.
! And
_*ﬁln the above formulas m is the parton mass; we have taken
m,=m o=m= %90 MeV, m, = m, = 0 | (2.20)
- irrespective of the flavor of a,b,c,d. A non-zero mass fsr c,d is
unnecessary because the results are not sensitive to it while the
)
formalism becomes complicated; it is however necessary for a,b because
! . ifm=0 (2.13) gives m [= 0 when k_, = 0 and leads to divergencies in
Ti ti -~
' (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 .
™
A A . 2
s+t+u=2m (2.21)
together with the relations (2.9) and (2.10) determines the momentum
- fraction z 1in terms of integration variables: ﬂ{
u +¢ \
1 1
z= — ) (2.22)
. s ’ ™
( ) . ) In this way the invariants ;, £, U in (2.8) - (2.10) contain only inte-
’ gration variables. The boundary of the integration region corresponds ¢
%
é. -

ARSI Z
T 1er S e
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to the 1imit z = 1; then (2.22) reduces to a quadratic

Ya
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e © in $erms of the remaining variables:

2y y
Ae- 2+Be+C=0
=y -y
A=ce b Ay e ¢
) Y .-y,
B=2J\3-Al(eb c+ec b)
y y
C=e b _ Ay € ¢
where
Pl Pl
A1=_l ’)‘2=_l
mra , mtb
2
- _ m
A3 = A e t A2 g gt
ta b

2
“The it dependence of the distribution functions f(x,ﬁt,o ) is

generally unknown. We set

f(xk.0") =

F(xk . Q)

X

equation for

(2.23)

(2.24a)

an

(2.24b)

4 (2.24c)

(2.25)

(2.26)

and proceed with the usual and convenient for calculations factorized

ansatz( ) -(+3),(5%)

F(X'J?T.Qz) =

"

F(x,Q) D(K)

(2.27)

v

&




v

subject to
2 1) -
rd kT D( T) =] (2.28)
Then, Secause of the resulting relation:
2 2 . 2
rdx F(x,fT,Q ) = F(x,Q°) (2.29)

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

of partons in electroproduction. For x = 0, however, certain of the
functions F(x,Qz) do not vanish; for kT # 0 the point x = 0 is kinema-
tically accessible, and this causes (2.26) and (2.2) to diverge. To aygid

this, we i%tradyée the modification (or redefinition) of F(x,ﬁr,oz)(uz)’(ua)

~»

- 2
’ F(x.k_,Q)
flx,k .0 ) = X s (2.30)
where Xp is the energy fraction carried by the parton
—
K s 2 2 2 .
XR (X + —-g—') » mr = /k‘l’ +m (2.3])

)

2

and the function F(x,FT.Q ) in (2.30) is given by the fractorized

form (2.27). 1In 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.

G/ {2k o) = Ggye (2070 DCE ) (2.32)

+




/Ty
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In the presence of parton k the kinematical invariants s.

and u may become very small and cause (2.5) and the expressions of
X:ab + cd (Table 1) to diverge. To avoid this we make the replace-
(*1),("2),

«/ ments

§+§+f&, Eadl-M , Geu-M (2.33)
with the typical hadronic mass scale M = 1 GeV. We have checked that
at sufficiently large P, (; 3 6eV) the predictions are not sen;itive
to the precise value of M (see Appendix B for details).

The evaluation of the my1tifold integral in (2.2) has been
carried out with Monte Carlo techniques. Details of the integration
procedure are presented in Appendix A of our publication, Ref. 62,

4

2.2 Distribution and Fragmentation Functions from QCD

We are interested in hadron production in proton-proton coliisions’

>

(A =B = P). Then ysing the notation:

[

Xf /o (x,0%) = Fa/p (x,0°) = a, a f u,d,5,5,3,5 (2.34)

we write

u=u, (x0°) * tx,0") ' (2.35)
d = d, (x,07) + t(x,0") | (2.36)
- - 2
‘ s2s=y=4d=t(x,Q) ~ - (2.37)

a

-

‘"

v
)

et
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2 2 2 - .
where g, (x,Q ), dv (x,Q ) and t(x,Q0 ) are the momentum distributions

O~

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

symetric sea has been assumed. Similarly when‘!g,ij s a gluon we set:

PR
‘ ¥

- )
2 2 NS

Mgzp (0Q) = Fop d6,0) = g 4 ) (2.38)

The explicit form of the distribtuions u,s dv,y!t and g as functions
2 -
of x and @ has been obtained from Ref. 51 which makes a detailed ac-
b
count of the QCD requirements and fits the available data on nucleon
50) (51 2 - .

structure functions( ) ). The @ dependence of these distributions

is specified by the QCD variable

"
: 2 2
§ = Jog 2 /A (2.39)
log(Q_/4")
with R
2 2
Qo =1.8GY ,A=0.386eV (2.40)
We present all these functions in detai] in Appendix A.
f ‘ To determine the non-scaling form of the quark‘fragmentation

71 26
functions we are guided by the QCD solutions of Gross( ) and Politzer( %)

, . 30) (49

which have also been used in other similar calcuat'ions( ),(*%) f".The
fact that these solutions are valid for z not very small ges not affect
the predictions because most of the contribution to (2.2) comes from tﬁe .

region near z ~ 1. Thus we 1:akefs :

b, o R R b R e P Y T e
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(5)

i 110 eyl (1-2) /€ (2.01)

Gc/c (2’5) = gclc e (] R mc/ﬂ(g))

- 2
where the variable § carrying the @ dependence is given again by

2
(2.39) with the same values of the parameters A and Qo H gC/c are

constants and

e (3) T;<<nc,c(o)+4s§' . . (2.42)

. 71
where the standard QCD model of four flavors and three colors gives( ):

[ 2]
n

, A=0.696 ;o (2.43)

=

The functions GC/c are subject to the momentum conservation sum rule:

1 p
¥ J 6 (8) dz=1 “ (2.44)
o .

for every species c.
_ 2 2
For s =0 (Q = Qo) we obtain from (2.41) and (2.42) %he corres-

ponding scaling forms
[ -

(]_z)mC/C(o)

. 1 ' g . ‘
6 dz = — e . 2.46
%fo e (7) ¢ % 1+ mey (0) : (2.46)

. <O

¥ oie

T e

PP o



O

»

-2 -

The values of mclc(o) are determined from an analysis of hadron
electroproduction data and the values of gC/c from the same analysis
and the sum rule (2.46). A1l of them are given in Appendix A.

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

gé/c.= constants, the sum rule (2.44) cannot be satisfied for all s.

1 Therefore we are contented to satisfy (2.44) exactly for s = 0

[ Eq. (2.46)] and notice that, owing to the weak dependence of s on
Qz[Eq. (2.39)] the violation is < 10% for all 02 of interest.

As we mention in Sec. 1.8, perturbative QCD predicts scaling
violations for (all) the fragmentation fuqctioné’(sz)’(sol Data on
e]ectr&production of pions(72), however, appear to be compatible with
scaling ones. In or@er to sﬁudy in more detail the sensitivity of
we present

C/c

the cré -section (2.2) on the scaling violations of G
gézscalculations both with scaling and non-scaling quark frag-

compl
mentation functions and discuss tﬁe comparison between theory and
experiment in Sec. 3.§.Q

For the gluon fragmentation function we take for simplicity a

scaling form: -
m
- -z) ¢/9 |
GC/g 9%/q (1-z) (2.47)

subject to a sum rule such as (2.46):

g
‘}:j—r;%ﬁ'—— = 1 " (2.48)

C/9

The effect of(n&n-scaling GC/g is discussed in Sec. 4.2.
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CHAPTER III
CALCULATIONS AND COMPARISON WITH EXPERIMENT

In this chapter we present some details of our calculations
together with our main conclusions concerning the effects of intrinsic
transverse momentum. Also we present our basic results and compare

them with experimental data.

3.1 Calculations and Conclusions on kt Effects

The form of the 1ntrins1c transverse momentum distributions
bk ) [Eas (2.27), (2. 32)] of partons (hadrons) relative to their
parent hadrons (partons) is not known theoretically. We have carried
calculations by choosing simple (and physically 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.?2);

2
D(k) = 5 exp (-bk ) | (3.1)

which has been normalized to satisfy (2.28). The parameter b is

related to the average value of kT by:
<k>¥ffkku(t)=3 ' (3.2)
v - T T b . y

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

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

-27 -
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x-dependence of < kT > and choose the constant value:

ey

<k >=056V (b=4 Gev™}) (3.3)

This value is consistent with the results of various analyses(75)'(78)
of the transverse momentum (qT) distributions of massive muon pairs pro-
B duced in pp collisions. In these analyses the q distribution is cal- .
culated by taking into account: a) the perturbative contribution(sﬁ)’(79)'(8})
b ) due to the recoiling gluon (quark) in the subprocess qq - Y* +lq (qg > v* + q)
in which the virtual photon y* decays into a u+u' pair, b) the non~-per-
turbative contribution dqe to the intrinsic kT of the initial partons-Thgse
two contributions are properly combined according to a regularization prescrip-
tion proposea in Ref. 76, and an overall good fit to the data is obtained
with a value of intrinsic < k > = 0.5 ~.0.6 GeV (76)-(7%),
To show clearly our resb1ts on the kT effects of quarks and gluons
we have separated in Fig. 4 the contributions of the subprocesses qq, qg
and gg, for ¥s = 52.7 GeV. A1l results of Fig. 4 correspond to scaling
fragmentationifunctions GC/c = GCA:(Z) and an input gluon distribtuion
" (see Appendix A),

o

g (x,0) = 402 (v +1) (1x) (3.8)
with y = 5. With the same choice as above we present in Fig. 5 the total
cross-section for two different energies /s = 52.7 and 19.4 GeV. Our
conclusions can be summarized as follows:

(a) At fixed s, as P, increases the kT effects always decrease. E.g.,

. at /s = 52.7 the k_ effects increase the qq contribution by a




(b)

(c)

(d)

" tions
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o

factor of ~ 2°at P = 2 GeV, but only by ~ 1.1 at P = 8 GeV
(Fig. 4). These are typical results of other similar calcula-
(81)-(43),(73)
’ as well. The decrease of the kT effects
< (44 (T4Y (75
is intuitively clear( ):(742,(73) (see Sec. 1.7). \
At fixed p.sass decreases, the kT effects increase (Fig. 5).

Eaq., at Vs = 19.4 and P, = 2 GeV they increase the qq contri-

42} (43
bution by a factor of ~ 3. This aspect has also been observed( ) l

The transverse momentum of the gluon has a very important effect
(at intermediate p). E.g., at Js = 52.7 and p, = 2 GeV it
enhances the qg contribution by a.factor of ~ 2.6 and the gg
contribution by ~ 5 (to be comparéghwith the factor ~ 2 for the

qq contribution). Qualitatively this is understood as follows:

In general, the stronger the P, dépendence of a given contribution
is, the stronger (percentagewise) the kT effects are (Sec. 1.7).
The qg and, in particular the gg'contribution‘has a very strong P
dependence (Fig. 4); this is due to the exponent of 1-x of g(x,Q2),

which is already large at Q2 = Qz but increases relatively fast

with Q2 n p: (see Appendix A). This results in stronger kt effects.

The transverse momentum Krc of the hadron C relative to the parton

¢ (FTC dependence of tﬁe fragmentation function) has a small effecf
in the single particle inclusive cross-sectign. (It has, however,

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

Allﬁ;he above conclusjons remain qualitatively the same for non-

scaling fragmentation functions or for different values of the exponent

y in (3.4) (see next Section). ’

@ngf




. s

- 30 -

3.2 Comparison with Experiment

The predicted inclusive cross-sections for pp + »° + X (and
pp + % (w++ 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 v in the input gluon [Eq. (3.4)] has been taken y = 5.

We see thatinclusion of intrinsic kT effects accounts fai}ly
well for the magnitude and the P dependence of the ISR data, down
to p; = 2 GeV. The predictions are in good agreement with the very
large P, (> 7 GeV) data (83). This is certainly t}ue for scaling GC/C'

As one eibects, inclusion of scale violations in the quark fragmentation
functions somewhat increases the P, dependence and 15wers the predictions
(Fig. 6).

We should note, however, that recent (Fall 1978) very large P
(7 P05 12) data(ek) are somewhat below -those of Ref. 83. Then the
predictions with scale violations in 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 Fermilab data ( Js = 19.4) is also pre-
dicted reasonably well (in particular, Fig. 5); however, the predicted
cross-sectionslie somewhat below the experimental ones. The difficulty
to account for the correct energy dependence at fixed P has also been
observed in other app]ic;t1ons of the scale violating approachgao)’(az)’(u7)
However possible corrections can be invoked, which we discuss in Sec. 4.3.

A very important rﬁle in the energy dependence is played by the exact
shape of the gluon distribution at Q =YQ0 (the exponent vy in (3.4)).
Decreasing y, weakens the X dependence and thus enhances the qg and gg

p
contributions particularly at Fermilab energies (larger X = =1).

Vs

1
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To show this effect we present in-Fig. 7-calculations for y = 3
aqd 10. For y = 3 w%th the inclusion of partoq;‘ kT the predictions
are almost the same for ISR data, but in somewhat better aéreement
(than for y = 5, Fig. 5) with Fermilab data, in particular at P, © 2 GeV,

The shape of the gluon distribution at Q = Q, s toa great extent
unknown. Values in the range 3 < y < 10 have been suggested(ss)ahd
considered in other QCD applications ‘5°)"5f)’(°5l The aforementioned
sensitivity to the energy dependence is rathgr weak and does not lead to
a specific value.  In most of our calculations we use y = 5 4n accord

- 87
with naive counting rules( ).
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CHAPTER IV
DISCUSSION AND CONCLUSIONS

' 4.1 Summary of OQur Work

-

In this work we have studied the inclusive meson production
at large P in hadronic collisions, making,exp]icit calculations
for the typical process pp + 7 + X (and pp + % (n+ + 1w )+ X).

Our general framework was the QCD improved parton modél,
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
from some of them éo be used in more complex ones. Therefore, it is
possible to make predictions for the latter processes and thus test

‘the theory (QCD) by comparing with available experimental data.

*  We used a) the quark distribution functions obtained from'lepton
initiated processes ep+~e + X, up +u ; X and‘neutrind and antineutrino,
interactions, and b} the quark fragmentaéion functions. obtained from
hadron production in e’ ey annihilation and from thé semi-incldsive
processes ep + e + h + X and vﬁ >3~ + h + X; then we performed explicit
calculations for the purely hadronic process pp + n? + X "explaining"
the dati(an& testing the theory (Fig. 5-7).

' The unknowns iﬁ our calculations were the power y [Eq. (3.{{] o
determining the §hape of .the gluon distribution function, the correspond-
ing power for the glyon fragmentation, and to some extent the average
value of the intrinsic parton transverse momentum. We did not try to .

obtain an optimal fit{¥o the data by adjusting these unknowns. In particular

e A
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the abso]ut;\ magnitude of E d'o/dgp is specified from i:he magnitude
of the running coupling constant as(Qz).

We find that we esseni:iaﬂy account for the main features of
the data, and we may conclude that QéD accounts for large P single

meson production reas,onab]y' well, certainly at ISR energies.

a
T

4.2 Main Results from Large-Transverse Momentum Co‘r"rela_tions

. 62 1
After the completion of the main part of this thesis( ),

L 4
the preceding QCD approach was also applied to 1a\r'ge-p,r two hadron
‘ . 82
inclusive reactions and correlations at ISR energies( ) In particular
we studied opposite side hadron correlations, which are known to.be
. ’ L. . . . (88),(19),(33)
particularly sensitive to details of the dynamics ? > .

For pp collisions we calculated and compared with data the follow-

’ ing quantities:

(a) Normalized transverse momentum sharing (xe) distributions

l QN_ 1 3 = _pl?_
N od > vS trigger momentum pn,for several bins of Xy E o .
(b) Normalized xe-distributions :‘— % » VS X, for different trigger
e

momentum p_ . S~
T

(c) Integrated xe-distributions % / %’ﬂ(—- 'dxe s VS trigger pn,

X
_ ’ e-min
for Xoomin = 0.5 and 1.. >
1 dN

(d) Rapidity distributionSvﬁ mz s Vs the (.pseudo-) rapidity _y2
of the secondary. ’
e 82
Our calcu]ations( ) indicate that scale violations in all the .

fragméntation functions are important in ob}:aining agreement with experi-
On the other hand, scale violations in G /g will affect the single

particle cross-section [Eq. (2.2)] to a limited extent. For P, 3‘5 GeV

.

i

N R
2 :{‘x,wqir A
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the dominant contribution comes from qq scattering (see Fig. 4) so
D that the exact form of G"/g is not very important. At P, = 2-5 GeV,
3
the predicted £ do/d p will be somewhat smaller. However, as we

discuss 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
P, = 2-5 GeY and/or at FNAL energies can probably be explained by in-
voking the following corrections:
(a) Uncertainties in some parameters.

At low P, the results are sensitive to: (a;) the precise input
gluon distr1bution;\decreasing v increases the cross-section (Fig. 7)
and iﬁ%roves the agreement with experiment. («,) the value of the momen-
tum scale A (A = 0.3-0.6 GeV). In our calculations we used A = 0.3 GeV,
but perhaps higher values of A are preferable. Increasing A, increases

3 the predictions at low p_ (with & ='0.6 GeV E %5 is ‘higher by a factor

dp (89)
of 2 at p_ =2 GeV and V5 = 53 GeV than that with A = 0.4 GeV' . (a3) the

[}

precise choice of Q2 (see Appendix B).
(b) Nonleading corrections from higher order diagrams.

At small 02 (small pT) the ﬁonleading terms of the higher order QCD
subprocesses, as qq + qqg and more generally of the 2 » 3or 2+ n
Feynman graphs, may contribute. It is now clear(sz)’(57)'(61) that only
the 1eadingglog Q2 pieces of those graphs. are included in the renormaliza-
tion group improved Qistribution or fragmentation functions. At present,
however, there exists no calculation of the nonleading terms for large-pT

hadron producfibn.
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(¢} Larger value of < kT >.

A somewhat larger value of < k > {~ 0.6 GeV) is also consistent

76Y).(78 o
_with the analyses( )-(7%) of transverse momentum (qt) distributions of

massive muor pairs produced in pp collisons (See Sec. 3.1). Larger A
< kt > will increase the inclussive cross-section at small P especially
at FNAL energies, where the P, dependence is stronger (Figs. 5-7), and
will improve the agreement with experiment.

In fact, Field ;ith < kT > = ,848 GeV obtained good fits to the

90 .
data at both energies vs = 53 and 19.4 GeV( ); subsequently other authors

91y (92
-verified this conclusion (1) { Such a very large value of < kT> has

been interpreted as. effective value representing both the intrinsic
transverse momentum of the partons and the transverse momentum due to
the Bremsstrahlung o% gluons. This point of view, however, iscquestion-
able(ga)’(ghl Also notice that with such values of < kT > the inclusive
cross-section is very sensitive to the cutoff requireﬁ at low ;,E and u.
[see relations (2-33)].
(d)  CIM Contributions, *

In addition to the partbn-parton scattering, CIM subproéesses can
be considered, as i? section 1.4, Eqs. (1.15). Recently, Blankenbecler,
Brodsky and Gunion(gs) were .able to determine the normalization of the

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

especially F“/p (x). Thus the CIM has been cured from that disease and

95Y_(97
. is capable of making definite predictions. Ca]cu]ations( )-( )ingicate

that the CIM terms ave important at the low P region, with the leading
QCD subprocesses (parton-parton scattering) dominating for P2 5 GeV.
Qualitativefy this can be understood as follows: In any quark or

gluon scattering subprocess there is a numerical suppression of the
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inclusive cross-section, because of the rapidly falling fragmentation
[} 2 2 -
function G"/g (z,Q ) or G"/g (z, ) at z > 1. 9n the other hand, if
the pion trigger emerges directly from the subprocess (as in the CIM
Mg + wq) there is no suppression due to fragmentation. Furthermore,
due to the rapid falloff of ¢he CIM cross-section with P
*g‘ X ' . 2
dU( - m 1
= (M > qM) = —— ~ — (4.1)
» dt su . P
T
their contribution cannot be dominant at high P,

Other arguments in favor of the CIM contributions at small P
9y
are the fo]]owing:(\ )

~

i) The form (4.1) for g%is similar to that, proposed in the 'Black-Box'
model Eq. (1.18), g?Sing the best fit to the angular distribution
of pp >+ X.
ii) The CIM méchanism predicts that the trigger particle usually
emerges alone, without same side correlated particles. This seems
to be in aggrement with the BFS(QB) experiment at ISR with a 4 GeV
triggér (in ~ 85% of the events the trigger particle is unaccompanied
by same side charged particles).
ii1) The gM » gM' subproces:\imp1ies that flavor is generally exchanged
in the harq 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
small(eg) flavor correlations between the away-side and same-side

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

flavor correlations in agreement with CIM.
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iv) In the case of pp + p + X, the dominant CIM subprocess is
~ qB + gp, leading to a behaviour of the inclusive cross-section
(at fixed X and ecm) E g%—- " 1—17-, in agreement with the
Chicago-Princeton(gg) dat: gt FNAETenergies and P < 7 GeV. On
the other hand, there seems no way to account for the pt-dependence
of pp + p + X in term§ of QCD subprocesses (without enormous scale-
breaking in the fragmentation functions of partons to protons).
If CIM contributions are dominant in baryon production they may
also be present in meson proauctioni <
Thus there is much evidence that the CIM contribution provide
important corrections to the QCD subprocesses at the small P region in ’

inclusive meson production.

4.4 Overall Conclusions

Our conclusions can beygummarized as follows:

QCD ‘predictions for inclusive pion production at large transverse
momenta in pp collisions are in good agreement with experiment, at least
for ISR energies and P2 5 GeV. Also for ISR energies data on two-
particle opposite-side correlations are reasonably well accounted for.

The intrinsic transverse momenta (kT) of partons inside their pa-

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

small P, region; they increase the cross-section by at least a factor of 2(

at‘pT = 2 GeV. Also the intrinsic transverse momenta o? hadrons with

respect to the parent partons are important for the two particle inclusive

!

cr'oss-section(33 )’(88)’(100).

The fact that the predicted cross-section for'pp + » + X lies some-

what below experiment at Fermilab energies and for the small P, region

AR,




e e

- 38 -

\

at ISR energies, cannot be consjdered as a serious trouble of QCD.
2
At relatively low energies and/or P (small Q ) many subasymptotic

effects take place. Probably the most important of these are the CIM
94
subprocesses (called also "higher twist” - QCD( )). )
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APPENDIX A
(:,  DETAILS ON DISTRIBUTION AND FRAGMENTATION FUNCTIONS

In this Appendix w$>present the detailed forms of the parton

distribution and fragmentation functions used in the calculations.

o D PR SISO DRI

A 1. Distribution Functions, .

Throughout the work we used the distributions of Ref. 51.
With the definitions (2.34’ and (2.38) and decompositions (2.3%)-(2.37)
the formalism of Ref. 51 leads to the expresé%ons presented below.

The valence distributions are:

: W gty x1 00)”

,; N R -

z B

: d = B PY P 3 (1'X) 4 (A 2)
N oM

? §

} with

; ny =g (5) =ny (0) +y; 65 (§=1,....9) | (3

where G = %B (as in Eq. (2.43)) and,

e g e T R (R e

-

n, (0) = 0.7, n (0) =2.6,n (0) =0.85,n (0) =335, (A4)

h=-1a, Y=50,Y =5, ", =61, | (n's)

e -

NSRS SR S B TR AT

(:z . In(A1) and (A'Z), B(nj,]+nj+]) j = 1,3 are Euler's beta functions.

-39 -
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The sea and gluon distributions are expressed as

. (T‘ T )bz .
t's -‘6-;?3- (x, - %) (1-x) AF (A 6)
. & - (Gy/ Gg)-2

‘9='§§'(Gz'63) (1-x) 2 (A 7)

where all the above variables are s dependent.

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

parametrization by :

Y=GSA ‘2 (AB)

~

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

2 2 ..
of Q > Q, (s > 0). With the decomposition
’ = J— §- =
tj 3 A, + 3 B., j=2,3 / (A 9)
the formalism of Ref. 51 leads to the following results

Az = 0.11 exp (-0.427 s)

-3 ) -
A3 = 9,167 x 10 exp (-0.667 s)
B2 = 0,429 + 0.169 exp (-0.747 s) - 0.488 exp (-0.667 s)
P '
-2 0.11577 -
B3 = (1.246 x 10°° - ”'{TFTE) exp (-1.386 s) (A 10)

+ (015376 + S-1377) exp (-0.609 3) - 0.157 exp (-0.667 3)

G, = 0.571 ~ 0.619 exp (-0.747 s)

- N >
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+ 4.0027 x 10°2) exp (-0.609 3)

<(3:015 x 10
G3 { y+2

(L3 40027 x 1072) exp (-1.386 §)

i
/

where only B3 and G3 are y dependent.

A 2. Parameters of Fragmentation Functions,

The parameters e /c (0) and 9 /c of the quark fragmentation
functions, Eq. (2.41), are specified as follows: When ¢ is a valence

quark of » or gt (e.g., u of 1r+) we take

m, (0)=n, (0)=1 » | (),
® /c K7/c K

w4y (101 ’
which is in accord with hadron leptoproduction analyses( ),(191) as

L

. 15 /
well as with counting rules( ) When ¢' is a nonvalence quark of r®

- 49y (101
or K (e.g., uof » ) we take( ),(101)

m =m = 1.5, (A 12)
wiet ke

The same leptoproduction analyses require

= 2g A3
1r+/u 7 /u ( )

£ 4y requirel®®)
and fits to pp + K~ + X require -

9, =2, =4g ' tA 34)
x Ju K /u K /u

’ Also, we take as usual

-
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2 2 2
€  (z0) - %—[G +, (BQ)+6_ (2,0 )J (A 15)
% /c n /c m /¢
32
Then, leaving out baryons( ), the sum rule (2.46) is satisfied
by:

t

g, =0.75 (A 16)
w Ju
in fair agreement with Refs. 49, and 191.
For the gluon fragmentation function, Eq. (2.41), we also
assume ‘that the sum ruie (2.48) is saturated by C = ni, = and K*
{no baryons). For all these mesons we take

+

=1., C=q+, 4, (A 17)

- W7y _(49
this (or a similar) value is also used in other ca]cu]ations( )-{ ).

We take

g, =9_ =g .9, =49 i} (A 18)
wlg v w9 T K'rg Kg

and

g = 29 (A 19)
n+/g . K+/9

_ s suggested by the first of Eq. (A 14). Then the sum rule (2.48)

implies

g, =0.5 - ' (A 20)
LV

g * . e G e e e o
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| APPENDIX B
‘ ' SENSITIVITY IN ASSUMED INPUTS

B 1. M-Dependence

In the presence of kT effects, to avoid divergence of

g% we made the replacements (see relations (2.33)),

d
i ‘ ¢

a a 2 A ~ 2 A a 2
S+s+M, t+t-M,u>u-"M

We tested the sensitivity of our predictions by varying M2

in the
2

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

that for P, 2 3 GeV the results are not sensitive. For P, = 2 GeV

the predicted E gg—-are enhanced by factors < 2'at ISR and by factor;

d3p

< 4.5 at FNAL energies.

The insensitivity of our results at P2 3 GeV is due to the
relatively small value of our < kT > ; for higher values the depen-
dence on the cutoff M is stronger. We may say that the value M = 1
GeV of our calculations does not exaggerate the kT effects.

Recently calculations based on off-shell constitutent kine- ,
Lo (93),(102),(103) (104)
matics ’ ’ have been carried out . In this way the poles

;, i, u = 0 lie outside the allowed phase space boundary and there is no

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

and P = 2 GeV the kv effects increase the inclusive cross-section by—’

e -

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

B 2. Scaling Variable .

i 0 ta ittty . wa e o e

(: An important question is the choice of the scaling variable [Bjorken
(105) + (106)
e{ X or £ i ]

that best accounts for mass effects (corrections of

-A43 -

e Se
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o’(—%) }. It is possible that such effects are still important
at Vs = 19.4 but they practically disappear at ¥s = 52.7 GeV.
To investigate this question we have replaced in the gluon distri-

bution the variable x by the Nachtman variable

g = %XZ VAN
1+(14ax M Q) 2

and have calculated, according to Appendix A and Ref. 51, the nece;sary
changes in the sea dist;ibution. ‘

As expectéd, we found that at Vs = 19.4 GeV this replacement
somewhat improves the agreement and at Vs = 52.7 GeV leaves our

S 106
results unaffected. However, for M = nucleon mass( ) the change is

f
very small.

B 3. Gaussian Distribution o} kT

We also carried calculations with a Gaussian form of the

function D(KT), [Eq. (2.27) ].

B(k,)

i
|
]
h
©
—
1
o
~»
x
AN
S

where we took again
= l“— - -
< k’f > = 2b 0-5 Gev,

As expected, the kT effects were somewhat (but not much) smaller.

r

N L el el Rty o _— e —
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,ductlon at 8 = 90° this reduces to the previous ch01ce on1y for aq +-qq
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2
B 4. Choice of Q
ll

. A problem we have faced concerns the choice of the variable

2 2 2 v
Q in the functions Fa/A (x,Q ), GC/c (z,Q') and in the running

coupling constant & (Q2). In ep collisions, Q is the 4-momentum

transfer from the electron to the quark (4-momentum of the,@irtua]

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

the choice of Q2 is comp]icatéd by questions of guage 1nvarianceﬂu7)’(“9).
In our calculations we have aﬁways chosen Q to be the 4-mom€ﬁtum

of the parton exchanged in the-subprocess ab + cd3 irrespective of'4

whether the exchange takes place in the i, ﬁ or ; channel.

We a]so carried ca]cu]at1ons tak1ng Q = -%; for hadron pro-

Q =-t=- u) The results were not s1gn1f1cant1y altered (< 25%)
Other similar ca]cu1at1ons( 0,{*%) with a variety of choices of Q
lead to the same conclusion.

The extension of our QCD approach to two-hadron correlations(gz)
shows that in general the choice of Q2 somewhat affects the shape of
1 dN ) and the position

N dy d¢
of its peak. Details are discussed in our publicatlon( )

the opposite-side rapidity dlstr1bution (<

K]

'dh:.o—:

&
T
i
i
R
F




f1.
f2.

f3.
f4.

f5.

Ve fo]low essentially the notation of Ref. 43.

FOOTNOTES

If there is no incom1ng (observed outgoing) hadron in the ﬁrocess
under consideration, the corresponding parton'distribution (frag-
mentat1on) function, has to be repiaced by a delta function.

See e. g Ref. 53 for the justification of using the renormalization
group improved distribution and fragmentation functions and the running
coupling constant and all the parton-parton scattering subprocesses

(qq, q9 and gg) .

Reciprocity re?at1ons(5) require that at least for z-1 Gos. behaves
as Fasa for x-»1; tbgre are also other field-théoretic arguments‘°’ d
model caTculations (67) suggest1ng scale v101at10ns for Ge/ similar .
those of Fasa . Recently it was-demonstrated (68) that the scale v1o]at1ons
in Ggye are determ1ned by similar (transpoesed) integrodifferential matrix.
equat ons (69) . Furthermore it cam be seen that for z+1 these matrix
equations decouple and the Q* dependence of the quark fragmentation
function is the same as that of the valence quark d1str1but1on for x»>1.
This fully justifies our approach. ' _ )

X : My (S) ‘ ey (3)
The solution of Ref. 71 involves (-1nz) instead of (1-z) .
For z+1, however, -Inz = 1-z.
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TABLE 1 ‘ ’

oy

v -
~

Cross segtions for the various subprocesses ab + cd to o :

lowest order in QCD. .. . .4 is defined in Eq. (2.5). The ihitial
(finaff colours and spins have been averaged (summed). Subscripts i, j -

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

" e and Ranft, Ref. 47.
i e
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Figure 1.

Figure 2.

Figure 3.

o

Figure 4.

Figure 5.

“ Figure 6.

Figure 7.

FIGURE CAPTIONS

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

Large p_ hadron production in hadronic collisions. The '
large tFansverse momentum reaction A + B + C + X is

assumed to occur as a result of a single large angle
scattering of constituents a + b+ ¢ + d, followed by

the fragmentation of c into the observed particle C.

Lowest order graghs_contributing to the subprocesses:
{a) aq +qq, (b) a§ + qq, (c) qg + qg, (d) gy + qq,
e) g9 +gg9. N
The graphs contributing to the subprocess qq + gg are
similar to those in (dc5l and have been omitted.

/
Separate contributions to pp + #° + X and pp+ X (r+ +n)+ X

at o = 90° of the subprocesses qq + qq, q9 -+ qg, 99 + 9.

Inclusive cross sections for pp +~ #° + X and pp + X (1r+ +r7) + X

at o = 90°. Data:O Ref. 83, @ 107, ® 108, o 109, & 110,
A 111, 112, .

-

') » N 2
As in Fig. 5 for nonscaling quark Ge /e Gc/c(z,Q ).

As in Fig. 5 with y = 3 and y = 10 (without ktef_fects).
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