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As is known the quark-gluon string model (QGSM /1•e/ ). based 
on the lIN expansion in QeD 17·91 is quite successfully used 
to analyse multiple production processes in hadron and hadron
nucleus /4,a.111 interactions. Usually, the characteristics in
tegrated over the transverse momentum Pt are considered in the 
frame of this model. To derive the dependence of the observed 
values on Pt it is necessary to know the Pt-dependence of the 
distribution functions of quarks (diquarks) and their fragmen
tation into hadrons. The analysis of the processes in the fra
me of QGSM taking into account the quark and diquark transver
se momenta was performed in ref./121 . But the weak dependence 
of the average transverse hadron momentum on the number of the 
quark-antiquark chains and consequently. on the Feynman vari 
ables X was derived in ref. /l21 • 

The mechanism of the inclusion of the dependence of ,the 
quark (diquark) distribution functions of the transverse momen
tum Pt is proposed in the frame of QGSM in this paper; it is 
somewhat different from the met~od considered in ref. l121 • 
The hadron and hadron-nucleus processes are analysed in the 
method suggested. 

We shall first consider the hadron-hadron interaction pro
cess. for example, pp -> hX in the frame of QGSM taking into 
account the quark and diquark transverse momenta. The inclu
sive invariant hadron spectrum based on the cylinder-type 121 
graphs. giving the main contribution to the process discussed • 
can be written in the following £orml1,21 

E~ "" ~uD(8)¢:(X'Pt)' (1)
dllp D 

where the following symbols are introduced: all is the cross 
section of the n-Pomeron shower production or 2n-quark-gluon 
strings decaying into hadrons; ¢~(x,Pt) is the hadron distri 
bution over X and P, produced in the decay of 2n quark-gluon 
strings. x == 2p· Irs is the Feynman variable, Pz" is the longi
tudinal momentum of the produced hadron in the c.m.s. p-p; 

b 1 1 
¢ (x,pt ) ... f !hI f dX 2'1'D (x,x 1 ,x2 ,P t ); 

(2) 

D It It + 
-------.~-----

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

(n) (n) (D)
'Pn(x,xl'X2,Pt ) = &h!Fqq (x+;x 1,P t )F (x_;x 2,P, )/Fqy (O,Pt) +(3)

qv 
(n) (n) (n)+2(n-l)F {x ;x1 ;p t )Fq (x_;x2 ;P t )/Fq (O,P t ) + 
qsea + S8a sea 

+ F~n) (x+' xl' P t ) F~~) (x _, x2 ' P , )/ F'q~(0, P t) ; 
y 

F (D) (.. ... • ) 2 F("n) ( ... . ) 
qq A±,Al,2,P t """'3 ud At,I I ,2· P t + (4) 

+ ! F~~)(x±;xl,2; pt ); 

F(n) = ---L-(F~n) + FJn) + F (n) + FiD) ] + ~(F(D) + Fs{n) 1. 

qua 4 + 28 • d d 4 +2 S ssea. l6a 


where: 

X = + x2l.{ Vxl ± x) ; == 2v' m: + P~ / V8X t ,± 2 t 

mho Pth are the mass and the transverse hadron momentum res
pectively, ~ is the total energy of two initial protons in 
their c.m. s. ; 

(n) • 2 (n) . - (x±. Xi k ).Fr (x•• X12 ,P t )=(d ktf r (x12 ,k t )Or->h --,P,--- t '(5) ..., . Xl 2 11 2 
1 " 


F;n) {O,P t ) = fdx'flktf~n) (x',kt)~r ... h{O,P t ) =~, ... JO'Pl)' 

o 

where the symbol , means the flavour of the quark or the di
quark. f;n) (Itk t ) is the distribution function of the quark 
or the diquark after Q-Pomeron exchanges over its longitudi
I'!..al momentum fraction :;'. and the transverse momentum k t ; 
O'-+h (lI,t,)= zD'... h (z,t, ); D t ... h is the fragmentation function 
of the quark (diquark) , into the hadron h. 

To derive the Pt-dependence of the functions F;D) and there
fore the inclusive spectrum (I) it is necessary to know the 
dependence of the distribution functions f~ and the fragmen
tation functions of quarks D''''b (lI,k,) on k •t

In ref !121 it was supposed that the valence and sea quarks 
and the diquark in the proton have the internal transverse 
mom.enta which add up to zero. The distribution of quarks (di
quarks) was represented in the factorized form f,(X,k ) = 

t 
= 7, (x) g,(lt t ), so it would also be factorized in the n-chain, 
i.e. , 

f{D) (x, It t ) f (D) (x) g(D) (It t ) • , , r 

,~'1'~~~.~~ 

1alc;""'lt ': ., r t 
U~~j!t,~:\, .~r l.,)£llU;iili I, 
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The distribution i~)(k,) was found as the product of the pro
babilities to find the quark (diquark) with the transverse 
momentum kit in every n-chain, i.e. the product of functions 
g, (kit), the transverse momentum conservation law taken into 

n 
account,.I. kit = 0, it is integrated over all kit except one. 

i == 1 

This means that quark (diquark) transverce momentum on the ends 
of 2n-string would be divided between these strings. 

Another method of the division of the internal transverse 
momentum between the quarks (valence and sea) and the diquark 
in the proton is proposed in this paper, the method is similar 
to the consequent energy division between n-Pomeron showers 
in the p-p interaction/21 • 

As in ref. 1121 we shall represent the quark function in 
the factorized form.We shall consider the graph of the "cut 
cylinder" type, fig. la, corresponding to the production of 
one Pomeron shower or the decay of two quark-gluon strings 11'3/. 

The hadron production can be represented in the following man
ner: each of two colliding protons is divided into a quark and 
a diquark with the opposite transverse momenta; after the co
lour interaction between them and the diquark and the quark 
respectively of another proton two quark-gluon strings are 
produced in the chromostatic constant field; then they decay 
into hadrons. This process of the division of three quarks 
into a diquark and a quark is repeated n times during produc
tion of n-Pomeron showers or 2n quark-antiquark chains and the-

refore the diquark or the quark 
at the ends of every stringp 

( 
c (see fig.lb) acquires the nonze
( --( ro transverse momentum. The more 

~ 
( 

( division stages are the greater
( 

( 

p ;:-= ( 

a 
..---::: =c Fig. 1. a - The graph of the 

== :~ .. , ( "cut cylinder" type in thes p 
'c~ ( ~ C dhannel. of the p-p scattering" 

~ ( ( ~ C (co1'r'esponding to production of 
=~~L/ ~ two q-q chains; b - the graphp 

·~.co1'r'esponding to production of 
. n-Pomeron showers 01' 2n q-ii 

8 5Jhains in the reaction pp .. hX; 

.... 

is the momentum. The calculation procedure of the quark (di
quark) distribution after the n divisions can mathematically 
be represented in the following manner. According to what was 
mentioned above we have: 

n n 
(n) (2) 2

I, (k,) = f n g, (kit) 8 (k - .I. kit) d kit' 

t=l t t .. l (6) 


If, for example, g,(k t ,) is
2 

the Gauss distribution normali2ed 

to I, i.e., Ir(k it )'" 1i;e-}'ku then we have from (6): 

.2E.. e-Yn k~t YI~n) (k,) Y ==-. (7)rr n n 

A change in the quark (diquark) transverse momentum k, at every 
stage of the above-mentioned process gives, in principle, a 
change in the longitudinal momentum k z• At large energies of 
the initial proton, for example, about 100 GeV, the change in 
kz can be neglected if we are not interested in hadrons pro
duced with very small x. Then the x-distribution of quarks (di
quarks) can be taken in the form derived in refs,l21 . 

Functions of quark and diquark fragmentation into hadrons 
must be known for the calculation of inclusive spectra and 
other observed values. We shall represent them in the factori 
zed form as in ref /121 

0, ... h ( z, k" p,) =0, .. h( Z , P, ) i r .. h(k, ). (8) 

where i,(k,)is the function depending on k~ alone, and the 
function 0r"h(z, p,) is defined in ref. 11 I in the following 
manner: 2 

-a R CO) + 211 R(0) P t 
O'-+h(Z'P,) (1 -Z) 

-a (0) (9) 
(1 -Z) R ezp(-2a'R (0)p2, In _1_),

1 -z 
where cza(O)- 0.5 is the Regge-trajectory at t = 0, lIa (0) = 
=1 (Gev/cr2 is its slope. 

It is possible to take the Gauss function as 'r(k,), as in 
ref .1121 : 

- - 2- Y -yt
I (k) == -8 , (10)

' .. h t rr 
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F;n) (xi; ; xl 2 ; Pt) and the inclusive hadron spectrum (I) can 
be calculated using (7-10) and taking the quark (diquark) di 
stribution functions over x from ref./21 

Note that the quark (diquark) distribution over k t in the 
n-chain ~see (7) more strongly depends on n in our case then 
in ref/11 where Yn = Y/(2-l/n). Consequently there is a stron
ger x-dependence of the average transverse hadron momentum 
<Pt>in the p-p collision in our case: 

<P t >'" IE dSC1 P t d2 Pt 1 fE *-d
2 

p t • (I I)d pdp
If energies are high, for example, Eo=IOO (GeV), it is easy 

4p2 
to see that at PtS 0.5 (GeV/c) the variable X_"" t(V:r.2 +~ -x) 

is approximately equal to zero in the whole region of x except 
very small values x S 0.01. Therefore expression (3) can be 
represented in a simple form: 

1 
h

cf>n(x,p t ) = f 'n(X;X 1;Pt )dx 1 

:1+ 


(n) (0)
'n(X;X1 ;p t )", 8hlFqq (X+;Xl;P,) + Fq (X+;Xl;Pt) + 

v (12) 

+2(n-1)F(n) (x+;x ;pt)l.
1qsea. 

Substituting (12) into (I) and using the above-mentioned pro
cedure of the calculation of the inclusive spectrum we obtain 
the following expression for<pt>: 

1 1 

<Pi>=V:: I. unf ¢n(x+,x 1) dX 
1/I. an! cf>n(x+,x 1)dx t (13)

Y n ~ n ~ 

here the following nonation is introduced: 
(0) (n)


¢ n( x+, x 1) =8n l'n Fqq(x+, lt l) + ' IFqv(X+,Xl) + 


( ) n • 1 (0) 0 

+Fqn (x 'Xl) I. 'k+ Fq (x+':&l)!. 'kd l 
sea. + It = 2 sea. k = 2 

8/2 
II • 2 v ~ 2a R. x + 2·9 1 1

'k =[1 + (..=.. ) -'-1 1[1 + -:::;- (1 + (-) -In . ), (14)
xI Yk Y xl Yit 1-~ 

:&1 
(n) (0) (n) 

cf>n(ll+ ,x 1) - an IF qq (x +, xl) + F q (x+, xl) + 2(n -1) F q (x+ ,X 1) Ill: n ; 
v sea. 

2ag x+ 2 y 1 ·1 
g = {I + - (1 + ( -) -In )1 • 
n Y Xl Yk 1 -x+/:r.l 

The so-called "sea-gull" effect, i.e. the dependence of the 
average hadron transverse momentum <P,> on x, in particular, 
on u±-mesons produced in p-p- interactions at high energies, 
calculated by (13) is represented in fig.2. The strong depen
dence of these functions and, therefore,<p t > on the number 
of the quark-antiquark chains is shown by expression (14).It 
gives rise to a stronger dependence of<P, > on x than in 
ref ./121 (see Fig. 2). 

Therefore the considered manner of the transverse momentum 
division between the quark-gluon string leads to a rather mar
ked sensitivity of the quark (diquark) kt-distribution functi 
ons to their number. It is known that the contribution of the 
multipomeron chains to the inclusive hadron spectra in the 
hadron-hadron collisions is only significant in the region of 

SI •small x but at x ~ 0.3 it is negligibly small/l . But they 
can I t be neglected in the whole region of:r. in the hadron
nucleus collisions. 

pp--n-Xpp--rr+X 

0,8 0.8 

U 0,6 
~ 

(\) 

~_ 0,4 
~ a.: 
V 0.2 0.2 

o 0,2 Q4 

Fig. 2. The I/sea-gull" effect for the reaction pp .... rr±2f. the 
curves are the calculations by (13), (14) and from ref. /t21 : 
the full curve corresponds to .y = 40 (G.ev/cr2 , .y =3 (GeV/cr~. 
the dash is for y = 40 5Gel/c) -2, v = 6 (GeV/c)-2; the d{zsh
and-dot curve from ref. 12; the experimental data: i-for
Va'= 45 (GeV) 1111, J - for Po =175 (GeV/c)llf/; R - for the 
kinetic energy To =65 (GeV/c)ll~1 . 
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Therefore it is interesting to consider the proposed me
thod of the inclusion of transverse momenta of quarks in QGMS 
in the case of h-A interactions.If we choose the dependence of 
the distribution functions of quarks, diquarks and their frag
mentation into hadrons on t, in the form as in the case of the 
p-p collision, then the following expression for the inclusi
ve spectrum of particles produced in the p-A interaction can 
be written: 

dO'A, (15)
j=A, (x. Pt) E ! Nn 4;n (x, P, ) ; 

dSp n 

here the following notation is introduced: 

4; (x,p) r 1 
dx ltn) (1,1)0 (~±")I(n)(~;Pt) +0: 

n t:i+ 1 qq qqX 1 Xl 

(n) 1,+ (1) 1,+ (n) 1,+ 
+ r q ( x1) a h ( -- ) I (-; p ) + r,," (Xl) a J- )x 

v qy.... Xl Xl t 't sea qaea-t Xl 

n • 1 (k) X (n ) X (I6) 
x I. I (-±..;p,) +r (x 1}0 b(..±....)x 

k 1 Xl qsea qs~ Xl 

i t'k .II ~; P ) l.x 
k",2 Xl' 

where 
2 

Yz -YzP,
I(k) (z. P, ) -e 

" 
Yn -Y , 1 

Yz = + 2a R (O)In~. Y + 212 Y n 

1 -aT(b)2 

N = _f(O'T(b})ne d b 


n n! 


are the so-called effective numbers, 0' is the inelastic cross 
section of N-N interaction. 

There the contribution of the decay of quark-gluon strings 
formed between sea quarks, antiquarks of the initial proton 
and sea antiquarks, quarks of the target nucleus nucleons res
pectively is neglected. That is justified if we do not consi
der the region of very small x'I. 41 • More9leflJ1e suppose that 
the hadrons are formed behind the nucleus' • 
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Fig. 3. The invapiant inclusive spectpa of "i-meson8 in the 
peaction p 64 Cu-+,,:t X at Eo = 100 (GeV) and P, = 0.3 (GeV/c), 
Pt = 0.5 (GeV/c);the aupves show the pesuUs obtained in cal
culations by (]5), (18); the fun cupves ape fop B=4(GeV/c)·1 
the dash-and-dot cUPVes ape fop B 3 (GeV/c)·l and the da
shed cuwes ape foY' a =2 (GeV/crl. 

If we choose the functions K,(t,) and i, .... h(tt) in the 
form: 

2 _ a2 ·8 
K,. (t,) = a1,. e"D1,.k, g' .... h(tt)=.....!!.e 2rkt ( 17), 2112" 

normalized to I, then another expression is obtained instead 
of (I 6) 

1 _ 

4;n(x.t t ) == J dxlfd2ltt It~~) (Xl) 0qq-th(z,P t ) ¢~~ (It,) x 
x+ 

x i qq -+ b (p t -zit, ) + f~~(Xl) O".... h(z.P') iqv.... h(P, - zit, ) + 

n·l 
+ r~n) (Xl) Gq _h(Z' p t ) : ~fJI.) (It,) x 


sea sea k 1 sea 
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Fig. 4. The same as in Fig. 3 but for "±-mesons produaed in the 

Pb207reaation p + -+ ,,± + X. 

... (n) 
n 

... (p. )
xgq_-+h(p,-zk,)+fq (x l )Gq _ h(z,p,) 1: ¢q (k,)x 

S8a sea sea It =2 sea 

2 (18) 

x':= (_ • .J..v) B r B, k t v 


t!lq_It P t Zk t ), CPr (Itt) = ( ) Ky(B, k t) 

8880 21l'ny +1) 2 


it is the same expression for ¢(p.) (k t ). only v is replaced 

by ~; Z = X+/xl • Here the follo;ing notation is introduced: 


v '" in -) ;p. = : k -1; Kp.. Kv are the McDonald functions of 


the orderp.,y respectively. 

_ Note that the parameters B r' B2r in the functions g,(k ),


t 
g,-+ h (k t ) are in principle different for diquarks and quarks 
both valence and sea ones. For simplicity however, it was 
supposed in our calculations that they are equal to each other 

10 

10
5 

1" 11=03 (GeV/c) F1 =0,5 (GeV!c1 
P Cu-KtX PCu-KtX 

~ 
1cf 1cf 

ft;:).. 
10i~1d 

.0 '"E 
11 

10'~ 10 ~ 
'\ .~... ... '\ /10110 

a..... 
~ " \.0 
'0 
w 1rf 1ri 

"1 l -1 

10 ciJ 0,4 US Qs 0:7 0.8 0.9 X-10 
QL.!1--'0-2-'-ci;3-Q4'-'.....:l~=-Q6"'"='--:Q7:'::::-'-::'ci.a~oo-x 

Fig. 5. The same as in fig.3, but for K±-mesons produaed in 
the reaation P + 64Cu -+ K ± + X. 

and to a parameter B. The form of functions g,(kt),i'-+b(k t ) 
of the type (17) is more realistic than the Gauss form/12/ • 
Therefore we used the form (17) for those functions, and the 
form (18) for ¢n(x,k t ). 

The results obtained in calculation of the inclusive specti ra of hadrons producied in p-A collisions in relation to X , at Pt '" 0.3 (Gev/c) and Pt = 0.5 (GeV/c) and experimental da.. ta at Po = 100 (GeV/c)/UI are represented in figs.3+6; for
mulae (15), (18) were also used. The figures show good agree
ment of the calculated curves with the experimental data. 

As mentioned above it is supposed that the hadron forma
tion length is more than the size of the nucleus. At high 
energies, for example, at Eo = 100 (GeV) this is justified 
if we are not interested in very small!17! and very fast had
rons/1S! • Note also that we do not take into account the 
contribution of the diffraction dissociation. i.e., the con
sidered method is valid at xS 0.85+ 0.9. Our analysis is true 

II 
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Fig. 6. The ine~u8ive 8peet~a of ~~oton8 (a) and antip~oton8 
(b) p~odueed in the ine~a8tie P- 'Cu inte~aetion~ full and 

dash-and-dot eu~es eo~~espond to B = 4 (CeVle)·1 and B = 

= ;5 (CeVle)·l in (18). 


at not very large P't' Pt S I (GeV/c), and not very small x. ... 
The mechanism suggested in ref. /191 is stated to be the main I 
one at small x of hadrons.The division of gluons, which the 
quarks of the colliding hadrons exchange, is taken into ac .... 
count in ref./lll • This mechanism leads to an increase in the 

average hadron transverse momentum if the charged particle 

multiplicity increases. Our mecharrism dominates basically 

in the fragmentation region of colliding hadrons, but its con

tribution is negligible in the central region. 


Thus we arrive at the following conclusions. One of the 

possible mechanisms of the inclusion of the quark (diquark) 

transverse momenta of hadrons is considered in the frame of 

QGSM. This mechanism leads to a stronger dependence of the 
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", 
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1 r p CU-PX 
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average transverse momentum of particles in the hadron inte
ractions on I. and on the number of Pomeron showers n of 2n 
quark-antiquark chains than the mechanism of the typen21 that 
. . 11 f . d I1S-·U/. • h h1S exper1menta y con 1rme • Th1s mechan1sm as to s ow 
up more clearly in h-A collisions, where the contribution of 
multipomeron chains is significani~ even in the fragmenta
tion region of initial hadrons. Note that it is possible to 
use a similar method of the inclusion of the transverse quark 
momentum in QGSM for the analysis of fragmentation processes 
on nuclei into hadrons in the cumulative region, if we assu
me that the nucleus consists not only of nucleons but also of 
quark clustersl 20• 211 • This is however another problem, its 
investigation, we think, will be of interest in future. 

Finally the authors would like to thank A.B.Kaidalov for 
the stimulating discussions and the interest in the work, and 
to K.A.Ter-Martirosyan, O.V.Piskunova, B.Z.Kopeliovich for 
useful advice and discussions. 
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ilMKacoB r.R., CnaBHH H.B. E2-88-418 
ITonepeqHNe HMnynbc~ 8ApOHOB B HHKn~SHBHhlX 
peaK~HRX B Mo~enH KBapK-rn~OHHhlX CTPYH 

B paMKax MOAenH KBapK-r~OHHhlX CTpyH npeAnaraeTCR Mexa
HHSM yqeTa SaBHCHMOCTH ~YHK~A pacnpe~eneHHH KBapKOB,~H
KBapKOB H HX ~parMeHTa~HH B 8APOHhI OT nonepeqHOrO HMnynb
ca K.I.' ITpe~nonaraeTcH nocne~oBaTenbH.oe AeneHHe K.L Mellt,ll;y 
2n-KBapK-aHTHKBapKoB~H ~enOqKaMH HnH n-nOMepOHHbMH nHB
HHMH. AHanHsHp~TCH 8ApOH~e H a~OH-H~~pH~e npo~eCCbI: 
B~HcnH~TCH saBHCHMOCTb cpe~Hero nOnepeqHOrO HMnynbca "
MeSOHa B p-p coy~apeHHH OT x, HHKnJOSHBn~e cneKTpbl a~po
HOB B p-A BsaHMo~eAcTBMH npH ~HKcHpoBaHUhlX H paSHbIX none
peqHhlX HMnynbcax aAPoHoB. B TaKoM no~xolJ,e nonyqaeTCH 
CHnbHaH SaBHCHMOCTb Ha6~~aeMhlX BenHqHH OT n, 9TO oc06eH
HO B~HO' npH aH8nHSe a~poH-H~epHb~ CTonKHoBeHHA. 

Pa60Ta BblDonHeHa B ila60paTOpMH H~epHblX np06neM OlUlli. 
flpenpHliT O61.8,IUIHeHHOro HIICTHTYJ'8l1JlepHblX HccneAOBaHIIi. JIy6Ha 1988 

Lykasov G.I., Slavin N.V. E2-88-418 

Hadron Transverse Momenta in Inclusive 

Reactions in the Quark-Gluon String Model 


The mechanism of the inclusion of a dependence of dis
tribution functions of quarks, diquarks and their frag
mentation into hadrons on a transverse momentum K, is pro 
posed in the frame of the quark-gluon string model. The 
consequent division of K, between 2n-quark-antiquark 
chains or n-Pomeron showers is supposed. Hadron and had
ron~nuclear processes are analyzed: the dependence of the 
average "-meson transverse momentum in the p-p collision 
on x, hadron inclusive spectra in p-A interactions at 
fixed and different hadron transverse momenta are cal
culated. A strong dependence of the observed values on 
the number n is derived in this method, it is of special 

importance for the analysis of hadron-nucleus collisions. 
The investigation has been performed at the Labotatory 

of Nuclear Problems, JINR. 
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