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ABSTRACT
Correlations between leading protons, produced in proton
collisions and large p i particles and between leading protons and
massive lepton pairs are studied using the quark parton model. The
leading proton production is described according to a valence quark
recombination mechanism, large p i jets are produced by the hard
scattering of quark partons and lepton pairs are produced according
to the Drell-Yan mechanism. The predictions of the quark recom-
bination mechanism agree well with leading proton, neutron and
A-hyperon distributions in low p i events. The predicted correla-
tions between leading protons and large pl particles agree well with
recent experimental data. Strong correlations are also predicted
between leading protons and massive lepton pairs. The further ex-
perimental and theoretical study of such correlations is 'expected to
contribute to the confirmation or exclusion of proposed production

mechanisms.
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I. INTRODUCTION
Particle production at large transverse momentum in hadron hadron colli-
sions is currently being interpreted as evidence for the hard scattering of con-
stituents. While there are several competing hard collision models, 1 it would be
most natural if the interacting constituents would be the quark-partons known from
deep inelastic lepton hadron interactions. Indeed, this model was the first to be
proposed2 and worked out in detail. 3 However, present data do not agree with the

P -4 behaviour of the model, which is only weakly modified by taking the QCD

L
hard scattering cross section and using quark distribution functions which deviate--

as predicted by asymptotic freedom--from Bjorken scaling.4’ 5 Quark-quark

scattering models with phenomenological hard scattering cross sections leading
to the p i -8 behaviour were recently quite successful in describing the majority
of the experimental data available. 6,7

The longitudinal momentum distribution of leading protons as observed in
low p i hadron-hadron collisions were first interpreted by Pokorski and Van Hove8
as due to the recombinations of the three valence quarks of the original proton.
The relevance of quark-partons for the particle production in the fragmentation
region was discussed repeatedly. 9 Recently Das and HwalO explained the produc-
tion of mesons in the fragmentation region of p p collisions as due to the recom-
bination of quark-partons.

If both, leading particles as well as large p L jets afe related to constituent
valence quarks of the incoming protons, it is natural, to ask for correlations be-
tween leading protons and large p i jets within this model. In the present paper
we study such correlations using the quark recombination model for the leading

proton production and the quark-quark scattering model for the large p i particle

production. Experimental data indicating the presence of strong correlations



between forward going positive particles and positively as well as negatively
charged large p_L trigger particles are due to the British~-French-Scandinavian-
ISR collaboration. 11

Better established, than for the production of large p i particles, is the pro-
duction mechanism of massive lepton pairs in hadron-hadron collisions. There
is now rather strong evidence that the Drell-Yan quark-antiquark annihilations
mechanismlz explains the experimental data available. 13 In view of this the case,
to study the correlations between leading protons and massive lepton pairs is even
stronger. So far no experimental evidence for such correlations is available, but
strong correlations between leading protons and massive lepton pairs are predicted
in our approach.

The experimental study of both kinds of correlations as well as of similar
ones is expected to become a powerful tool in order to establish or exclude pro-
posed production mechanisms for large p L particles, heavy lepton pairs, new
heavy particles, leading particles, etc.

In Section 2 we will describe the quark recombination model for leading
baryons and compare the Feynman x distributions obtained with data on inclusive
proton, neutron and A-Hyperon production in the fragmentation region of proton-
proton collisions.

In Section 3 the correlations between leading protons and large pl quark jets
are studied and compared with recent ISR-data. In Section 4 we study the correla-
tions between massive lepton pairs and leading protons. The expected features
of these correlations are discussed. Finally in Section 5 our conclusions are

presented.



II. QUARK RECOMBINATION INTO LEADING BARYONS

As shown recently by Das and Hwa, 10 the production of mesons in the frag-
mentation region of proton-proton collisions, can be well described by quark-
antiquark recombination. Here we extend this method to describe single particle
distributions of leading baryons in proton-proton collisions.

Let us first describe the method of Das and Hwa:10 we consider the recom-
bination of a 'n'+ meson out of an u valence quark and a d sea quark. The inclusive
7r+ production cross section in the fragmentation region is obtained as

Y e F(x, %) R(X, %, %) @.1)

dx x1 x2

1 and x2 are the momentum fractions of the

u and d quarks, F(Xl’x2) is the two quark distribution function and R(xl,xz, x) is

Here x is the Feynman x of the pion, x

a recombination function.
The quark-antiquark recombination function is assumed to scale in g=xi/x
and it is assumed that the recombination of just one quark-antiquark pair domi-

nates. Das and Hwa10 use the simple symmetric form

Ry kp) =@ 5£,0(6+E,-D) (2.2)
The constant parameter o is determined from the sum rule
1 1
Ofdglof dg, R(Ep,6,) =1 (2.3)

as o =6,
big

The two quark distribution function F 2(xl, x2) is assumed to behave like



F2(x1, xz) = BFu, val(Xl) F&(Xz)(l—xl—xz) (2.4)

where the Fi(x) /x are the single quark distributions and § is a constant.
Inserting (2. 2) and (2.4) into the expression (2. 1) we obtain

X
do

dx

B -
P | & By (2.5)

T
0

Das and Hwalo find that the production of 7r+, T, K+ and K~ in the fragmen-
tation region is well described by this method. All sea quark distributions are
used with the same x dependence s(x)~ (1—x)7 but in order to describe the normal-

izations of the meson distributions, different normalizations at x = 0 are needed.

d(o) _ o 8(0).
=L —i—la(o) 0.11 (2.6)

In the following we generalize the recombination mechanism to describe
leading baryon distributions in proton proton collisions. Following Van Hove and
Pol«:orski8 we assume the leading protons in proton-proton collisions to result from
the recombinations of the three valence quarks. For the production of a leading
neutron, one of the u valence quarks is replaced by a d-sea quark. For A hyperon
production, one of the u-valence quarks is replaced by a s-sea quark. For the in-
clusive single particle distribution of non-diffractively produced protons we write

analogously to (2. 1).

do Xm dXZ dX3
 |p =f X Ky Xy Fo(xy, X9, %) Ro(X;, X9, X, X) 2.7

Here x is the Feynman variable x = 2p /S of the proton, the x. are the momentum
I i :

fractions of the three quarks, F3(x1,x2, x3) is the three valence quark distribution in



the proton and R, is the three quark recombination function.

3
We assume the three quark recombination function to scale in the .gi:xi/x.
All contributions resulting from the recombinations of more than three quarks are

assumed to be negligable. We use
R3(X1’X2’X3’X) =Olp §1§’2§36(§1+§2+§3'1) (2.8)

The parameter ozp is obtained from the sum rule
1 1 1 .
/ a, f a, f aE,B(E,, & b) = 1 (2.9)
0 0 0

as o = 120.
Y

Next we need a parametrization of the three quark distribution F 3(X1’ X x3).

For the applications in Section 3 and 4 it would be most useful to write F 3(X1’X2’ x3)
in a form containing the single valence quark distributions Fi(Xi) explicitly, Other-
wise, integrating over the x variables of two of the quarks the single quark distri-
bution should be obtained

1-x -x2

1—x1 1
F(x1)=/ dxzf dx3F3(x1,x2,x3) (2.10)
0 0

This condition excludes, because of the integration limits a simple factorized
form. The condition (2. 10) is however approximately fulfilled in most of the x

1

region by choosing.
_ e w e VY
Fal®yiXge %) = BT va1®y) Ty, va1®o) Fy, va1te) (175 %3) (2.11)

with a suitably chosen power y. Excluding the region 0.95 lesl we find the

condition (2.10) to be fulfilled best with y=-0. 3.



Inserting (2.8) and (2.11) into (2.7) we obtain

Replacing in (2. 12) one of the u valence quark distributions by the d or s sea
gquark distribution, we obtain the neutron and A-hyperon distributions.

The resulting inclusive proton, neutron and A-hyperon production cross
sections do/dx are plotted in Figures 1 and 2 and compared with experimental
data. We find only small differences of the calculated x-distributions using dif-

ferent parametrizations for the quark distribution functions. 14, 15,6

The curves
plotted in Figures 1 and 2 were obtained using the parametrization of Field and
Feynman. 6 Likewise, the powery in (2.11) within the range of its uncertainty has
only small influence on the shape of the obtained distributions.

In Figure 1 we compare the do/dx cross section with data of Chapman et 11:16
on proton production at 102 and 405 GeV and with data on A-production form ex-
periments at 69 to 300 GeV/c. 17 While the proton production is well understood in
its absolute normalizations with a parameter Bpm 0.5, we used for the normaliza-
tion of the A-distribution to agree with experiment a suppression factor for strange
sea quarks é'/c-l ~0.1, this compares well with the correéponding factor (2.6) found
by Das and Hwa10 from Kaon production. In Figure 2 we compare inclusive single
particle cross sections E dgc/dsp at fixed transverse momentum with ISR data on
proton production ath = 31 GeV and pzl =0.275 (GeV/c)2 from Albrow et al. 18
and with data on neutron production at.\/s = 30.6, 44 and 53 GeV at pJ’_= 0.4 and

0.6 GeV/c from Engler et al. 19 We assume in the comparison, that the longi-

tudinal momentum distribution and transverse momentum distributions factorize



approximately. The relative normalization of the calculated curves for proton and
neutron production are as obtained in the calculation and is consistent with the ex-~
perimental data, note that the proton and neutron data are for different p.L values!
From the overall agreement of the calculated leading baryon distributions
with data, we might conclude, that the recombination of the leading proton out of
3valence quarks--a choice, which is by no means unique, for an alternative ap-
proach see Ref. 20-- is not contradicted by the data. We might also hope to ex~
plain in this scheme the correlations of leading protons with large p i particles suc-
cessfully, In calculating the neutron cross sections, we replace one valence quark
of the proton by one sea quark, the same replacement is necessary to calculate the

leading proton distribution when one of the valence quarks of the original proton is

elastically scattered to form a large p 1 jet.

III. CORRELATIONS BETWEEN LARGE p_L JETS
AND LEADING PROTONS

The correlation between large p i jets and leading protons could be calculated
within different hard collision models. We choose here the quark-quark scattering
model to describe large p i jet production, because it seems to be most straight-
forward to consider in this model the correlation to leading protons which are cal-
culated with the quark recombination mechanism as described in Section 2. Further
more, the quark distributions needed in this model are well known from deep in-
elastic lepton-proton collisions and large p f single particle distributions and
correlations are well described by this model. 6,7

There are two different mechanisms, which lead to correlations between
large pJ~ jets and leading particles.

(i) Kinematic correlations: In events with a large pl trigger particle, less

energy is available for leading particles. Therefore, we expect a suppression



of leading particle production in all models. In addition to this kinematic effect
we expect some change in the leading particle production in the presence of a
large p | jet around # ~90° in the cms due to the suppression of diffractive events
by the trigger.

(ii) Dynamical correlations: Large p

L
model result mostly from the hard scattering of valence quarks of the incident

jets in the quark-quark scattering

protons. These valence quarks are no longer available for the recombination into
leading protons. Leading protons are created at a reduced rate by the recombina-
tion of the remaining 2 valence quarks with one sea quark, see Figure 3a. This
dynamical effect leads to stronger correlations then expected due to the kinematical
mechanism only.

We calculate the joint distribution of one large p i quark jet and one leading
proton according to Figure 3. The hard scattering involves one valence quark of
the incoming proton A (Figure 3a) or one sea quark (Figure 3b). In the first case
the proton is recombined out of 2 valence quarks and one sea quark, in the second
case it is recombined out of the 3 valence quarks. At a sufficiently large pl the
hard scattering of valence quarks, Figure 3a dominates. We denote energy,
momentum and angle of the scattered final state quark jet by Ek’ Pys and 01 and
the Feynman x of the leading proton by x. The expression for the joint jet-leading

proton distribution is

dx

d40 2 1 do X

"k 3 dXN?Z/ Ty, KT Xy
Py ] X 2x1—cot<—§-—> 1

.. do
+ term with — (3.1)
di
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with definitions of the variables: 6
y_L cot_k_
_ 2
X C =x;=1
2—y_!_th
2
Lo %
2 n 2
]
k
285 -x,-y
2 1
n = — RNCE)
1
X.8y 8
~_ =171 k
t= 5 8
_ Pk
y.L \/s—

The function Hk(x,xl) describes the single particle distribution of the leading pro-
ton out of the quarks u, v and w similarly as given by Eq. (2.12).

We take energy momentum conservation into account by replacing the argu-
ment x of H by x/ (1-x1)a In this way the maximum x of the leading proton becomes
l-x1 as demanded by energy-momentum conservation, Furthermore we have to
consider that the quark k (in the do/dt term) has been scattered out of the incoming
proton. Ifk is a u or d quark, the probability for being a valence quark is

T, var®y)

) = = (3.3)
1 Fk, val(xl) +Fk, sea(xl)

o(x

correspondingly, (1-oz(xl)) is the probability for k being a sea quark. According
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to this we write

X
Y
= (-%)
Hk(x’xl) O‘!p Bp X2 quFu,val(Xu)

X=Xy
/ dXVFV, val®&y) [oz (Xl)Fw, sea(x"xu_xv)
0

+ (1-a (xl))Fw’ Val(x-xu-xv)] . (3.4)

In order to present the large p_L -leading proton correlation we define a divided cor-
relation function similarly as used frequently to study short range correlations of
low p i particles. 21 This correlation function was also used to present the only

experimental data available so far. 1 We define

d4o-
E
kd3p ax
k
R(p Y ,X) = -1 (3'5)
1k7k . dso- do
k d3 odx
Py

It is Ekdo/ d3pk the inclusive distribution of large pl quark jets and do/dx
the leading particle density.

In order to study the kinematic contribution to the correlation function (3.5)
separately, we calculate the distribution (3. 1) and the single jet distribution for
the case that only sea quarks contribute to the hard scattering process.

In the actual calculations we use again the quark distribution functions in the
parametrizations according to Field and Feynman.6 We restrict the calculation

and compare with data only for leading particles with x > 0.4 to 0.5. At these x



12
values positive secondaries are dominantly protons. The calculated correlation
function lR(pl , V, X) is plotted in Figures 4 and 5, where we also compare with
experimental data from the British-French-Scandianvian ISR-Collaboration. 11
The calculated cross sections refer to large pl quark jet production, the experi-
mental data are for negatively and positively charged large p-L trigger particles,
which we might interpret as mainly pions. We calculate the cross sections and
correlation functions separately for u- and d-quark jets; u-quarks fragment domi-
nantly into positively charged large p L trigger particles, d-quarks will fragment
mainly into negatively charged triggers. The transverse momenta of the observed
trigger particles are smaller than the transverse momenta of the quark jets. This

question was studied in detail in connection with trigger bias effects. 22,23,24

In our comparison we assume that 2/3 of the jet momentum is carried by the fastest
trigger particle. Recent parametrizations of the quark-fragmentation functions6
lead to somewhat larger fractions. A corresponding change would not change our
conclusions significantly.

In Figures 4a and b we plot the correlation functions vs the Feynman x of the
leading proton. In Figures 5a and b we plot it vs. the trigger p Ik In Figures 4a
and 5a we compare the data with the full calculated correlation function, which in-
cludes the kinematic as well as dynamic correlations. In Figures 4b and 5b we
compare with only the kinematic correlations calculated according to Figure 3b for
processes involving only the hard scattering of sea quarks. While the curves in
Figures 4a and 5a agree quite well with the data, we find that the kinematic correla-
tions alone are not able to explain the observed suppression of the joint leading par-
ticle-large pl production.

In Figure 6 we show the calculated correlation function vs. the jet transverse

momentum for different values of the cms jet rapidity. At positive jet rapidities
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the jet moves also forward and uses a larger fraction of the available collision
energy, furthermore it is more likely to result from a forward moving valence.
quark. Correspondingly the correlation function decreases rapidly when the jet
rapidity is increased.

We conclude: there are strong correlations between leading protons and
large p

arge p,
correlations are expected to contribute significantly to the further confirmation

particles which can be well understood within the model studi
and/or exclusion of proposed production mechanisms. It is reassuring-to see
also that the difference between the correlation functions for positive and negative
trigger particles is well understood in the model as due to the difference between
the u~ and d-valence quark distribution functions. We point out, that similar
specific correlation effects are likely to occur if the correlation function is stud-

ied for identified large pl trigger particles and identified leading particles.

IV. CORRELATIONS BETWEEN MASSIVE LEPTON PAIRS
PRODUCED IN pp COLLISIONS AND LEADING PROTONS

The production of massive lepton pairs, ete” or n +n ~ in hadron-hadron col-
lisions is generally assumed to proceed according to the Drell-Yan mechamism.12
Increasing experimental evidence indicates, that this indeed seems to be the cor-
rect production mechanism. The interpretation of massive lepton pair produc-
tion via quark-antiquark annihilation is now much safer than the interpretation of
large transverse momentum particle production, where still several competing
mechanisms are possible,

It is therefore natural, to study the correlations between leading protons and
massive lepton pairs in the hope to understand in more detail the quark recombina~-

tion mechanism of the leading particle production, to confirm further the Drell-

Yan mechanism and to understand better the production mechanisms and quantum
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number correlations in large p il processes and in the production of heavy new
particles like the J, 7.

In this spirit, we propose in the following, to observe one single oﬁ both
leading protons simultaneously with heavy lepton pairs and predict the character~
istics of the correlations in this case. We describe the lepton pair by the scal-
ing variable

2
M_=x X (4.1)

1-=s 172

and by the Feynman variable x for the lepton pair

M

Xopr = X, =X

M= XKy - (4.2)

where M2 is the squared mass of the heavy lepton pair, s is the square of the c.m.s.
energy and Xy and X, are the momentum fractions of the annihilating quark and anti-
quark. The leading protons are characterized by the Feynman variables Xp, when
only one leading proton is observed, Xpq and Xpos when both leading protons are
observed.

The joint lepton-leading proton production proceeds as indicated in Figure 7. -
We write for the cross section to observe the lepton pair and one leading proton
(in forward direction)

M3 d30 (r, x ) = 1
dexMaEF Wi, Xyp X 9 J
M T

*2

2 g
';Qi [Fqi(xl)F (XZ)H(lxl » Xq)

Xp ’ :
+ gy (% )F 3 () B = xl):| (4. 3)
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with the following definitions of the variables Xy and X,

[ 2
_1
Xl, 9= -2-[ X0 +4r1 i—xM] 4.4)

The proton recombination function Hi(x, xl) in (4. 3) is defined in (3.4).

The cross section to observe the lepton pair and both leading protons is

3 d*s groe %o

M e - Vol X X¥p¥rd =75 . 5
\/XM+4:T

M F1 F2

*F1 XFo

2
29 [Fqi(xl)FQi(Xz)Hi(T-x—l’ Xl)Hi(l-xz’Xz)

X X
F1 F2
F1 F2 4.5
5 R P g ) By 1x, %) Hyt i-x, Xz)} (4.9)

In order to present and discuss the features of the leading proton-lepton pair
correlations, we introduce again suitably defined divided correlations functions

(defined here without the ~1 term present in (3.5)).

Wl(’T,X aXF)
Ri(1,Xy X)) = (4.6)
117 %y ¥ 3 % _do

dydXy TR

and
Wolr, Xyp Xp s Xpo)

- 2 (4.7)
3d o do do

M . .
aMHEEI adxFl adsz

As in Section 3, part of the correlation is due to kinematic effects and part is due

Ro(7: Xy Bp s Xpo)

to the quark-dynamics of the process. We do not try to separate both effects since

we do not discuss alternative mechanisms to the Drell-Yan process.
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In Figure 8 we present the correlation R. defined in (4.6). R. is plotted vs.

1 1
Xp in Figure 8a for fixed r = 0. 12 and different values of Xppe in Figure 8a for
fixed X = 0.2 and different values of . The behaviour of the correlation is
easy to understand qualitatively; when both the dilepton pair and the leading particle
are required to move in forward direction (Figure 8a, X = 0.4) the production is
strongly suppressed, the forward moving lepton pair is created from the valence
quark of the forward moving incoming proton, therefore the secondary proton re-
quires one sea quark. If the lepton pair moves opposite to the leading proton
(Figure 8a, X = -0.2, -0.4), the lepton pair is formed from the valence quark
of the incoining backward moving proton, all three valence quarks are available
for the secondary forward moving proton, the production is not suppressed by the
dynamics, however, we see the influence of energy momentum conservation, which
restricts the allowed Xp range. In Figure 8b it is visible, how the kinematics sup-
presses the production if the lepton pair becomes more heavy.

In Figure 9 we show some features of the correlation function R2 , defined in

(4.7) where both leading protons are observed. Figure 9a shows R, vs. x . for

2 F1l

fixed v and Xpo and different XM values. Figure 9b shows R2 V8. Xpy for different

T and Xpo values and fixed XM e The qualitative behaviour or R2 can be understood
in a similar way as discussed above for Rl‘

We conclude, the observation of such correlations provides a valuable test

of the valence quark dynamics of the Drell-Yan process.

V. CONCLUSIONS
Further evidence has been presented for the quark recombination mechanism
of leading particle production in hadron hadron collisions. The agreement with pro-

ton, neutron and A distributions in proton proton collisions is encouraging. Many
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details of the quark recombination process are, however,not yet understood.

The correlations between leading particles and large transverse momentum
particles or massive lepton pairs open a new way to test the underlying quark
parton model for these processes. The agreement between the model calculations
and the data available so far allows the optimistic conclusion that leading particle
production as well as hard scattering processes can be understood in the quark-
parton model. Further tests are, however, necessary. Experimental data are
needed for such correlations involving heavy lepton pairs and new heavy particle
production. Data for identified leading particles as well as identified large pl
triggers are needed.

On the phenomonological and theoretical side further progress is needed.
These correlations should be calculated in other competing models, for collisions
involving different primary particles and leading particles. A more profound
understanding of the quark recombination process and of the hard scattering

process leading to large p i particles is needed.
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FIGURE CAPTIONS
Comparison of the leading proton and A hyperon production cross section
do/dx calculated according to Eq. (2.12) with data from Chapman et al. 16
for proton prodﬁction at 102 and 404 GeV and with data on A-production

at 69 GeV/c1™®, 102 Gev/c!™), 205 Gev/c!T® 17d).

, and 200 GeV/c
Comparison of the leading proton and neutron production cross section

E d3cr/ d3p at fixed transverse momentum calculated according to Eq. (2.12)
and assuming factorization between the x and pl dependence with-data
from 'Albrow etal. 18 for proton production at s = 31 GeV and from Engler
et al, 19 for neutron production at s = 30 to 53 GeV.

Joint production of leading protons by quark recombination and large p L
quark jets by hard quark-quark scattering. Valence quarks are denoted
by Vi’ sea quarks by s, - The scattered quark is a valence quark in

Figure 3a, a sea quark in Figure 3b. The process of Figure 3b alone is
used to estimate the kinematic contribution to the correlation between
leading protons and large p L jets.

Comparison of the leading proton--large p i -u and d quark jet

correlation function R(p L y, X) according to Eq. (3.5), plotted as function
of the leading proton Feynman x variable for different jet (pion) transverse
momenta, with data of the British-French-Scandinavian collaboraﬁonll
from positively and negatively charged large p i triggers (a) The full cor-
relation function including the dynamic and kinematic contributions, (b) the
kinematical correlation only, calculated according to the process in Fig-
ure 3b.

Comparison of the leading proton--large pl jet correlation function

R(pl ,» ¥, X) according to Eq. (3.5), plotted as functions of the jet (pion)
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transverse momentum for different Feynman x of the leading proton with

data of the British-French-Scandinavian collaboration.11

(a) The full correlation function including the dynamical and kinematic
contributions (b) The kinematical correlation only, calculated according to the
process in Figure 3b,

The leading proton--large p i jet correlation function plotted as function

of the jet transverse momentum for different leading proton x values

and for c.m.s. jet rapidities y3 =0, 1, and 2.

Joint production of two leading protons by the quark recombination

process and of one heavy lepton pair by the Drell-Yan mechanism.

The correlation function Rl(q- , X XF) between one massive lepton

M’

pair and one leading proton. (a) Plotted vs. the Feynman variable Xp

of the leading proton for r = 0.12 and different X0 of the lepton pair.

(b) Plotted vs. Xp for x, . = 0.2 and different values of r.

M

The correlation function Rz(r , X XFZ) between two leading

M *r1

protons and one massive lepton pair. (a) Plotted vs. x 1 for constant 1

F
and Xpo for different values of XM (b) Plotted as function of xFl for

XM = (0 and different values of + and XF o
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