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Different experiments yielding estimates of the average transverse momentum < q,> of a parton are 
reviewed. They all show that < q,> > 1 Ge V / c. Analysis of the transformation of parto~s into hadrons 
shows that this high value of the transverse momentum of partons . is not inconsi~tent with th~ low value 
(::::: 0.4 Ge V / c) of the mean transverse momentum of pions created m h.adron co~hslOns. The hlg.h value of 
< q,> can be used to justify the validity of the additive quark m~el at hlg~ energtes, and to predict some 
of the properties of deep inelastic processes, which can be exammed expenmentally. 
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1. INTRODUCTION 

Strong interactions at high energies are frequently 
described in terms of the parton model in which it is 
assumed that a fast hadron consists of a set of point 
particles, i.e., partons, which have limited transverse 
momenta qt and carry a definite fraction x '" qll/ Pa of 
the hadron momentum Pa (qll is the longitudinal mo
mentum of the parton).'/3 This model has become very 
popular because it provides a unified description of 
deep inelastic processes,[2] the creation of hadrons 
with high transverse momenta,[4,5] and the behavior of 
the total cross sections for hadron-hadron collisions P,3] 
However, recent years have seen the accumulation of a 
substantial amount of experimental data which directly 
or indirectly indicate that the mean transverse momen
tum of partons is very high, i.e., (qt) "" 1.5 GeV/c.[5] 
At first sight, this is inconsistent with the mean trans
verse momentum of pions created in hadron-hadron 
collisions at high energies, i.e., (ptrr)"" 0.4 GeV/c,l6] 
and appears to be a serious argument against the parton 
model. This is not the case. It will be shown below that 
the apparent inconsistency is readily resolved if we 
recall that, most probably, each parton decays not into 
one but several (l "" 4) pions. In that case, each pion 
will, on the average, take up the fraction l/l of the 
transverse momentum of the parton, and (pt7T ) 
~ (qt>/l. 

In the Sec. 2 of this paper, we shall examine the 
evidence for the fact that (qt) > 1 GeV/c. In Sec. 3, we 
shall try to explain the fact that, despite the high value 
of (qt ), the mean transverse momentum of pions may, 
and probably should, turn out to be low, i.e., (pt7T) "'" 0.4 
GeV/c. We shall show that the transverse momentum 
of secondary pions is determined largely by the masses 
of hadron resonances and not by the quantity (qt). In 
Sec. 4, we shall show that the relatively high transverse 
momentum of partons is also desirable from the theo
retical standpOint because (a) it can be used to justify 
the validity of the additive quark model[7] and (b) it en
ables us to understand the low value of the three-pom
eron vertex G3P,l8] and so on. Finally, in Sec. 5, we 
shall formulate some predictions, based on the high 
value of (qt), which can be checked experimentally. 

2. EXPERIMENTAL EVIDENCE FOR HIGH 
TRANSVERSE PARTON MOMENTA 
(>1 GeV/sec) 

1. The most direct method of determining experi
mentally the mean transverse momentum of a parton is 
measurement of the azimuthal angular correlation in 

783 SOy. Phys.-JETP, Vol. 42, No.5 

processes involving the creation of hadrons with high 
transverse momenta (pt). In the parton model, these 
processes proceed in the following fashion. Two rela
ti vely fast point partons collide and are scattered 
through a finite angle, assuming transverse momenta 
qt1' > ptc. These partons then decay into hadrons which 
take up a fraction 0 < 1 of the parton momentum: Pc 
'" ocQ1' + (Pi); ptc = ocqt1' + (Pi) (see Fig. 1), where 
(Pi) is the mean transverse momentum of hadrons 
relative to the momentum of the parton during the de
cay of the parton into hadrons. The result of this is the 
formation of two groups (streams) of hadrons (1',2') 
with opposite transverse momenta. The distribution 
over the angle q; between the momenta Ptc of particles 
c from group l' and momenta ptd of particles d from 
group 2' has a peak at q; = 180°. The width tMp of this 
peak is determined by the mean values (qt) and (Pi)' 
For large transverse momenta ptc, Ptd (suppose that 
Ptc ;. Ptd) 

(1 ) 

The first term in this expression represents the distri
bution over the angle rp between the momenta of partons 
I' and 2' (Fig. 1). The second and third terms describe 
the distribution over the angle between partons I' (2') 
and hadrons ptc, Ptd. The figure 2 in the denominator 
appears because (t.rp l' c > '" (p iX)2/ ptc (the z axis lies 
in the direction of the incident hadron Pa and the y 
axis in the direction of Ptc) and pi '" pix + ph. Unfor
tunately, experiments concerned with the distribution of 
hadrons over rp involve measurements of the momentum 
ptc on only a single particle c and the value of Ptd is 
left unknown.[9] Since the parton scattering cross sec
tion decreases rapidly with increasing qU, (qt2'), we 
have qt1' "" Ptc and, on the average, Ptd ~ Ptc/2. More
over, for the purposes of rough estimates'2 let us sup
pose that') (Pl) = (qt). We then have (tan tMp) 
"'" 3 .5( qr> / Ptc. On the other hand, we have from experi
ment (tan2t.rp) "" 1 when Ptc ,::. 3.5 GeV/c[9] (see Fig. 
2a). Hence, it follows that 

<qt>~1.8GeV/c (2) 

However, this estimate is very dependent on the mag
nitude of the momentum Ptd, When Ptd '" Ptc /3, we 
have (Pt) = 1.4 GeV / c. Experiments in which the mo
menta of the two hadrons with high Pt (Ptc and Ptd) are 
known will therefore be of considerable importance. In 
addition to measurements of (qt ), such experiments 
should enable us to investigate the behavior of the dif
ferential part of the cross section because in events in 
which Ptd"" Ptc, the momenta and the angles of emis-
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FIG. I. Creation of parti
cles with high transverse 
momenta in the parton 
model: solid lines-partons, 
double lines-hadrons. 
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FIG. 2. Experimental data showing that the mean transverse 
parton momentum is high: (a) normalized multiplicity (NM) in 
the pp ..... 7To + X reaction [ratio of multiplicity in events with 3.5 
< Pt7TO < 4.5 GeV/c to the multiplicity in events with Pt7TO "" 0.3 
GeV/c in the range Iyl < 0.7 (Y7TO = 0) as a function of the 
azimuth <{! [9]; (b) differential pp cross section at e = 43° as a 
function of energy; [11] (c) distribution of J.l+ll- pairs from the 
p + U ..... J.l+J.l- + X reaction [13] over the transverse momen-
tum. 
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sion of partons 1', 2' are equal to the momenta and 
angles of particles c and d with good accuracy 
(~(qt )/Ptc). 

2. The elastic differential hadron cross section at 
large fixed angles e = const is a power function of the 
initial energy IS in the parton model:[lO,ll] 

do/dt=s-"F(8). (3 ) 

A gradual reduction in the cross section (3) is expected 
only at sufficiently high energies when the transverse 
momentum of the hadrons after the collision exceeds 
the mean transverse momentum of the partons (pt 
> (qt »). The expression given by (3) is in reasonable 
agreement with experiment beginning with t Rl 2.6 
(GeV/c)2 (for e = 43°)[11] (see Fig. 2b). Hence, we find 
that (qt) = 1.6 GeV / c. These values of (qt) also cor
respond to the transition from the exponential to the 
power-law reduction in the inclusive cross section for 
the creation of pions with increasing Pt1T.[6] 

3. Another source of information about (qt) is the 
distribution over the transverse momentum of the fJ.+, 
jJ.- pair created during a collision between nucleons. 
According to the parton model, the heavy I.t, fJ.- pair is 
produced as a result of the annihilation of a parton anti
parton pair of mass equal to mfJ.+fJ.-.l'2] When the latter 
is much greater than (qt), the mass of the parton-anti
parton system is wholly determined by the longitudinal 
momenta of the partons, and the mean transverse mo
mentum of the pair (ptfJ.fJ.) is equal to the mean trans
verse momentum of the partons. Existing data[13] have 
been obtained at insufficiently high energies (Elab 
= 29.5 GeV) and masses (mfJ.+fJ.- > 1 GeV/c 2). However, 
even in this case, the distribution of da/dPtfJ.fJ. begins to 
fall only for ptfJ.fJ. i!. 1 GeV/c (Fig. 2c). Thus, this ex
periment also suggests that (qt) > 1 GeV/c. 

4. According to the parton model, the virtual photon 
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in the e., e- annihilation at first creates a parton-anti
parton pair which then transforms into hadrons (Fig. 3). 
It is natural to expect that the resulting hadron system 
is aligned in the direction of the z-momentum of the 
partons 1, 2 (or the momentum of the fastest hadrons) 
(Fig. 3b). Thus, in each event, there is a z direction 
relative to which the transverse momenta of the hadrons 
are much smaller than the longitudinal momenta. Ex
periment shows that, up to IS", 4 GeV, the hadrons 
are emitted with a spherically symmetric distribu
tion'p4] This is possible (in the parton model) only when 
the mean transverse momentum of the hadron relative 
to the momentum of the parton (Pi) is comparable with 
the maximum momentum of the particles, Y2 IS (1 to %). 
This means that, to avoid conflict with data on hadron 
formation in e+, e- annihilation, we must have 

<q'>~<PJ.>;<>1/2YS( 1-1/ 3 ) > (1-2) (GeV / cr2 

where, as in Sec. 1, we are assuming that (qt) = (Pi) . 

5. An indication that (qt) has a large value is pro
vided by the slow variation of the parameter b of the 
diffraction cone (da/ dt = Aebt ) with increasing energy 
s. 

In pp scattering, we haver ISJ 

b=b.+2a'lns, a''';;O.28 (GeV/cr2 • (4) 

The parameter b characterizes the effective transverse 
size of colliding particles. In the parton model in which 
the target (at rest in the laboratory system) interacts 
with slow (longitudinal momentum qll ~ (qt ») partons of 
the incident hadron, (1,3,16J the quantity b is determined 
by the size of the region in which the slow partons are 
distributed.2) We shall assume that the slow parton is 
formed as a result of successive and independent de
cays of fast particles (the initial hadron or faster par
tons; Fig. 4a) (e.f. the diffusion picture dese ribed 
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FIG. 3. (a) e+e- annihilation into hadrons in the parton model; (b) 
angular distribution of hadron momenta about the z axis (the direc
tions of the momenta of partons 1,2 are clear from Fig. 3a). 

b 

FIG. 4. Creation of slow 
partons in the diffusion 
picture. 

in(16)). In each decay, the parton impact parameter p 
then changes by an amount of the order of l/(qt> and 
after n decays the slow parton turns out to be dis
tributed within the region (~2> ~ n/(qt>. As the en
ergy increases, the number of decays necessary for 
the formation of a slow parton (q;l "" qt> is found to in
crease by a finite amount ~, and the transverse size 
of the region within which the slow partons are dis
tributed increases by ~/(qt>. Thus, ab/a Ins'" 2a' 
'" (an/a In s)/(qt>, 

, onll) Ins 
ex =---

2<q,'> (5) 

The number of decays necessary to slow down the 
parton by a factor of e in this model (Fig, 4a) is equal 
to the parton density in rapidity space (by definition, 
rapidity y '" Y2 In [(E + PII)/ (E - PII)])' Assuming, as 
usual,(l,2) that quarks play the role of partons, we can 
estimate the quark density (a) from the structure func
tion vW 2 of deep inelastic ep scattering for x ~ 03) 

and (b) from the multiplicity of particles generated in 
hadron-hadron colliSions. Let us begin with method (a). 
The quantity ,ma(x) is determined by the probability 
(f(x)) of finding a parton with a given fraction of longi
tudinal momentum x, multiplied by its mean square 
charge (ei>:l 2J 

vW,(x) =<e!)xf(x) =(e.'> (8n18 In s). (6) 

For quarks (ei> '" % and vW 2 (x - 0) '" 0.32 - 0.16/,8] 
so that 

on/8 In s=1.45-0.7. (7) 

In method (b), we use data on the multiplicity of 
pions created in p, p collisions at high energies (pions 
provide roughly 80% of the secondary particles), l 6J and 
have 

dol O'ndYn-=O. 7 5, 

and if we suppose that each quark-antiquark pair pro
duces one meson, then 

(8) 

_8_n_ = _d_o _ . 2 ~ "" 5.5 
O.S ' 8 In s a'n dYn- (9 ) 

which is very different from (7). (We note that the co
efficient 2 in (9) corresponds to the presence of the 
quark and antiquark in the meson, and the coefficient 
3/0.8 represents the presence, in addition to the nega
tive pion, of a positive pion, a neutral pion, and other 
hadrons.) The difference between (7) and (9) is due to a 
number of factors. 
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Firstly, we must remember that hadron colliSions 
may result in the emission of several parton combs 
(Fig. 4b), whereas we are interested in the density of 
partons in a single comb, which is lower by a factor of 
C, where: 

da / do, c--- --
- a'n dy a, dy' 

and da 1/ a 1 dy is the density of particles in a single 
comb. The increase in the particle density (the coef
ficient C) due to the emission of several combs can be 
determined with the aid of the results reported in (19). If 
we neglect the contribution of enhanced diagrams, as
suming that the three-pomeron vertex G3P is smallp) 
then in the limit as G3P - 0, we have C '" ain(S)/atot 
(s ~oo). Estimates based onl17,20) yield l/C '" 1.6-2.2 
for s = 400-4000 GeV2. Therefore, da1/a1dy R::J 0.4, 
which agrees with the predictions of realistic multiper
ipheral models with constant cross section (see l21)). 

Secondly, the quark-antiquark pair may not undergo 
a transition to a single meson. The quark-antiquark 
pair may, for example, result in a p meson (this is the 
main mode in the models discussed in(21)), which then 
decays into 271. If we take these two factors into ac
count, we obtain 

~=~'2'~~~"" 1.4 (10) 
alns a,.dYn- O.S C 2 

where the coefficient Y2 is due to the p ~ 271 decay. 

We also recall that, to avoid contradiction between 
the values (qt > ~ 1.5 GeV/c and (Pt 71 > ~ 0.4 GeV/c, 
we must assume that, on average, one parton results in 
four pions (see the Introduction and Sec. 3), from which 
it follows that 

an da 3 1 
-=----""0.7. (11) a In sa,. dYn- O.S 4 

The numerical values given y (7), (10), and (11) are 
now in reasonable agreement and, if we suppose that 
an/a lns '" 1, we have from (4) and (5) 

(q,>~1.4 GeV/c (12) 

where the sign of approximate equality is due to the 
fact that, in addition to quarks, an/a ln s may contain 
gluons, and this increases the resultant density of par
tons and hence (qt> . 

6. There is one further method of determining (qt >, 
namely, comparison of proton formfactors at high 
transferred momenta G( q2) and vW 2 as x ~ 1. In the 
parton model, the formfactor is proportional to the 
probability of finding the parton configuration in the 
hadron for which one parton carries practically the en
tire hadron momentum and the distribution of the re
maining partons (in the coordinate frame in which the 
gamma-ray energy is zero and the hadron momentum 
is J _q2/2) is spherically symmetric,[l,22J i.e., 

<q,> =<q,> =<q.) = (q,)/',(2. 

The parton distribution is specified by the structure 
function vWa so that 

f' <e·> 
(;I(q'),;;; "W,(x)-'-dx, 

<e,') 
xo=l- <q~ / V-q' 

Y2 2 

where the lower limit of integration is determined by 
the fact that the momentum of the fastest of the slow 
partons should not exceed (qt >/ n. 

Experiments on e, p scattering in the region 1 < x 
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< 0.6(18] show that vW2 ;;:,:, d(1 - X)3 (d = 1.2). Since for 
large x the main contribution is due.to valence quarks, 
the mean charge is < ei) = (ei) = 7'3. Hence/) 

G(q')S;;~ 2<qY = O.6<q,)'. (13) 
4 q" q' 

On the other hand, for large q2,[23] 

G(q')= 1 "" (o.71)'(GeV/c)4 (14) 
(l-q'IO.71)2 q' 

Comparison of (13) with (14) yields (qt> > 1 GeV/c. 

We thus see that numerous estimates obtained by 
different methods based on different experimental data 
are in good agreement with one another and show that 
the mean transverse momentum of the parton is (qt) 
~ 1.5 GeV/c. 

3. TRANSVERSE MOMENTA OF PIONS 
CREATED IN HADRON COLLISIONS 

The only well-known fact which favors small values 
of (qt ) is the distribution of secondary pions over the 
transverse momentum, (Pt7T) ~ 0.4 GeV. Let us con
sider how new hadrons are formed after the collision 
of the initial particles. Unfortunately, no adequately 
developed theory of this process exists at the moment 
and our analysis will therefore be essentially qualita
tive in character. 

When the fast hadron has collided with the target and 
the slow parton has interacted with it, the coherence of 
the parton system forming the fast hadron is violated. 
The result is that the partons begin to interact with one 
another or decay into hadrons. Since the transverse 
momenta of the partons are large (qt) ;;:,:, 1.5 GeV/c), 
each parton occupies a relati vely small region of space 
(t:;.p ~ 1/(qt », and a substantial proportion of the par
tons turn out to be isolated from one another. All that 
they can then do is to decay into hadrons. Suppose that 
quarks play the role of partons. The decay process can 
then be described as follows. An isolated quark 1 
creates (as if by bremsstrahlung) a quark-antiquark 
pair (q, q) which is already coherent with the initial 
quark. [By combining with the antiquark in this pair, 
quark 1 can form a meson which, on the average, takes 
up half the momentum (both longitudinal and transverse) 
of quark 1. The second half of the momentum is taken 
up by quark 2; see Fig. 5a.] 

The quark-antiquark pairs are produced side by 
side (at distances of ~ 1/( qt» and can, in principle, 
immediately form a meson. However, the probability of 
this is low because, in the meson, the quark and anti
quark are distributed over a substantially greater 
region of space (~1/ mol. It follows that these quarks, 
too, will in a substantial proportion of all cases begin 
to emit (q, q) pairs. This emission of new quark-anti
quark pairs (Fig. 5a) will continue until the transverse 
momenta of the partons (quarks) will fall to values of 
the order of the meson masses lllp (for example, when 
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FIG. 5. Transformation of partons 
into hadrons. 
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the quark and anti quark wave functions begin to overlap 
in a sufficiently large region of space and will be able 
to unite into a meson5». When (qt) ~ 1.5 GeV, one or 
two decays (emissions of quark-antiquark pairs) are 
sufficient for this to occur. 

During the first stage of the parton-hadron transi
tion, relatively heavy resonances are predominantly 
created. In fact, since the transverse parton momenta 
are high, the high mass of the resonance does not reduce 
the probability of its formation. On the contrary, since 
the resonance widths increase with increasing mass, 
the mass of the system of partons is more likely to en
ter the region of the resonance peak for heavy hadrons. 
Moreover, heavy resonances have high spins and, con
sequently, high statistical weight. 

If, for example, a quark-antiquark pai.r is emitted by 
one or more gluons (Fig. 5b), and the interaction of the 
gluon with a quark conserves helicity [takes the form 
u( ql)YjJ.U( q2)], then for high longitudinal momenta the 
spin wave function of the quark-antiquark system cor
responds to spin 1 (the helicity of the system is ±l) and 
this pair can transform only into p, w, and A2 mesons 
but not into a pion. We emphasize that these resonances 
are formed only when the parton wave functions begin 
to overlap in a relatively large region of space 
(~1/ lllp), so that the transverse momenta of the reso
nances will be of the same scale of magnitude as their 
masses. Of course. the new hadrons are formed not 
only through the emission of additional partons (qq 
pairs) but also from the old, initial, partons. Out of the 
large number of noncoherent old partons, we can select 
a coherent set which will form a hadron. However, 
since it consists of a large number of coherent par
tons,6) this hadron will have transverse momentum much 
smaller than (qt) (~mres, since its size in the trans
verse plane is of the order of l/mres). 

Thus, during the initial stage of the transition of 
partons into hadrons, we see the formation of reso
nances with masses ~(qt )/2 and transverse momenta 
~(qt)/2;;:,:, 0.75 GeV/c;;:,:, mp. 

Subsequently (during the second stage), these reso
nances (p, f, w, A2, f', ... ) decay into several (l) 
pions (kaons). During the decay process, the transverse 
pion momenta decrease by a further factor (l) (we note 
that large values of (Pt res) will have heavier reso
nances which then decay into a large number of pions), 
so that (Pt7T) ;;:,:, mp/2 ;;:,:, 0,4 GeV/c, This stage (decay 
of relatively heavy resonances) was investigated in[24] 
where it was shown that the distribution of pions pro
duced as a result of the decay of resonances with mean 
transverse momenta (Pt res) ~ mp (according to the 
multiperipheral model[21]) is in good agreement with 
experiment. 

We thus see that, in the above scheme of pion (kaon) 
generation, the mean transverse momentum (Pt1T) is 
largely determined by the masses of the resonances 
(Ptrr) ~ mp/2) and is almost independent of the trans
verse parton momentum (qt). As (qt) increases, there 
is an increase only in the mean number of hadrons into 
which each parton is transformed. In view of Sec. 2, if 
we assume that (qt) "'" 1.5 GeV/c, each parton will, on 
the average, decay into two resonances, for example, 
2p with (Ptp ) ;;:,:, (qt )/2"" mo, and these resonances 
subsequently decay into pions (p - 21T) so that (Pt1T) 
;;:,:, mp/2;;:,:, 0.4 GeV/c. 
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4. WHY ARE LARGE VALUES OF (qt) 

THEORETICALLY DESIRABLE? 

We shall now briefly consider a few cases for which 
high values of transverse parton momenta are desirable 
from the theoretical point of view. Two suc h cases, 
namely, e +, e- annihilation and the slow contraction of 
the diffraction cone [0/' < 0.3 (GeV/sec)2) have already 
been discussed in Sec. 2.4 and 2.5, and we shall not 
consider them again here. 

1. Large (qt> will justify the use of the additive 
quark model [7] in which each baryon consists of tri valent 
quarks and a meson consists of a quark-antiquark pair. 
In processes with small transferred momenta, these 
valence quarks interact with one another like free inde
pendent isolated particles. The additive quark model is 
in good agreement with numerous experimental 
data[7,25J and, in particular, predicts that atod 'lTP)/ 
x atot(pp) = 7'3. 

However, we know that, at high energies, fast parti
cles interact with the target through their slow partons 
which, in the transverse plane, are distributed over the 
region 

an/a Ins Ins 
R,'=lns--- ""--

<q,') <q,') 

(see Sec. 5.2). If the transverse parton momentum were 
small «qt) "'" 2m'IT)' the size Rk of the occupied region 
would be much greater than the size of the proton Rp 
;:,j 1/ 4m~. In that case, slow partons of different valence 
quarks would strongly overlap, interact with one 
another, and shield one another, so that the additi ve 
model would have no justification. 

On the other hand, when (qt) "'" 1.5 GeV/c, Rk and 
Rp become comparable only for s > lOll GeV2 and, at 
contemporary energies, the parton clouds belonging to 
different valence quarks do not overlap (Fig. 6a), so 
that, in fact, the quarks interact additively as if they 
were independent individual particles. 

2. High transverse parton momenta taken together 
with the additi ve quark model enable us to understand 
the small value of the three-pomeron vertex G3P ob
tained from experiments on the inclusive creation of 
protons (PIP2 - P3X; P'IT - pX) in the region 
x = P3/Pmax - 1[8J (see Fig. 6b). The vertex G3P is 
proportional to the probability that two partons from 
different combs (Fig. 4b and Fig. 6b) but with similar 
longitudinal momenta will interact with one another. 

~
~ fi'p 

='RI 
V. 

a Rk' g 

iY 
d 

b 

FIG. 6. (a) Baryon in additive quark model with high (qt) (Rk 
~ l/(qt)« Rp ~ m'IT/2); (b)-(d) diagrams describing the inclusive 
process pp -+ p + X in the three-pomeron region; (e) diagram correspond
ing to the elastic pp scattering through small angles in the additive 
quark model. 
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When these combs are emitted by different quarks 
(Fig. 3c), the probability that two partons will meet in 
the band t:.y = 1 is proportional to 

1/(Rp'(q,'» <1/2.0 (15) 

[Rp = 1/4m;, (qt> "'" 2 (GeV/c)2). If, on the other hand, 
the combs are emitted by a single quark (Fig. 6d), the 
probability that the partons will meet is of the order of 
unity, but the emission and absorption of two combs by 
the same quark (out of the three in the proton) exceeds 
by a factor of only 

1/3'='/, (16) 
the fraction of cases as compared with the elastic pro
cess (compare with Figs. 6d and 6e). Experiment shows 
that[HJ G3P is smaller by a factor of 30-50 as com
pared with g (the vertex representing the coupling be
tween the pomeron and the proton, Fig. 6d), and this is 
in reasonable agreement with (15) and (16) if we recall 
that not every encounter of partons will result in the 
coalescence of two combs into one, and the ''transpar
ency" of point partons with t:.y "'" 1 is of the order of 
(qt>/s"'" Y5 [8 = 2(qt> (1 + ch( M» "'" 5(qf> is the mean 
square of the mass of the two neighboring partons). 
Moreover, the high value (qt) ~ 1.5 GeV/c and the 
fact that the main contribution to G3P is due to proces
ses involving the emission of two combs by the same 
quark explain the weak dependence of the vertex G3P 
on the transferred momentum t = (Pl - P3)2[G3P(t) 
a:: exp (R3 pt), R3P < 1 (GeV/cf2).[BI For the processes 
in Fig. 6d, G3P(t) will vary appreciably only for It I 
> (qt>, i.e., one would expect that R3P"'" l/(q{) < 0.5 
(GeV/ct2. 

3. As already noted in Sec. 2.2, the inclusive cross 
section for the creation of hadron c with large trans
verse momentum Ptc 

!c=E,dald'pc-p,:'(Jl (x.e) (n=const, X.e =2.p,J-Ys) (17) 

decreases as a power function with increaSing Ptc .[4,5J 
However, measurements on the reaction p + W - 'IT 
+ X with IS = 20-28 GeV have shown that the exponent 
n is very dependent on Xl (and, pOSSibly, on PtC):[26] 
n"" 6 for xl"" 0.1 and n "'" 11 when XL"'" 0.5. This 
variation of n is explained by the competition between 
the number of different mechanisms resulting in the 
formation of a hadron with high Pt,l27,2B] each of which 
has its own exponent ni and its own function <l>i(xl), and 
dominates in its own region of xl' These mechanisms 
can be the following: 

(a) Formation of a hadron in the decay of a parton 
with large qt[4,5] (Fig. 1; this mechanism has the small
est exponent nil. 

(b) Formation of a hadron from one fast (qt "" Ptc) 
and several slow (qll "'" (qt )/2) partons[~7,28] [this 
mechanism is measured by a quantity proportional to 
the formfactor G(4qt); see Sec. 6.2). 

(c) Formation of a parton with high qt during the 
collision between, say, four partons (two diquarks)[2B] 
(this process is measured by a quantity proportional to 
the diquark formfactor). Subsequently, this process 
proceeds either along (a) or along (b). 

Since the different reaction mechanisms contain dif
ferent powers of the ratio (qt >/Ptc/) the competition 
between them is possible only when the ratio (qt >/Ptc 
is not too small, Le., provided (qt> > 1-1.5 GeV/c, 
since the change in the exponent n was observed in[26J 
up to Ptc ~ 4 GeV/c. 

E. M. Levin and M. G. Ryskin 787 



5. OBSERVED CONSEQUENCES OF HIGH 
TRANSVERSE PARTON MOMENTA 

1. The clearest manifestation of high (qt) can be 
seen in the distribution over the transverse momentum 
of hadrons created in deep inelastic ep (liN) scattering 
in the photon fragmentation region. It is well known 
that, in deep inelastic collisions, the virtual gamma ray 
(y* in Fig. 7) ejects one parton (1') from the hadron, 
which then goes over into new hadronsy,2) In the rest 
system of the proton, this parton (1') carries off prac
tically the entire momentum of the gamma ray (q111' 
~ qy*) and has transverse momentum (relati ve to 
qy*) of qt1' ~ (qt) (Le., it retains the value qt1 which 
it had in the proton). 

In the usual transition into hadrons (l pions, as de
scribed in Sec. 3), parton l' emits several quark-anti
quark pairs and the result of this is that the transverse 
momentum of the created pions is small: (Ptrr) "" (qt )/l 
"" 0.4 GeV/c. However, the longitudinal pion momentum 
is also reduced by a factor of l as compared with qy*. 
Let us select those events in which one of hadrons d 
carries off practically the entire momentum q y* (for 
example, xd = Pdll/qy* > 0.9), and let us measure the 
transverse momentum (Ptd). The fraction of such 
events will, of course, be small. Since hadron d takes 
on practically the entire momentum of parton 1', it will 
take up, in addition to the longitudinal part (Pdll 
"" xqI11'), a comparable transverse part of the momen
tum q1' (Ptd ~ xqt1' ~ x(qt »), and the distribution over 
the transverse momentum of particles in the photon 
fragmentation region (Xd > 0.9) should turn out to be 
unusually broad: (Ptd) "" (qt) "" 1.5 GeV/c. We note that 
an increase in (Ptd) is expected only for sufficiently 
large q~*, when qy*/2 »(qt) (Le., Q2 = _q2 * 
» 4(qP). We are aware of only the data on etectro
creation for Q2 :s 3 (GeV/cl.[29) Even in this region, 
(Ptd) increases with increasing xd and increasing Q2 
roughly from 0.4 to 0.5 GeV/c. 

2. High values of (qt), taken together with the addi
ti ve quark model, force us to reconsider highly inelastic 
processes at energies currently available. In the inter
val 

lIR,,'=4mn '«.Q'/4«. (q,') (18 ) 

the virtual photon receives a valence quark surrounded 
by its cloud of partons (Fig. 6a) as if it were a point 
particle. The result is that, in the region defined by 
(18) [Q2 < 8 (GeV/c)2], we have the scaling relation 
IIW 2 (1I, Q2) = Fdw) (w = 2mpll/Q2, where II is the pho
ton energy in the system in which the nucleon is at 
rest), but the structure function will correspond to the 
fact that the nucleon consists of only three valence 
quarks and the sea of quark-antiquark pairs is absent 
(this is precisely the situation observed at the present 
time in various experimental situations (see, for ex
ample,[30)). 

As Q2 increases, the gamma ray begins to "feel" 
the structure of the parton clouds surrounding the 
valence quarks and a violation of the scaling relation 
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FIG. 7. Deep inelastic scatter
ing in the parton model. 
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may be observed in the intermediate region where 
Q2/ 4 ~ (qt). The structure function will contain a con
tribution due to the quark-antiquark pair, and the value 
of IIW 2 should increase for large w (and the ratio of 
cross sections for deep inelastic reactions produced by 
the neutrino and the antineutrino should tend to unity). 
Next, the scaling relation is reestablished when Q2/ 4 
» (qt) , but with new structure functions (the gamma 
ray is absorbed by the indi vidual partons and not by the 
system consisting of the valence quark and its cloud of 
partons). 

In the case of e+, e- annihilation, the asymptotic be
havior corresponding to the picture discussed above 
begins only for values of s = (Pe+ + Pe-)2 for which the 
energy rs/2 of quark 1 initially created by the photon 
(Fig. 3a) will, at the very least, be greater than 
2( qt ). This is connected with the fact that the hadrons 
consist of valence quarks (even in the case of annihila
tion into mesons, there are four such quarks) surrounded 
by a parton cloud (Fig. 6a). The energy necessary to 
produce each cloud is at least of the order of the mean 
transverse parton momentum (i:.(qt I). Hence, it follows 
that rs/2> 2(qt) (s > 16(qt> > 32 GeV2). 

We have thus obtained a quantitative estimate for the 
difference between deep inelastic scattering where 
ready "fully clad" valence quarks exist, and the e+, e
annihilation where they do not. 

The above examples show that studies of deep in
elastic processes for Q2 > 10 (Ge V / C)2 are of funda
mental importance. More detailed experiments involv
ing the high value of (qt), and other experiments which 
can be used to verify and improve the predictions of the 
parton model, are described in[3l]. 

We are indebted to V. N. Gribov and J .. D. Bjorken 
for interesting discussions of our results. 

llIt is natural to suppose (this will be clear from Sec. 3) that (P1)«qt)· 
Therefore. by substituting (Pi) = (qt), we obtain the lower limit for 
(qt)· 

2lWe are interested, in this section, in the distribution of the slow 
parton in one "comb" (Fig. 4a). The emission of several combs 
("branching" in the terminology of the theory of complex angular 
momenta) leads to an increase in the size of the region occupied by 
the slow partons and an increase in the measured values of bo eff and 
aef[, [17] as compared with the bo and ai for a single comb. This is 
why we have the inequality sign in (4) [a:' ';;;0.28 (GeV/cr2]. 

3lWe are indebted to M. l. Strikman for suggesting this method of esti
mating the density of quark distribution (in rapadity space) over vW2 · 

4)If the gamma ray interacts only with the u-quark as x ~ I, then 
(e[) = 4/9, (ei) = 2/3 and this reduces (qt) by 10% as compared with 
the estimate given by (13). 

5)Nonemission of quarks means, in our language, that the quark and 
antiquark with qt:::; mp (i.e., occupying a region < l/mp) must 
necessarily unite into hadrons. 

6)The formation of a hadron from a small number of partons is highly 
suppressed because, in the ground state, a fast hadron with mo
mentum Pc contains In Pc partons. 

7)The mean transverse momentum of partons, (qt), is a measure of the 
transverse hadron momentum Ptc in (17). 
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