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ABSTRACT

The relative yield of high transverse momentum protons measured in pp
interactions at the CERN ISR is calculated in the framework of simple
parton models. Whereas models based exclusively on gquark and gluon
scattering fail to describe the data, the hypothesis of diquark scattering
provides a quantitative understanding of the measured dependences on
transverse momentum, polar angle, and centre—of-masse energy; Different

assumptions on diguark structure functions are tested.



1.

INTRODUCTION

Recently we reported on the measurement of baryon production at high
transverse momentsa (pT 2 3-4 GeV/c) and intermediate polar angles 6 of
10°, 20° and 45° in pp collisions at a centre-of-mass energy vs = 62 GeV
fl1]. From a qualitative discussion it was concluded that the differential
relative proton yields are hardly understandable in the framework of iowest
order hard quark and gluon scattering and common fragmentation schemes.
It will be shown in the following that the data can, however, be well
described in the framework of hard scattering of digquarks. These are
hypothetical bound states of two quarks, which are not calculable in

perturbative QCD.

The data presented in ref. [1l] are summarized in sect. 2 and
supplemented by a measurement of the vs dependence. The model iz

described in sect. 3 and compared to the data in sect. 4.

THE DATA

The meesured p, dependence of the ratios alp)/a(k), e(p)/a(K),
o(p)/ola’), and o(p)/a(a") is shown in fig. 1 [1]. The @ dependence of
the proton and antiproton fractions (R{(p) = a{p)}/o(all pos.) and
R(p) = o(p)/o(all neg.)) at fixed P (~ 3.8 GeV/c for R(p) and ~ 4.4 GeV/c
for R(p)) is presented in fig. 2. The strong Py and © dependences of
R(p) and the large difference when compared to R{p) are difficult to
explain by standard parton models. If protons and positive mesons were
produced by the same scattering mechanism, R(p) would be constant in all
kinematic variables (as is the case, for example, for the ratio
c(K+)/o(w+) (2]1) and would be comparable in magnitude to R(p). This is
reflected by the model predictions from sect. 3 indicated by the dotted

lines in figs 1 and 2.

For © ~ 45° the ratios d(p)/d(ﬂ+) at vs = 31 GeV and vs = 44 GeV
were estimated from the measured ratios (a(p)+a(K+))fa(w+) [2,3] {(protons
were not separated from kaons at vs = 31 and 44 GeV) using the fact

that O(K+)/d(ﬂ+) ~ 0.45 (systematic uncertainty * 0.05) independent of



Py (for Py 2 3 GeV/c) and of vg [2]. These data are shown in fig. 3

for & fixed value of the scaling variable xT = ZpT/Js = 0.15. Data points
obtained at lower energies at © ~ 90° [4] are also shown for the same
value of x_. The ratio G(P)/d(ﬂ+) is seen to decrease with increasing vs

T

at this fixed value of X This observation also disagrees with the
naive expectations based on quark and gluon scattering (dotted line in

fig. 3).

It is the availability of these new data covering a wide kinematical
range and the marked deviations from these naive expectations that

motivated the present investigation of diquark scattering.

It should also be mentioned that an unexpectedly large proton yield,
possibly of the same origin, was found in deep inelastic lepton nucleon
interactions by the European Muon Collaboration (EMC) [5]. In fig. 4 the
proton and antiproton fractions in the current jets are shown for Bjorken
X > 0.2 ag functions of the fractionsl jet momentum z. Studies based on
Monte-Carlo simulation have shown [6] that a high Py particle at
@ ~ 45° and Py ~ 4 GeV/c originates from a scattered parton at <x» ~ 0.3
and takes about 70-75% of the jet momentum [7]. Hence in this kinematic
region the high Py particle from the trigger jet is comparable to a high
2z particle in the current jet in lepton-nucleon interactions. The
fractions R(p) and R(p) for Py ~ 4 GeV/c and © ~ 45° are therefore also
shown in fig. 4 at a fractional momentum z ~ 0.75. The similarity with
the EMC data is remarkable. Fig. 4 also shows a theoretical prediction of
the EMC group based on the LUND fragmentation model [8]. It fails to

reproduce the large difference between the p and p fractions.

. DESCRIPTION OF THE MODELS

In the following we confront quantitative model predictions with our
data. The basic approach was suggested in ref. [{9]. However, more
refined calculations are performed over a larger kinematical range. We

show that the proton fractions may be understood on the basis of the
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scetter1ng of bound d1querk systems inside the 1ncident protons. As”in
.[9] sceler ud systems are assumed to dominate' uu states are neglected
Detalled calculations require a fragmentat1on scheme which is eapable of
describing diquark hadronization and a quantitativelformuietiou for the
proton structure 1n terms of quark, gluon and diquark structure functions.
‘In this sect1on the 1n5redients of our models will be hriefly described.
:“Further details on the treatment of quarks end gluons are 5iven in

ref. [6]

3.1 Fregmentation functions

In order to calculate inclusive cross sections for high pT-single
particle production, one needs to know the inclusive fragmentation
functions D:(z, Qz). These functions describe the density of partiecles
of type A at a fractional jet momentum z produced from the hadronization
of a parton {-system) a. They may depend on the scale_Q2 of the

underlylng hard scetter1ng process.

In the present analys1s, the LUND fregmentetion scheme [8 10] has been
ut111zed to generate the functions DA (z, Q ) for a=u,d,s,u, d s,g (ud)
and A = «+, w , K', K, p, p. The z distributions given by the LUND
-.model were f1tted in the region 0.2 < z < 1.0 for a fixed jet momentum of
10 GeV/e (wh1ch is of the order of the trigger jet momentum) using the

:”emp1r1ce1 analytic shape

: ¢
z+0™(z) = (c +c z+e 72)s(1-2) %,
a. . i 2 a
e v Cos cs; c, being adjustable'peremeters; Scale breaking effects wera
neglected since they are legss important for the ratios of cross gections
" 'to be calculated. Some typical ud fragmentation functions are shown in

fig. S(a).

Three ingredients of the standard LUND fragmentation scheme were

slightly changed:
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(a) The streangeness suppression factor p{s)/p(u), where p(g) is the
probability to create a qg pair in the fragmentation chain, was set
to a value of 0.45 (standard value = 0.30) in order to agree with the

measured c(K+)/o(«+) ratio [2].

{b) The probability to create diquark pairs in the fragmentation chain
relative to that of quark pair production was fixed at 0.03 (standard
value 0.065), in order to fit the o(p)/olx ) ratio (figs 1,2 and
ref. {11}1).

{(c) Gluons fragment by splitting into gq pairs [8]. The two quarks

fragment independently. With this gluon fragmentation the ratio
o(K Y/olw ) [2] is reproduced.

3.2 Scattering amplitude

The amplitudes for the scattering of quarks and gluons are taken from
lowest order QCD calculations [6,11]. The ud diquark scattering amplitudes
were factorized into a perturbative and a nonperturbative part. The
perturbative part is given by the QCD diagrams for the scattering of a
pointlike scalar object S, which has the colour structure of a diquark,
i.e. 8 is treated as a colour antitriplet. The results are given in the
appendix. The scattering amplitudes squared |I'(qs -+ qs)|>, |r(ss » ss)|?,
and |T(gs = gS)|® are shown in fig. 5(b) as a function of the acattering
angle 0* in the parton-parton centre-of-mass system and compared with
the corresponding amplitudes squared for quark scattering. The main
contributions to the high pr cross siction at forward angles 6 & 50°
come from the angular region 10® < 6 < 100° in the parton-parton
c.m.5. One notices here, that the scattering amplitudes squared for
scalar objects are, to a good approximation, ldentical to those for gquark

scattering:
IT(gs > gs)|% ~ |r(ss » ss)|? ~ ITtg;q; + qiqj)lz

Ircgs » g8) % ~ Ir(gq » g |? .

The nonperturbative part is given by a form—factor F(Qz) (see below)

which describes the inner structure of the diquarks. Wwhile



Ir(qs = qS)|2 and {I'(gs ~» gS){z are damped by a factor Fz, the diquark-
diquark amplitude squared |T{SsS - SS)I2 is damped by F' and is therefore

relatively unimportant.

3.3 Structure functions

As proposed in ref. [9] we assume that the proton can be in a state
consisting of a single quark and a bound ud digquark system in the isospin
and spin ground state I=S=0. Let A be the probability that a proton is
found in this diquark state. Then the proton wave function can be written

in the form

|p> = v1-A |u,u,d,g,sea> + vA |u,(ud),g,sea>

{(this changes the absolute normalization of the predicted meson cross
sections by less than a factor (1-A)). The structure of the state
lu,u,d,g,sea> is given by a parametrization of the CDHS colleboration
[121; sea = sea is assumed throughout. We constructed three sets of
structure functions for the proton in the diquark state. These will be

%
referred to as models 1.2,3( }.

(1) The gluon function is unchanged as compared to the CDHS
parametrization. Since only one u valence quark is left in the proton

we divide the CDHS structure function u(x) by 2.

~

u(x) = 0.5~u(x) .

Since no valence d quark is left in the proton one has

di{x) = 0.

The diquark function was then chosen in a way which fulfills the

momentum conservation sum rule automatically:

(ud)(x) = 0.5-u{x) + d(x).

(*) Scaling violations are implicitely obtained through the relations
given below, but not mentioned explicitely.



does

(2)

{3

Note that in this model the diquark, which itself is a bound system,

not contain any gluons from the proton.

This model represents the opposite extreme as compared to model 1.

All gluons are used for the binding of the diquark:

~

u(x) = 0.5su(x)
d(x) = g({x) = 0
{ud)(x) = 0.5+u(x) + d(x) + g(x).

In meodels 1 and Z the probability A for the diquark state isg

assumed to be a constant. There are however, experimental [13] and
theoretical [14] suggestions that diguarks should appear predominantly
at higher Bjorken x values (x > 0.3-0.5). Therefore we modify model

2 with the additional assumption
A= X.

This excludes diquarks at x = 0 while the proton is always in the

diquark state at x = 1.

In all models the structure function d{x) is steeper than u(x) by a

factor (1-x) for x » 1 as expected from counting rules [15] and as found

by experiments [16].

The effective diquark structure functions Ae(ud){x) for the

different models are illustrated in fig. 5(¢). Integration of these

structure functions yields the fractional proton momentum carried by the

diquark component: it is ~ 6% in model 1, ~ 13% in model 2 and ~ 13%

in model 3.

3.4

Form factor

Since the diquark is an extended object the cross section for diquark

scattering is damped by a Q2 dependent form-factor F(Qz) [1a].

Since only the 8=I=0 diguark is taken into account we need to define only
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one such factor. As in ref. [9] we use the analytic form

F(QY) = 1/7(1+Q*/M%).

 The scale factor H? and the probability A (in models 1,2) were

adjusted such that the predicted normalization and pT‘dependence of the
ratio d(p)/d(ﬁ+) reproduce approximately the dats at vs = 62 GeV,

© ~ 45° and Py ~ 4 GeV/c. The resulting parameters for the models

are then:
model 1: A = 0.30 M> = 20 Gev-/sc®
model 2: A = 0.17 M° = 10 GeV'/c”
model 3: A = x ? = 9 gev?se?

A comment on the numerical values of M obtained in this way is in
order here: In the framework of any diquark model the functions Did(z).
(Ed)(x,Q?) and F(Qzlﬂz) have to be introduced, which depend on different
variables, and are rather arbitrary so far. These functions are generally
different from the ones entering models for meson production by quark and
gluon scattering. Hence one is in a position to congstruct in a rather
natural way e.g. relative proton yields which do depend on-Js,‘pT and
© in contrast to relative meson yields. However, one has to keep in
mind that the calculated cross sections depend sensitively on the product
R'Dﬁd(z)-(ﬁd)(x,Qz)°F2(Q2/H2). This implies that the numerical values
. of M are influenced by the choice especially of (;d)(x.Qz) and also of A
due to the normalization procedure. A separate evaluation of the shape of
the diquark structure function and of the form factor seems to become
feasible due to the differential data available now, but is ocutside the
"scope of this anslysis. We conclude therefore that the parameters M
derived here optimize the agreement with the data, but do not necessarily

represent a reliable determination of a diquark ptroperty.

. COMPARISON WITH THE DATA

In figs 1,2 and 3 the predictions of the models are compared to the
measured Pos 0 and vs dependences of the baryon fractions. The

antiproton fractions are in good agreement with all three diquark models
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as well as with our standard model (A = 0). As expected, the standard
model predictions are almost constant in Py © and vs and not much
different for proton and antiproton fractions. Thus they are in obvious
disagreement with the proton data. The diquark models on the contrary are
successful in desceribing the a(p)/a(ﬂ+) ratio (and hence also the
a(p)/a(K+) ratio) at @ ~ 45°. The best prediction of the P

dependence is achieved by model 3. The measured © dependence lies

between the results from models 1 and 2 while model 3 tends to be too
steep in 6. All three models also predict a strong vs dependence of
0(9)/0(ﬂ+) at © ~ 45°. The measured slope is well reproduced by

model 1, 8 stronger energy dependence is predicted by models 2,3.
We conclude from these results that:

{(a) The trends of the measured proton fractions are in agreement with any

of the diquark models.

(b) A more gquantitetive agreement with the data can be achieved in a
model in which the diquark contains only part of the gluon component

of the proton.

{(c) A more careful analysis of all available data is needed to set

restrictive bounds on the shape of the diquark structure function and
on the form factor.

Further experimental data are currently being analyzed to establish
by independent means the existence of ud diquark scattering. Production
of the A++{1232) resonance at high P, as well as properties of the
spectator jets [17] and quantum number correlations in events with a

proton of high transverse momentum will be investigated.

. CONCLUSIONS

The mesasured relative proton and antiproton yields at high P, were
compared with quantitative model predictions. Standard parton models of

quark and gluon scattering combined with commonly used fragmentation
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algorithms fail to reproduce the absolute value as well as the pT’ 6,

and vs dependence of the proton fractions. Simple models in which ud
diquark systems in the proton are allowed to be emitted in a hard process
are in reasonable agreement with the data. In the framework of models
considered in this paper a situation is preferred in which the ud diquark

contains part of the gluon component of the proton.
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APPENDIX

The cross sections

L]

do %g 2 1 2
== g == T|* = ~ <|&]°>, where
dt 2
8 léws
B
& T aw strong coupling constant,
s,t,u = Mandelstam varisbles for the scattering process,
A = invariant QCD amplitudes,
2 A 2
<|al”> =g .IT|

]

amplitudes squared summed and averaged over spins and colours,
for lowest order parton-parton scattering were calculated for the case of
pointlike spin 0 colour (antidtriplets S. The calculations are based on
the methods described in ref. [11].

The following indices are used throughout:

i,j,m,1 = 1-3 (colour triplet indices)

a,b,c 1-8 (colour octet indices).

(a) The process g8 + g8:
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The invarisnt amplitude reads

a

S L & o= ey ¥ .
A(qs4+ q8) = TmiTja {u{q')y u(g))(p +p)u

WP
L 2]

where T;i = k;ilz are the standsrd SU(3) matrices (see e.g. ref. [11]).
Averaging over iﬂiﬁial states of spin and colour and summing over final

states gives the result

i

<|A(gS ~» as)| %> = gt (- % usy,
. 2
- t

(b) The process S8 » §8:
P~ m P P i m /P
~\*L 4 P
~. e AN )1’
/
\\‘ //
a b N
//\\
/s
)V/ ™ ‘L\
BN

//.l l \\., /(-’ I'\\.

q q g
The amplitudes read
£ o8 8 0
At(SS + 838) = t Tmile-(p+p')u'(q+q }
) g2 b b v
Au(SS »+ 88) = 0 Tlirmj.(P+q.)v.(Q+p‘) .

The spin and colour average yields the result

(s-w?  s-t)? 2 2.s®
- £2 * u? 3 1+ ut '}

<|a(ss » sH1%> = g* %
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(c) The process g8 - g8

P j.oPp

P\ /P
i i/
4 4
\ l !/
.>_...
£ e
a b
q q

The amplitudes read

2
£ c u_,v ' ' A
-»> == -— — .
At(gs gS) t fabchic € Ckuv(q q',-9,q")*{(p+p')
ig2 b.a u . v
- ' . -0 - ' _
Au(gs 2+ gS) = u TkiTjkc € (2p—q )u (2p g_)'1
igz a_ b u v
= — ' . . ¢ '
As(gs + BS) " Tlilec € (2p+g)u (2p*+q )“
. 2 H . v b _a a _b
-» = ' L]
Ax(gS gS} 1g € € guv (TkiTjk + TkiTjk)

where €, ¢' are the polarization four vectors of the gluons, f

abc
are the SU(3) structure constants and cluv contains the Lorentz
structure of the three gluon coupling:
Ckuu(q1'q2’qs) = (ql_qz)ugku + (qz—qa)kspv+(qa_q1)ugvk'

The spin and colour sums yields

2
1 (s- 7
<|A(gS » gS)| 7> = g‘-(; Lg—fl* + I8

t

).
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FIGURE CAPTIONS

Fig. 1  Particle ratios o(p)/o(K"), o(p)/o(K”) (a) and a(p)/ol«’),
o{p)/olx ) (b) at @ ~ 45° as Function of py. The lines

represent the predictions of the models described in the text.

Fig. 2 Angular dependence of R(p) and R(p) at fixed pT‘together with
the model predictions.

Fig. 3 vs dependence of a(p)/a(w+)'at x., = 0.15 and 6 ~ 45° together

T
-with model predictions. Also shown are data from ref. [4] taken

at & ~ 90°.

Fig. 4 R(p) and R(p) at x > 0.2 in deep inelastic muon-nucleon
scattering as a function of z together with predictions of the
LUND model (both from ref. [5]). Relative (anti) proton yields
(1] @ ~ 45° and Pp ~ 4 GeV/c are shown at z =0.75.

Fig. 5 (a) Effective diquark structure functions used in the three

digquark models.

(b) Angular dependence of the scattering amplitudes squared for
pointlike spin 0 colour antitriplets. For cbmpafison the

“amplitudes squared for spin 1/2 triplets are also shown.

{(c) Analytic approximation to the inclugive fragmantation
funct1ons from the LUND model (see text).
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