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LOW TRANSVERSE MOMENTUM FRAGMENTATION
PROCESSES AND QUARK STRUCTURE OF HADRONS
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The study of the fragmentation processes in the hadron-hadron interactions is
a possible way of investigating a quark-gluon structure of hadrons. In this paper we
discuss the fragmentation of mesons and antibaryons into baryons. We have found that
these processes are not very well described by different quark models, indicating pos-
sibility of an unknown mechanism. We have studied the momentum-charge correlations
as a way of measuring the quark charges. The obtained charges are conventional 2/3,
—1/3 Gell-Mann-Zweig ones. The study of these correlations has enabled us to determine
the average number of the low momentum quark-antiquark pairs, which turns out to
be ~4.

Introduction

In spite of a great success of quantum chromodynamics the theory of hadronic interac-
tions is not well understood in terms of quarks and gluons. As a matter of fact we do not
know whether the notion of quarks and gluons has anything to do with explaining low
transverse momentum hadronic reactions. Thus we have to:

— use models and distinguish between them,

— try to recover some basic properties of quarks (and gluons) in low p; hadronic
processes i.e. the number of quarks, their charges etc.

This paper aims to try along both indicated lines. In the first part we discuss
predictions of various models for the beam and target fragmentation in hadron-hadron
collisions, and present single particle distribitions for several fragmentation processes. In
the second part we investigate two particle momentum correlations in the proton frag-
mentation region. We also study charge correlations as a possible way of measuring the
charges of the quarks. The third part contains our conclusions.

* Address: Instytut Fizyki Doswiadczalnej UW, Hoza 69, 00-681 Warszawa, Poland.
(1067)
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1. Single particle distributions in the fragmentation region as a test of quark and gluon
models of hadronic production

1.1. Models

There are three basic types of quark models for hadronic production:
(a) statistical, €.g. proposed by Anisovitch and Shekhter [1],
(b) fragmentation, e.g. Constituent Interchange Model [2], or Feynman, Field and Fox
model [3],
(c) recombination models, ¢.g. model proposed by Das and Hwa [4].
We shall not discuss models of a type (a), as their predictions of single particle distributions
are very vague if any. We concentrate on the reactions

A+B - C+X (L.
and

A+B - C+D+X (1.2)

where particles C and D are both mesons in the fragmentation region of particle A. For
these reactions we investigate invariant inclusive cross-sections:

Xc do 1 [2E. d%

IV dp? 1.3
Ot dXc O ) @ \/ N dp-f-dxc Pr (1.3)

and (in the second part of this paper):

ReX AE.E d*o
— - (; > 2 2 dp%de%c' (14)
Orot dxcde am n°s  dpr.dxcdprdxp

Expressions for the cross-section (1.3) in models of the type (b) and (c) are:

1

Xc do ?‘ Xc\ dx,
—_— = D — 1.5
O dXc J‘ Fantx)Pa, (xl) X1 (-3

ld
4 Xc
for fragmentation models, and
Xc do dxg dx,
— e = X1, X,)RE = (x4, Xy, Xo) — — 1.6
G'mt dxc J‘ q;,qz( 1» 2) q1, qz( 1 2 C) xl xz ( )

for recombination models, where F,, is the structure function of quark q inside particle A,
D¢, is the decay function of quark q into particle C; Fy, 7, is the quark-antiquark joint
structure function and R,, 3, is the recombination function.

Functions F;, and D, are well-known structure and decay functions introduced
in Ref. [3]. These functions are measurable in deep inelastic lepton-hadron scattering
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and in e*e~ annihilation. The fragmentation models [2, 3] were designed to explain large
momentum transfer processes, and in these processes they seem to work very well. The
extension of models [2, 3] to low py hadron-hadron interactions is not so successful. The
reason of this is that parametrisations of functions D¢/, and F, ;s found in lepton-nucleon
and ete~ provide very strong constraints on low py production. Experimentally determined
functions F, and D give Xdo/dx distribution in the pp — n~X process hundred times smaller
than the data [4]. Nevertheless the shapes of spectra X¥do/dx computed within the fragmen-
tation model [3, 4] agree reasonably well with the data. The simplest reason for this discre-
pancy seems to be an underestimation of quark-antiquark pair production by interactions
of gluons. As our knowledge of gluon interactions is, at present, very limited, the cure
proposed in Ref. {3}, namely the introduction of new function R(x{, x,, xc) (called recombi-
nation function) is only of phenomenological value.

Justification of the use of impulse approximation in low transverse momentum reac-
tions is weak. Authors of Ref. [4] suggest that the impulse approximation is justified on
the basis of short range correlations.

Thus situation is as follows: fragmentation models predict more or less correct spectra
of Xdo/dx with wrong normalization, whereas recombination model agrees with the data
both in shape and normalization paying the price of introducing new function R(x,, x,, X¢).
This function cannot be extracted from other (than low py strong interaction) experiments.

Single particle spectra X¥do/dxc in the fragmentation region of particle A have similar
shape to structure function of a valence quark ¢, passing from A to C {5, 6]:

A qv - F:q\,/A ~ C

)

g - S

s do
Xe dx. ~ qulA (xe)

This phenomenological rule can be accomodated in fragmentation and recombination
models. At present the CIM model seems to have difficulties in explaining fragmentation
of mesons into baryons, where phenomenological rule [5, 6] seems to work well. We
shall discuss it in the next section.

1.2. Predictions of CIM and OKP rule and comparison with experimental
data

Predictions of CIM for process (1.1) are based on dimensional quark counting rules
and expressed by the formula [2]:

d _
Tl = Ay (1—xg)"RO3, (1.8)
dxc
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where n(AC) is the minimal number of parton fields in carrying quantum numbers of the
system (AC).

Predictions of this model are listed in Table T together with prediction of phenomenolo-
gical rule [5, 6] (called OKP rule). Predictions of CIM and OKP for mesons and baryons

TABLE 1

_ do
Invariant cross-sections x m in the fragmentation region predicted by CIM [2] and by OKP rule [35, 6].
x

M — meson, B — baryon

r Prediction of | Fragmentation '
ocess CImM 23 model [5,61

M
™~
=17, K K¥w,n
| KeThg KT

M

I-x 1—x

8
N\ 7 (1-xs (1-x)°

° E‘\\\-\ fé (1-x0° (1=x)°

fragmenting into baryons are the same, and different for mesons and baryons fragmenting
into baryons.

We note that resonance production and decay may change the slope of Xdo/dx distri-
bution of final particles (r, p, etc.). Resonances can be produced diffractively with spectrum
Xdo/dx which slope kg is smaller than that resulting from CIM or OKP rule. The two-body
decay of resonances such as g° produces pions with the spectrum:

do

X, o (1 —x )=t (1.9)

It is also true for protons from N* — pr decay. Thus when we observe spectrum which
is steeper than predictions of CIM or OKP rule, the difference may be due to large pro-
duction of resonances. When the observed slope is smaller than that predicted by CIM
.or OKP rule one has to conclude that the predictions were wrong or a large percentage of
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pions come from diffractively produced systems. In processes discussed in this section
diffraction is negligible.

In this section we concentrate on fragmentation of mesons into baryons and baryons
into baryons. For these processes predictions of CIM are different from those of OKP
rule. We also present data on antibaryons fragmenting into mesons. We have at our disposal
the following data:

n p - pX at 12 GeV/e [7], (1.10)
pp — AX, (1.11)
pp —» AX (1.12)
pp = K%(K%X at 12 GeV/e [8], (1.13)

Data from the reaction (1.10) were taken in the proton x interval 0.5-0.99 and are very
well suited to study fragmentation of a n— meson into proton (baryon). The contribution
of diffractively produced pp pairs in this kinematic region is negligible (less than 1%).

The data in pp interactions were taken in the whole x range from - 1.0 to 1.0. Thus
we are able to check predictions for baryon fragmenting into a strange baryon, a strange
antibaryon or a strange meson. The results of fit of a formula

d
27 - Al —x) (1.14)
dx

to the data from reactions (1.10-1.12) are listed in Table IL.

TABLE II
Results of the fit to the xdo/dx distribution with a formula A4(1 —x)
Reaction : X range A k
7 p — pX 08~ 1 | 0.673£0.034 | 0.614 +0.021
05+ 1 | 2.38+0.03 1.15040.001
_ 1
pp - AX 0+-0.5 ‘ 13.80 +1.0 ‘ 2.99 +0.30
; | |
pp — AX : 0+ 0.5 1512 +1.2 | 3.64 +0.34

!

The xdo/dx distribution for the reaction (1.10) are shown in Fig. 1. The data exhibit
a two-slope structure. The slope & in the x-region 0.8-0.99 (0.614+0.021) is inconsistent
with the CIM value of 3. In the smaller x region the slope grows, but is smaller than 3.

Data for reactions (1.11) and (1.12) are shown in Fig. 2a and 2b. The fragmentation
of protons into antilambdas and of antiprotons into lambdas is inconsistent with predictions
listed in Table I. It is not suprising as fragmenting particles have no common valence
quarks with *“‘daughters”.
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Fig. 1. Invariant inclusive cross-section for the reaction=—p — pXat 12 GeV/cas a function of the Feynman
x of the proton
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Fig. 2. Invariant inclusive x distributions for the reactions: (a) pp — AX, (b) pp — AX at 12 GeVic

Nevertheless small values of slope parameter k (around 3.0) are suprising, and may
indicate the presence of “enhanced” sea of quark-antiquark pairs from gluonic interactions
[4]. The higher energy results for the np —» pX and pp — pX reactions obtained by
Toy [9] are shown in Table 111. At FNAL energies the agreement with CIM is better, but
the values of the slope k are slightly smaller than expected by this model. We note, however,
that results of Ref. [8] were obtained in the different range of x: 0.1-0.7. In this x range
we expect bigger values of k due to central production. From Table IT we conclude that,
at our momentum:

— fragmentation of mesons into baryons is inconsistent with CIM, but in agreement
with OKP-rule,

— fragmentation of baryons into strange antibaryons is inconsistent with CIM and
OKP rule, and
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— falls down much slower than antiquark structure functions in a proton, indicating
that other mechanism plays a role here.

This mechanism may be:

— “enhanced sea” as in Ref. [4],

— Tripple Regge mechanism [13].

TABLE 111

Results of the fit to the high energy x dojdx distribution [9] with a formula A(1 —x)¥. The x range, in which
data were taken, is 0.1-0.7

Reaction é Incident momentum [GeV/c] k
| | )
np — pX 100 | 2.54+0.22
pp - pX 100 7.81+3.4
175 ‘ 8.49+£0.57

2. Correlations in the proton fragmentation region in the reactions n°p =, X' at 16 GeVjc

In this section we discuss two topics:

— charge correlations leading to the determination of the quarks charges,

— two pion longitudinal correlations and their connection with the average number
of quark-antiquark pairs in the proton sea.

To begin with, we define proton fragmentation region as the region x < 0.0 in the
CMS. In course of this section we shall discuss the dependence of our results on the position
of the fragmentation region boundary. We use n*p inclusive data obtained by Aachen-
—Bonn-Berlin-CERN-Cracow-Heidelberg-Warsaw Collaboration.

2.1, Charge correlations

We consider the process n—p—mng Xat 16 GeV/c and examine properties of the
system X. We take Feynman x of the leading - to be larger than some x“** and discuss the
dependence of our results on x°™

Following Ref. [12], we adopt a very simple-minded model for the discussion
of the charge properties of the system X. In this naive fragmentation model (NFM) we
describe the production of X as a result of the collision between initial proton and virtual
object I', which has electric charge @ = 0. System X contains mainly pions and one baryon,
which may not be charged. In the I'p center of mass there is a particle which goes in the
same direction as a virtual object I" and is the fastest particle going in this direction. We
call it second-leading particle (SL) and limit ourselves to the case when it is n* or n~. In

t Subscript L stands for “leading”, i.e. for pion produced with a considerable fraction of the longitudi-
nal momentum of the initial pion.
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NFM we assume that this particle is produced in the hard collision between I' and one
of the valence quarks q, from the proton:
[z center of mass Feynman x

0

+
+

Forward Backward-
Final hadrons

Production of the
qg pairs with
zero net charge

initiat
proton
After a hard coilision colour and charge separate in the forward and backward hemi-
spheres, and as the result a number of quark-antiquark pairs is produced. We assume that
the average charge in the forward and backward hemispheres reflect the initial charge
separation. Thus if a second leading pion is a nt then the interacting valence quark was
u and the average charge in the forward hemisphere (@) is the charge of this quark
and equals 2/3. The average charge in the backward hemisphere {Q,) is the charge of
remaining valence quarks and is equal to 1/3. In the case of the second leading pion being
=~ the average charges are: (@) = —1/3, (Q,> = 4/3. Thus in the framework of NFM
we can measure the charges of the quarks?®.

The important question is whether it is possible to obtain similar values for {Qp>
and {Q,> from other models, e.g. these which do not refer explicitly to the quarks.

TABLE IV

The average charges in the forward ({Qr)) and backward ({Qp>) hemispheres in the =—p — rLmaLX reaction
predicted by: (a) NFM, (b) MI, (c) M2

Statistical
Naive fragmentation atistical model
model with leading =~ with leading =
. (M1) and proton (M2)
TSL{Or> 2/3 0.9+1.0 0.85
{Qp> 1/3 0.0+-0.10 0.15
s {Qr> -1/3 —0.300+ —0.346 - 0.40
<Qp> 4/3 ! 1300~ 1.346 1.48

2 The charges, measured in this way, are averaged over colour.
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We tested two such simple minded models: simple statistical model incorporating
leading n— effect (M1), and statistical model incorporating both leading 7~ and leading
proton effects (M2). The predictions of these two models are summarised in Table IV,
together with the predictions of NFM. We conclude that it is possible to measure quark

pd

16 GeV/c Tx“p_.'rrl:'TTSLX
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B [%] Lo oXg >0.30
_ __M-to . 6
°
faé, + -8
> o o0
-8 - ik ‘R}, .
L2 =) .
. e %00 29
o ° o
&
i ] i i E { i i i i i i
06 07 08 06 07 08 06 07 08 06 07 08
Xeut

Fig. 3. The dependence of the average charges in the forward ({Qr>) and backward hemisphere (<Qp>)
in the reaction m~p — nin§ X on the Feynman x of the leading =~ (xr > Xcud)
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Fig. 4. The dependence of the average charges in the forward ((Qr)) and backward (<Qp>) hemispheres
in the reaction n-p — =& X on the I'p center of mass Feynmann x of the second leading = — xsi,
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charges by studying the average charges in the reaction n—p — my g X, whereas in the
reaction mp — 7 g X the three models considered give similar results.

The experimental results are shown in Fig. 3 and Fig. 4. In Fig. 3 we show the de-
pendence of {Qr) and {Q,> on the longitudinal momentum of the leading n~. We select
events with x(ny) < x** in various regions of x5 — the Feynman x of the second leading
pion in I'p center of mass.

We conclude that: (a) in the process n-p — n, g X results are consistent with NFM
and inconsistent with the two other models discussed M1 and M2, (b) in the process
np — My T X the values of (Q,> are inconsistent with all discussed models.

It turns out that the last inconsistency is mainly due to the events with the smali
longitudinal momentum of the second leading n*. Such events cannot be explained in
terms of hard collisions and it is not surprising that NFM cannot account for them.In Fig. 4
we show the dependence of (Qy) and (Q,> on the I'p center of mass Feynman x of the
second leading pion — x5;. We plotted there points for different regions of the leading pion
momentum. As longitudinal momentum of second leading pion grows the average charges
agree better with the predictions of NFM.

We conclude that it is possible to select a sample of events in the reaction t-p — ny w5 X,
in which one of the valence quarks from the proton produced a mg, undergoing hard
collision. In this sample it is possible to measure the charges of the quarks.

2.2. Determination of the average number of quark-antiquark pairs in the

3 R

proton “sea

To measure the average number of qq pairs in the proton “‘sea” we use the idea pro-
posed by Miettinen [10]. This idea is consistent with the general principles of a recombina-
tion model, in the framework of which we can express two particle inclusive cross-section
(1.4) for the process (1.2):

XXy d’o

- - c_
= J‘FQI»‘{Z-qsyqalp('xh X2 X3, x4)Rq1q3(x1’ X35 X¢)

dx, dx; dx; dm
X qu q4(‘<2 X4, XD) - 7 (2.1)
X, X3 X3 X4

Ot AXcdxp

The function Fy, 4, 5,.4.p 18 the two quark-two antiquark joint structure function in the
fragmentation region of a particle A. The recombination functions R were already intro-
duced in part (1.1).

We aim to study the fragmentation of a proton into two pions in np collisions. The
relevant joint structure function F, ., 5. - contains two valence quarks and two
antiquarks from the ““sea”, which momenta are small compared to the momenta of valence
quarks. (The “sea” here is probably not identical with the “sea” encountered in the deep
inelastic lepton scattering because some additional qq pairs are produced in the central
region in np collisions). Thus we shall assume that all antiquark momenta are zero. Then
the joint structure function F, ., 5. ., is proportional to the two-quark joint structure
function in a proton:

Fqnflz-aa,a«s/P(‘xl’ X2s 0’ 0) ~ qu,qz,.-’p(xla xz)- (22)
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The two-quark joint structure function is not directly measurable. We shall assume that
this function obeys Kuti-Weisskopf scaling [11] i.e. partially factorises:

FQI,qz(xl? x2) = fql(xl)fqz ('1_%—) 2 (23)
1

where f, and f,, are two unknown functions vanishing outside the [0, 1] interval. Taking
into account the dominant role of valence quarks momenta in the determination of the
hadron momenta in the fragmentation region [5, 6] we find that cross-section (2.1) is
proportional to:

-~+C

) Xp )
Jalxca, (1 —) . (2.4)
- X

This last resuit enables us to test Kuti-Weisskopf scaling. We find that the average number
of particles of type D per one particle of type C—{D¢)> — should only depend on the
variable:

~ Xp
xD = .
[ —xc¢
2)¥%GeVic Top \ b} 16 Gevic mep
1 *trigger / TrHtrigger 4
[ -06<x<-04 § 0-02>x>-04 +
[0-08<x<-06 / + [ 04> xp-06 ¢

| L 0-06>x>-08 i
9
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- ]
& (=]
2 / e
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ﬁ
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Fig. 5. The average number of m* mesons per m+ “trigger” as a function of X(w+) variable, in the

reactions: (@) TP = TiggerX, (D) TP — TriggerX at 16 GeV/e. The solid curve represents the 360 GeV/c

TP = TiriggerX data of Lehman et al. [10]. The different points correspond to various momenta of the =+
“trigger”

Experimental results for the fragmentation p — n*n* and p — n~n~ in n*p interactions
at 16 GeV/c are shown in Fig. 5 and Fig. 6. The solid curve shows the data for the fragmen-
tation p — n~nt in 360 GeV/c n—p [10]
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Fig. 6. The average number of =+ per =~ “trigger” as a function of X(=*) variable, in the reactions: (a)
TP — TiriggerXs (D) TP — TiriggerX at 16 GeV/c. The solid curve represents the 360 GeV/c w7p — TiriggerX
data of Lehman et al. [10]. The different points correspond to the various momenta of the w— “trigger”

We see that:

— Kuti-Weisskopf scaling holds;

— Both the slope and the normalization of our data at 16 GeV/c are consistent with
these of Lehman et al., at 360 GeV/c;

— The {(n*>,__ is roughly twice the (x>, (see Fig. 5).

This last result is a reflection of the quark content of a proton. There are roughly twice
as many possibilities of making a n* from valence u quarks together with a fast n—, than
together with a fast m*. Assuming that the average number of (uu) and (dd) pairs in the
sea is m we obtain (after simple combinatorics) the relation [10]:

T = 2 e (D @.5)
m—1

Thus we can compute the average number m of (uu) and (dd) pairs. The average number
of n+, and consequently the average number of (uu) and (dd) pairs — m, in the formula
(2.5) depend on the range of x which we define as the proton fragmentation region. The
dependence of m on the right side boundary x,, of the fragmentation region is shown on
Fig. 7. We see that:

— 7t mesons with x less than —0.2 are pions from the proton fragmentation;

— the average number of (uu) and (dd) pairs is (1.8-2.0) consistent with the result
at 360 GeV/c. It means that on the average a proton contains 3 valence quarks and 8
quarks from the sea.
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Fig. 7. The dependence of the average number » of (uu) and (dd) pairs in the “sea” on the right hand side
boundary of the proton fragmentation region in the =*p interactions at 16 GeVjc. The shaded region
represents 360 GeV/e wp resuit of Lehman et al. [i0]

3. Conclusions

1) We found that single particle inclusive spectra Xdo/dx for the beam fragmentation
processes at low energy n-p — pX, pp — AX, pp —» AX are flatter than expected [2, 5, 6].
This conclusion is supported by higher energy data in the FNAL range [9].

2) Measuring charge correlations is a way of measuring quark charges. Our data agree
with Gell-Mann-Zweig quark charges.

3) Two quarks distribution functions inside a proton obey Kuti-Weisskopf scaling,
independently of incident momentum in the range 16-360 GeV/c.

4) The average number of quark-antiquark pairs in 16 GeV/c n*p interactions is
found to be in good agreement with high energy data [10]. This large number may indicate
the presence of the “‘enhanced sea”.
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