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Recently quantum chromodynamics (QCD) has been successfully
used for a quantitative description and prediction of the cha-
racteristics of hard processes at high energies, i.c., large
transverse-momentum processes., A great number of hard processes
is described in the framework of the quark-parton model using
the quark distribution functions and fragmentation functions
of guarks to hadrons/!/, The production of large transverse-imo—
mentum p, particles in hadron-hadron interactions is of special
1ntercqt. The production of large Py hadrons in these processes
is explained by the hard scattering of quark-partons with a sub-
sequent fragmentation of them into hadrons. This mechanism is
also applied to the particle production in hadron-nucleus pro-
cesses at p39»4~5 (GeV/c)/4 =7/, The application of the hard quark-
quark scattering model oxr QCD for the analysxs of inclusive
spectra of lower p. particles produced in such processes does
not give the results which agree with the experimental data/6.7/
This possible cause of such a discrepancy consists in the emis-
sion of the contribution of soft multiple quark collisions to
particle spectra at Pp< 455 (GeV/c).

The present paper is intended to analyse the contribution
of soft mulitiple constituent quark collisions, occurring inside
the nucleus, to the inclusive spectrum of final large Py had-
rons produced in hA-h’X reactions. The comparison of theoreti-
cal results with the experimental data of inclusive momentum
spectra of gy-mesons, produced in the process pA-yX at p
= 1-6 (GeV/c) is given taking into account both soft and hard
quark collisions. The analysis is performed both with the inclu-
sion of the quark confinement and without it. The results of
these two approaches are compared.

We consider the production process of large pT hadron, for
example of Pp>il (GeV/c). If the final hadron h’ is emitted at
large angle 6* in the hadron-nucleon center of mass system, for
example, 0*=7/2, the scattering angle of hadronm in the rest
system of nucleus 0; will be small at high energies E; of the
1n1tlal hadron. For 1nsLance, in the process pA-h’X at Egy=

= 300 (GeV), 0= 4.4°% that is the produced hadron is emitted at
small angle at the laboratory system (l.s.) but it gets large
transverse-momentum. Therefore, it can be supposed that the fi-
nal hadron h’ gets large transverse-momentum due to the multiple
collisions of the initial hadron with nuclear nucleons. Such
a mechanism has been used for the analysis of A dependence of
inclusive momentum spectra of. large P Protons . ( P =l -6 (GeV/c))
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Fig.!. Diagram of the process
hA-h’X .

in the process pA-+pX 78/ and it
allowed to describe the experi-
mental data/?/ quite satisfacto-
rily. However, since at high
energies as it has been pointed
out in ref./10/,the strong inter-
action radius is comparable with the constituent quark radius,
it is more correct to take into account quark scatterings rather
than hadron scatterings occurring inside the nucleus. Moreover,
the above mechanism of rescattering of the leading particle can
hardly be applied for the description of inclusive momentum
spectra of produced in p-—A interaction =-mesons/11/,

We shall analyse the large Py processes hAsh’ X in the frame-
work of the constituent quark model. They can be described by
the model similar to the mechanism explaining the large pp par-
ticle production in hard hadron processes’/2:3/, As it is shown
in fig.l every constituent quark of hadron h interacts with 'nuc-
leus and then fragments into hadron h’. After the interaction
with nucleus a quark of the initial hadron can get large p; in
two ways. Either with the help of hard quark-quark (q-q) colli~
sions or by the use of soft multiple quark collisions occurrlng
inside the nucleus. We notice that, as it has been shown in
ref/7/, the single hard q-q collisions are most probable and
the contribution of multiple hard q-q rescatterings is negll—
gible. First we shall analyse the second possibility assuming
that each constituent quark of the initial hadron interacts with
nucleus independently from each other. Further, we shall take
into account quark confinement. Since we consider large p,, pro-
cesses, then, as it has been shown in ref./12:!3/ the recombina-
tion mechanism of constituent quark and sea anti-~ quark with sub-
sequent hadronisation cannot be applied to such processes.There-
fore, weé do not take into account this mechanism. Accordlng to
the aforesaid and to refs./ 1423 the contribution FS =

“Ed”hA+h x/d P to the inclusive large b » hadron spéctrum, for
example,pT>l (GeV/c) of the reaction hA*h X due to the soft
quark collisions inside the nucleus can be written in the fol-
lowing form:
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Here following notation is introduced. G, (x,pp) is the distri-
bution function of constituent quark over X, and Pyt %y is the
Feynman va11ab1e of quark in the h-N c. m S+ Py is its trans- -
verse-momentum; A(x ’pzT) dqu*q X/dxzm Pop is the inclusive
spectrum of scattered quarks in the process qA-+ q’'X as a func-
tion of the TFeynman varlable Xy Of the quark q° and its trans-
verse-momentum p,, ; ph (xa,pgq‘)ls the fragmentation function of

quark ¢’ into hadron h’(see fig.1); x Jx 4-4(p + mh .8 3 X is
the Feynman variable of the final hadron h” in the h-N c.m.s.,
P is its transverse-momentum and 'S is the square of total
energy in the h-N c.m.s,

The summation in (1) is over all constituent quarks of the
initial hadron h. .

We notice that the dependence of the distribution and frag-
mentation quark functions both on x and on P is taken into
account in expression (1).

As in ref.’3/ we shall present the functions G h(x,p,r) and
Dg(x,p } in a factorized form:

Gy 08 )= F-a 0 () D’;(x,EThix‘—;Sq(x)ffq(x?'T): @)

where q(x) ,G_ (pp) are the quark dlStBlbutlon functions in had-
ron h dependlng on x and pg, respectlvely, Dq(x) and .fq(p ) are
the fragmentation functions of quark q’ into hadron h” depend—
ing on x and P..

Since we take into account soft multiple quark collisions,
that is the sequence of small transfer processes, the inclusive
quark spectrum f , after the interaction with the nucleus is
calculated in the approximation similar to the "optical" ap-
proach, as in refs./1518/ but taking into account the p, depen-
dence of quark distribution functions:

A
TP G (B ©)

=1 Lo
P = = f (aq probability

qn
for the n-multiple interaction of a
nucleons; o4a is the cross section of the

teraction of a quark with nucleus, it can be calculated in the

>

p(b,z)is the nuclear
/15,16/,

- n - .
y T®) exp(-0 (TN B/0: , is the

quark with nuclear
inelastic in-

optlcal" approach/IS/ T (b)= fp(bz)dz

den31ty, 94N is the cross sectlon of the q—-N scattering
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th(x,pT) is the quark distribution function after n interac-
tions inside the nucleus. According to (2) G (x, pT) =

= %(n)%zcieé/“) (ST). The function q(n)(x) is ca%culated as 1in
refs. , .

q(D) )

1 1
(= [ ax, [ ax,aG) W )0 oxx,): @)

We have an analogous expression for G((ln) (rq)

(n) - - —'(n) - (2) - - > > >
G = — — .
a @p)= [ G @ @00 " (BB, p~F,)a%8 % ()

Here W(n)(x) and (D(n)(f;,r)are the probabilities of a quark to have
the longitudinal momentum part x and the transverse-momentum Py
after n interactions with nuclear nucleons. They are calculated
analogously:

(n) 1 1 -~
0w - axg [ a WP Hwh ™ « )
0 [

5(x~x,x,) = [1 1 W (x.)5¢ ﬁ d (6)
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And then
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is the normalized to 1 differential cross section of the quark-
nucleon interaction /167,

Taking into account the factorization (2) of the functions

Ggn (xpp) and D"(‘l (x,pp) the expression (1) can be presented in
the following form:
s -» (n)
(n) -
FhA(X’pT)"XUQAE‘q PnF1 (OF, () (8)
(n) 1 dxq X
P,V @)= =20 x)D g (-, (9)
X 1 1
"where
N ]
n) o (n) >
F - > R = 2 > 2.5 N
g @)=l G @ F 08 @ -8 -8, 4%, . (10)
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Thus, with the quark distribution Gg, (x,pq) and fragmenta-
tion Dh(x,pT) functions and with the differential cross sec-—
tion of the quark-nucleon interaction, one can calculate using
(8) the contribution of soft quark collisions inside the nuc~
leus to the inclusive hadron spectrum in the reaction hA-h‘X.

To estimate FhSA {x,p T,.) and compare it with the experimental
data, we consider meson production processes in the p-Ainter-
action, that is the reaction of type p+A-»mesons + X, The x dis-
tribution of constituent quarks in a proton is given, for
example, in ref./17/; it differs from the quark-parton (valence
quarks) distribution mainly at small x. However, as it is shown
in refs/1819/¢he interacting constituent quark has the follow-
ing x distribution at x+0 q®) =x *R(O  where ¢, (0) is the
quantity of a Regge trajectory at t=0.In refs./18. 19/ peripheral
processes are comnnected with hard processes. Such a x behaviour
at small x coincides with the valence quark distribution /2.8/
resultfng from the deep inelastic lepton—nucleon scattering.
Therefore, based on the results of refs/18:19/ ye can use as
q(x)° the distribution of vdlence quarks in a nucleon’/?:3/, Ac-
cording to ref./20/ the quark momentum spectrum in the process
gN»>g”.X can be taken the same as that in the reattion hN-h’X.
Then we choose the W(x) and ®(p.) functions in the following
form .

B2
) = et - :
(B ) =—=0xp (~BP )

m

W(x)= (B+1)xB ;

here constants are defined from the conditions:

f1W(x)dx=v1;
0
We choose distribution Gg(py)and fragmentation ‘}q (p ) functions
depending on p in the following form/3/: T

2
[ @ )a"p,=1

b? ~bpp

—pr
G [ M

2
b
3 g e ,

they are normalized in the same way as Q@ the parameter b 1is
connected with an average quark transverse-momentum in a nucle-
on’8/: <p . >=2/b.b is any parameter since an average momentum

of a constituent quark is unknown experimentally though <p 7>

of a valence quark is known from a deep inelastic 1-N scatter-
ing/3/. We choose b= B for the sake of simplicity of calculatioms.
We define the quantity B from the successfull description of the
experimental inclusive meson spectrum of the elementary process
p+p »meson + X that has been calculated using (8) and assuming
n=1 in the summ. It turned out that B=5-5.5 (GeV/c)~l. The
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fragmentation function of a qudrk into a meson D (x),© has been

taken from ref./?/ and presented in the form: % Dq(x)-

='§ a.x" . Under such a choice -of @ ;),G,(Pyp) and F (@)
p=o P g+ T q> T

functions, the integration in (1) over dzpiT is performed comp-

letely. Expression (7) can be presented in the following form:

(n), » . n—-1 n -» - 2 94
()= ( 2m) riflf(piT)Jo(BpiT)Jo(BpT)d bd% (11)

where J,(x) is the zeroth order Bessel function. Substituting
Cb(pT )} into (11), we get:

3
, & Bp, ™!
®(")(9T)= B3 ¢ 2TD K_s..;n_l (BpT)’ (12)/
N (QW)F(E-’H) 2

where I'(q) 1is Gamma function and K, (y)is the McDonald function.
We notice, that the quark spectrum after n collisions with
nucleons ¢(")(pTJ is the same as the. proton spectrum in the re-
action pA -»pX after n multiple rescatterings ‘of initial protons
inside a nucleus’®/ The inclusion of the Prpdependence of a
quark distribution in a hadron gives the following. Substituting
Q(n)(RT) into (5) and integrating (5) over d2p.T,we get the
expression for the quark distribution function after n multiple

quark collisions inside the nucleus (EZ(p,r):
3n+1
2 Bp. Shtl1
(n) B . pT. 2
G (py) = () K gnyg ®P ) (13)
Ra)I (—-é-—'* 1) 2

Then substituting (}én)(pqo and ?q(pT)into (10) and integrating
(10) over d2piT ,we get the final expression for Fé") (P )
3
2 ——n+2
(n) B Bpp 73
F = : ; .
g ®q) . ( 5 ) K_a_:n+2 (BPT) (14)
(2n)r(.§n+3) 2

We notice that the McDonald function has the following asympto-—
tic form at large Pp.even atp, > 2 (GeV/c):

w
2BpT

Y% -Bpr
:)e

K, (BDy) ~ (

Bp >>1

for any m.Then expression (I4) acquires quite a simple form.

6

Unfortunately, the functiom Fﬁn%xy entering in (85, has
no an analytical expression and the integration in (9) over
dx has been performed numerically. .

We should like to note that expression (1) is written under
the assumption that every constituent quark of the initial had-
ron interacts with nuclear nucleons independently from each
other. This assumption is right at small transverse-momentum
in the p—~A collisions producing mesons when initial quarks do
not move far from each other after the interaction with the
nucleus. In our case we should take into account the fact that
due to the quark confinement quarks cannot move far from each
other after the penetration*through the nucleus. We take into
account this phenomenon in the framework of the colour flux-
tube model/21-25/ According to this model the penetration of the
initial quark through the nucleus can be considered as follows.
After the first collision of the initial quark with a quark of
nuclear nucleon the constant chromostatic field forms a. colour
tube between the scattering quark and the quark-spectator at
some moment. For simplicity we assume that the string is formed
between the quarks and after some time a q-§ pair is produced
from the vacuum, then the string is broken and the process of
the string formation and of the pair q-q production repeats/22-24/
The probability ¢ for the pair q-g production per unit time per
unit string length is calculated in refs{22-25/ Then, the va-
cuum persistence probability per length r between quarks at the
time ¢ will have the form/21:22/ : $-¢™®™  In our case the pro-
bability that the initial quark scatters n times inside the nuc-
leus and at some time the pair q-qQ is not produced:

g) - e"(JJ l'ntn ,

n

here r_ is the distance betweehn thg)n miltiple scattered quark
and its initial direction, t, is the tiile during which the ini-
tial quark collides n times with quarks of nuclear nucleons; in
the system h=c=1 t;~ nry, where I, 1s an average distance bet-
ween nuclear nucleons.rn=rubsh|0L s 0y, is the laboratory scat-
tering angle of final meson in the reaction p#A-» meson + X,
It should be noticed that we calculate P, approximately in order
to estimate how the inclusive spectrum calculated using (8) de-
pends on the quark confinement. Then, we must multiply the pas-
sage probability of the initial quark through the nucleus with-
out an additional pair production %,by the n multiple scatter~
ing probability inside the nucleus. Then, we get the following
expression instead of (8):

e (n) (n)
F‘hA(x.pT)n quAlfq Pqn ?nFI (X)F2 ®g)- (15)
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The physical meaning of the expression (15) is that the decrease
of the initial quark beam passing through the nucleus due to the
possible quark-antiquark pair production mentioned above is ta-
ken into account. /

We shall analyse now the quantitative contribution of soft
quark collisions to the inclusive #-meson spectrum at Pg =
>:1(GeV/c) produced in the reaction pA »zX. The ratio of this
experimental s-meson spectrum at E, = 300(GeV), 6,-=77 mrd
to F‘SA for A= ?Be calculated according to (8) as a function of
the gependence P ¢ without the quark confinement is shown in
fig.2. It is seén from fig.2 that the theory agrees with the ex-—
periment quite satisfactorily at pp €3 (GeV/c) but at pq >
>3(GeV/c) the contribution of soft quark collisions decreases
and at Pp26 (GeV/c) it vanishes. We notice that at first the
constituent quark distribution function has been used as q(x) 711/
then as q(x) the valence quark distribution function /2:3/ re-
sulting from deep inelastic 1~Nvscattering experiments, has been
used. The results obtained differed rather slightly.

The ratios F‘pcA/F‘SA =R, of the contributions of soft quark
collisions without or with taking into account the quark confi~-
nement for the nuclei ®Be and 47Ti, respectively, are presented
in fig.3. It is seen from this figure that with increasing P
the contribution of F‘pSA especially for heavy nuclear targets
decreases. This is due to the fact that the inclusion of the
quark confinement, as it is seen from the expression for ¥, de-
creases considerably the quark multiple rescattering contribu-
tions, which are small for light nuclei and are not small for

heavy ones.
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] As is §hown in refs.’®7/ hard quark collisions, mainly
simple, give a considerable contribution at p.> 3 (GeV/c) and
at pp, 5-6 (GeV/c) this contribution is a detgrmining one to
the second hadron spectrum, in our case to the inclusive spect-
rum of the p-~A interaction produced = -mesons. The spectrum
part, caused by simple hard q-q scatterings FH x,p .. ), is pfe-
sented in the following form/6:7/. pA T

H H
P ~
s () ~ AF @D, (16)

wherg: A is the atomic number of the nucleus, FH (X, p ). is
the ’1nvar1ant inclusive hadron spectrum of the repactioir*f p+p ~»
mesoh + X, caused by hard gq-q collisions, FH (x,p.) can be cal-
culated at P23 (GeV/c) i i I?p 'the i

: T V/e), using either QCD or the semiphenomeno-
logical hard scattering model/2:3/, According to the model/®2/:

H

~ _ 1

Fpr‘va)— I(XT'G*)-”‘E" (]7)
PT ’,

Here I(%x;,0*) 1is the function depending slightly on x which

- . e T'®
ha§ been calculated in ref./?/, where X=2pp/VS:s is the square

of the total energy, #* 'is the angle of » meson scattering in
the. P-p C.H.S. Substlt.:uting (17) into (16) we find the contri-
bution of FpA . Proceeding from the aforesaid the inclusive 7 =
meson spectrum in the reaction pA » X -
ted at p.,>.1 (GeV/c) a mat " FpA(x’p v ‘i josheas
P V pproximately in the form of incoherent

sum of cogtrib’utions of soft and hard quark collisions inside
the nucleus:

P

P X, =F° i

pa (B Pp)=Fp (%P )+ F  (x,p,). (18)
As an example, we compare the A dependence of inclusive # -me-
son Spectra, (.:alculated by (18), with the experimental data
for the reactions pA- "X at Eg= 300 (GeV), 6, = 77 mrd,

p =
= 1-6 (GeV/c). The calculated and experimental values/9/ of T

F,

pA A
a =l1n St S o/ In 4 ; A = gBe ; A2= 47Ti
FpA2 A2 .

are shown in fig.4. The solid curve in fig.4 is the results of
calculation without the quark confinement, the dashed curve, is
the re§ults obtained allowing for the quark confinement.

It.ls seen from £ig.4 that the theory agrees fairly well with
experiment in a wide pp region if one neglects the quark confi-
nement, that is,assumes that quarks of the initial hadron re-
scatter inside the nucleus independently from each-other. As

’
- 9



Fig.4. The p, dependence of

"

pA A 9

ot a:ln——-1=/ln ——1',1A1= Be;

13 F‘pAz A2 =
z A2=~47Ti the solid curve is the

result of calculation without

the quark confinement; the dashed
curve is the result obtained ta-
king into account the quark con-
finement; ®#is experimental data’/9/,
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has been mentioned above, we have taken the quark confinement
into account very approximately. In particular, the probability
value of the q-q pair production from vacuum has been taken from
ref /28/ There it was calculated for the free particle interac-
tion. However, as it is shown in ref./26/ the q-§ production
probability in the hadron-nucleus interaction must be less than
the corresponding probability in the hadron-hadron collision.
Therefore, the vacuum persistance probability P is underesti-
mated in our calculations. Furthermore, we do not take into ac-
count the contribution of vacuum producing q-g pairs to the fi-
nal g-meson spectrum, because of the calculational difficulties.
Therefore, the dashed curve in fig.4 means the lower limit of
the confinement effect.

Thus, the investigation performed has shown the following.

In analysing large Py hadron-nucleus processes the contribution
of soft multiple constituent quark collisions inside a nucleus
can be taken into account. It is considerable and determines
the inclusive spectra of hadrons, produced in reactions hA-
>h’X at transverse-momentum Py <3 (GeV/c), and at pT>3(GeV/c)
it decreases. The inclusion of both soft and hard quark colli-
sions inside the nucleus allows one to describe the A depen-
dence of the inclusive spectra of produced particles, particu-
larly, p-mesons in the p-A interaction, observed experimental-
lyfg/ at p, = 16 (GeV/c). If the quark confinement is taken in-
to account, the results of calculation are decreased slightly
quantitatively but not changed qualitatively.

Certainly, the present investigation is to be continued. We
think that the analysis of the contribution of soft quark col-
lisions to the spectra of large p, leptons and hadron pairs,
produced in the hadron”nuclei processes, is of special interest.

\
The author would like to thank A.V.Efremov, A.B.Kaidalov and
B.Z.Kopeliovich for useful discussions and advices.
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Jlecacons I'. U,
MArkue M XeCTKHe CTOJIKHOBEHHS KBADKOB
B agpOH~-AOepPHbIX npoyeccax ¢ 60JIBIIMMH nonepedYHbMH HMIIYIIBbCAaMH

E2-82~-651

HayyaeTcs BKJIap MHOTIOKPATHBIX MATKHX CTOMKHOBEHHH COCTAB~
JIAKIHX KBApKOB B HHKINO3HBHBIY CIEKTD HACTHI] ¢ SOJbHHUMH ITONepey-
HBIMH HMIIYJIbhCAaMH pT,OGpasymmnxcx B aApPOH~-#JIepHbIX Ipoleccax IIpH
BRICOKHX 3Hepruax. llokaseBaeTcs Ha HpuMepe aHalM3a peakluu
PA-7X ,4TO 3TOT BKIAH SHAUHTENEH H B OCHOBHOM onpegenser
CIIEKTD 7 ~ME@30HOB C pTSS FsB/c, a npu pT>B I'sB/c on yMmeHB-
waercs. Y4eT Kak MATKHX, TAK M XKeCTKHX KBapKOBHX CTOJIKHOBEHH
BHYTPH AApa NO3BOJIAET BIOJIHE YIOBIETBODHTENLHO ONHCATh A -
34BHCHMOCTB TAKHX CIIEKTPOB 5 -ME30HOB B MHPOKOH 06JacTH Pp>
Pr = 1+6 I'sB/c. Hcenenyercs BIHAHHE ydeTa KBapKOBOIO xKoHbaiH--
MEHTa Ha pesyjabTAaThl pacueTa CIeKTPOB g -—ME3SOHOB.

Pa6ora BemomnHena B Jla60paTODHH BHYHCIIATEIbHON TEXHHKH
u aBroMarusanuu OHUAH.

NpenpuHT 06beaMHEHHOTO MHCTUTYTa AaepHuWX uccnegosawuii. [ly6ra 1982

Lykasov G.I.
Soft and Hard Quark Collisions
in Large Transverse-Momentum Hadron-Nucleus Processes

E2-82-651

The contribution of soft multiple comstituent quark col-
lisions to the inclusive spectrum of large transverse-momen-—
tum p, particles generating in hadron-nucleus reactions at
high energies is studied. By analysing the reaction pA s> X
it is shown that this contribution is considerable and de-
termines basically the # -meson spectra at PpS3 (GeV/e),
but it decreases at P> 3 (GeV/c). The inclusion of both soft
and hard quark collisions inside the nucleus allows one to
describe quite satisfactorily the A dependence of these r -
meson spectra within a wide region of Pp » Py =1-6 (GeV/c).
The quark confinement effect on the results of r-meson spect-
rum calculations is studied.

The investigation has been performed at the Laboratory
of Computing Techniques and Automation, JINR,

Preprint of the Joint Instltuto for Nuclear Research. Dubna 1982




