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Abstract

Correlations between charged hadrons are investigated in a 280 GeV
muon-proton scattering experiment. Although most of the observed par-
ticles are decay products it is shown that the correlations found originate
in the fragmentation process and are not due simply to resonance pro-
duction. Correlations are demonstrated between hadrons close in rapidity
with respect to their charges and to the directions of their momentum
components perpendicular to the virtual photon axis. Such short range
correlations are predicted by the standard hadronization models.
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1. Intreduction

This paper is devoted to a study of the correlations between hadrons
created in a deep inelastic muon-proton scattering experiment. Corre-
lation studies have a rather long tradition in pp physics whereas in ete”
annihilation and particularly in lepton-nucleon scattering they have not
played an important role up to now [1]. This is mainly due to the fact that
correlation studies require that final state particles are detected over a
large fraction of the phase space. In fixed target experiments this is usu-
ally only achieved in bubble or streamer chamber experiments.

The motivation for correlation studies stems mainly from the interest
in a detailed understanding of the hadronization process. In order to
describe this process in deep inelastic scattering it is generally assumed
that the energy denmsity in the space region between the scattered quark
and the remaining system increases to the point where the virtual quarks
and antiquarks from the vacuum polarization are combined to produce
real primary hadrons. Such a process, which is described schematically in
fig. 1, predicts short range correlations between certain quantities; for
example charge, strangeness, baryon number or transverse momentum of
neighbouring primary hadrons. The observation of these correlations
tends to be obscured by the decays of the primarily produced resonances.
Therefore care must be taken when interpreting the short range corre-
lations found in terms of local quantum pumber or momentum
compensation within the fragmentation process.

This paper deals specifically with charge and p, correlations. Other
correlation studies from this experiment have either already been pub-
lished [2] (backward-forward multiplicity correlation) or will be published
in subsequent papers (Bose-Einstein interference, global rapidity corre-
lation function, pP correlations and correlations between strange
particles).

2. The experiment

The data used in this analysis were taken in the muon-proton scatter-
ing experiment performed by the European Muon Collaboration using a 280
GeV beam of positive muons at CEEN. A detailed description of the appara-
tus and of the experimental method can be found in reference {3]. The
apparatus achieves an almost complete coverage of the solid angle for
hadrons with momentum larger than 200 MeV/c. Good particle identifica-
tion is achieved by means of several Cerenkov detectors with different gas
fillings and an array of time-of-flight counters. In order to restrict the
sample of events used in the analysis to kinernatical regions where the



corrections for acceptance, smearing effects from resolution and radiative
effects are relatively small (5 20%) the following cuts on the usual
kinematic quantities [2] were adopted:

Q% > 4 GeV? (-Q%: mass of the virtual photon squared)
40 GeVE < WP < 400 GeV® (total hadronic cms energy squared)

y < 0.9 (Y = V/Eheam)

E. > 20 GeV (energy of scattered muon

v < 260 GeV (v = Eveam-Ex') |

8, > 0.75° (muon scattering angle)

The number of events remaining after these cuts is about 21000.

All the data presented below have been corrected for the effects of
acceptance, the finite resolution of the apparatus and for.radiative effects.
The correction factors are calculated using a detailed Monte Carlo simu-
lation of the experiment as described in reference [4]. The resuits pre-
sented below refer to charged hadrons only. Only the statistical errors are
shown. The systematic errors will be discussed in the text.

3. Ordering of the hadrons

In order to study correlations between hadrons one has to choose an
appropriate variable in which the degree in neighbourhood between two
hadrons can be described. There exists, besides the azimuthal angle
around the direction of the virtual photon, two independent variables for
each hadron namely the components p, and p, of the momentum in the
hadronic centre-of-mass system parallel and transverse to the current
direction. Based on p,, p, and using E or E;,;, (these being the energy of
the hadron in the centre-of-mass or the laboratory system) the following
variables can be defined which are frequently used to describe hadron
production in lepton-nucleon scattering:

xp = 2py/W (Feynman variable)

y = 0.5-1og[(E+p1)/(E-py)]  (rapidity)

z = Ep/v . (energy fraction of hadron from quark)
A= pi/pL

One might expect that a merely longitudinal quantity such as the Feynman
variable xgy would be appropriate to study charge correlations. The
rapidity v is usually preferred in this context since in the centre-of-mass
system the hadrons are equally distributed in this variable, but in contrast
to xp it depends also on p;.



In order to differentiate between all these variables and to select the
optimum one a 'distance’ between two variables is defined in the following
way: the particles in each event are ordered according to a certain vari-
able and then re-ordered taking another variable. The number of permu-
tations necessary to convert one ordering into the other is taken as a
quantitative measure of the difference between the two orderings. By tak-
ing the average over all events the values listed in table 1 are obtained. In
addition to the already mentioned variables Xr, ¥, Z and A the effect of
random ordering was also investigated. From table 1 it can be seen that
there is little difference between y and A but some difference between X
and y (or A) is observed. From the fact that significantly different
orderings are obtained by using different variables the determination of
charge correlations can be expected to depend on the variable chosen to
order the hadrons. As discussed below the charge correlations observed
are largest in terms of the variable xr.

As shown in table 1 the orderings according to 2 and especially accord-
ing to p, and the random ordering are grossly different from those accord-
ing to y, A and xp. Since the latter three variables seem to be more
appropriate than z (which is not well suited to describe the target frag-
ments) and p; (being similar to random ordering) to describe the frag-
mentation process which is supposed to proceed along the photon
direction, these variables will not be considered further.

4. Charge correlation

Since neighbouring primary hadrons share a quark line the charges of
the mesons (if baryons are ignored) as one goes down the chain in fig. 1
will be a succession of values (qo-q1), (91-Gz), (42~Qa), ... Where q = 2/3 or
-1/3. One immediately notices that the charges alternate between 1 and
-1 no matter how many neutrals appear between charged hadrons. This
prediction about the charges of primary hadrons may no longer hold for
the observed hadrons because resonance decays can disturb the ordering.
Furthermore, the ordering implied by the chain fragmentation picture of
fig. 1 does not necessarily mean that the primary particles have this order
in any longitudinal variable although such a correlation is expected on
average [5]. However we will see later that, although most observed
charged hadrons are decay products, some remnant of the charge corre-
lation of the primary hadrons can be observed.



4.1 Random charge model

The overall charge per event in conjunction with a finite hadron multi-
plicity will produce charge correlations. To calculate the influence of this
constraint on charge correlations one needs to know the probability of
randomly picking up a pair of particles with different charges from an
event with total charge Q@ and charged multiplicity N (ignoring neutral
hadrons). This probability is given by

N2 - Q2
Pair = & (1)

N-(N-1)

In order to estimate the influence of charge conservation on the exper-
imentally observed charge correlations the following procedure was
adopted: a sample of events generated by the Lund Monte Carlo model [6]
was selected applying the same criteria (cuts on kinematic variables and
minimum multiplicity of charged hadrons) as for the data. From each of
these Monte Carlo events the charged hadron multiplicity was taken to
calculate pair (equation(l1)). By averaging pair over the chosen sample of
Monte Carlo events the random value of the fraction of unlike charged
pairs among all possible hadron pairs is obtained. This will be referred to
as the random charge model (RCM) value. Any 'mon-trivial' correlations
are expected to appear as a departure of the experimental results from
the corresponding RCM values.

4.2 Results on charge correlations

In the subsequent analysis all charged particles of an event are ordered
according to a certain variable. Using the definition of the degree in
neighbourhood depicted schematically in fig. 2 the ratio of the number of
pairs of a given degree in neighbourhood with different charges divided by
the total number of pairs of the same degree in neighbourhood is calcu-
lated for each event. By taking the average of this ratio over all events
the values of R, (n denotes the degree in neighbourhood) as presented in
figures 3 to 7 are obtained. The systematic errors on the values of R, are
due to the uncertainties in the determination of the charged hadron mul-
tiplicity and the total charge per event. Their absolute values are less
than 0.01.

In fig. 3, R;, the probability that hadrons which are adjacent in xr have
opposite charges, is shown as a function of W2 It can be seen that R,
decreases with increasing W2 but the RCM value follows the same trend.
This decrease is due to the increasing hadron multiplicity at higher W? [2],



which leads to a weaker influence of the overall charge conservation on R;.
The difference between the experimental and RCM values is almost inde-
pendent of W2. From this it can be concluded that the observed charge
correlation is of a short range nature since the net effect is independent
of the total energy of the event and therefore also of the mean hadronic
multiplicity. Furthermore it is found in this experiment (not shown here)
that R,(data) - pair (see equation (1)) does not depend on the multiplicity.

For comparison, the results on {-Q1-Qz) obtained by the Pluto collab-
oration [7] have been transformed by the relation (-Q;-Qz)=RR;~1 and are
also presented in fig. 3. They confirm, at high W% the observations made
by this experiment at lower W2. One should note however that the exper-
imental data of the Pluto collaboration are not corrected for inefficiencies
of the apparatus, in contrast to the data presented in this paper.

In fig. 4 the values of Ry for the data and for the random charge model
taking xp to order the hadrons are shown as a function of the degree in
neighbourhood, integrated over the complete range of W2. As already seen
in fig. 3, R; for the data lies well above the RCM value whereas at high
degrees in neighbourhood the experimental values of R, are systematically
below the corresponding values from the random charge model. This
effect can be understood in terms of a long range charge correlation. It
has been observed in this experiment [4] that the charge is not uniformly
distributed between the forward and the backward regions. Since at high
degrees in neighbourhood the hadrons of a pair will most probably come
from different hemispheres the positive net charge observed in either
hemisphere will lead to a long range anticorrelation between charges. This
is confirmed by the results shown in fig. 5 which are obtained by omitling
pairs of hadrons belonging to different hemispheres. Almost no discrep-
ancy between the data and the random charge model then remains at high
degrees in neighbourhood. A similar conclusion was drawn from studies of
the long range charge compensation probability in e*e~ annihilation [8].
Both findings support the idea that the partons involved in the basic scat-
tering or annihilation process are charged.

Figures 4 and 5 do not show any oscillation of the values of R, for the
data around the corresponding values for the random charge model as one
would expect if only primarily produced particles were observed. In this
case pairs of odd (even) degree in neighbourhood would: have a higher
(lower) probability of having different charges than in the random charge
model. Of course the reason for not observing such oscillations is that the
decays of unmstable primary hadrons confuse the charge correlations
between primaries. In order to find some remnant of the primary corre-
lation one must look at Rs, because a value of this quantity lower than the
corresponding value in the random charge model is uniquely due to pri-



mary correlations and cannot be produced by decays, as is the case for R,.
For this reason Rz is a more sensitive quantity than R, for looking at
charge correlations between primaries.

In order to see such an effect a sample of pairs predominantly made up
from primary particles must be selected. A guide as to how to achieve this
enrichment may be obtained from the Lund Monte Carlo model [8]. In this
model most particles in the central region are decay products. At high
values of Ixpl the primary particles dominate. A further enrichment can be
obtained by requiring a certain minimum difference between the values of
the variable used to order the hadrons. It can be demonstrated by Monte
Carlo simulation that, by requiring a larger separation between the parti-
cles of a pair, primary pairs are selected with increasing probability. This
behaviour is not surprising since the decay products will tend to stay near
to each other in xy.

Thus the Lund Monte Carlo predicts that the charge correlation effect
in Rz which is defined as

Cz = - [ Re(Data) - Rz(RCM) ], (2)

will increase as both the width of the excluded central gap and the cut on
the minimum separation required between the particles forming the pairs
are increased. The results obtained when using these criteria are shown in
fig. 6, where R, is presented for the data and the random charge model,
using xr to order the hadrons in the events. Long range correlations are
avoided by excluding pairs of hadrons from different hemispheres. A sep-
aration in xy larger than 0.10 is demanded and the width of the excluded
central xy region is 0.16. In this figure a slight indication of the expected
oscillation of the value of R, for the data around the corresponding value
for the random charge model can be seen (at least for R; and R;). This
effect gets weaker if the cuts mentioned above are not applied and is not
observed for any other variable than xp.

In order to investigate the charge correlations of hadrons going for-
ward in the hadronic centre-of-mass system, data from a previous stage
of this experiment [9] have been combined with the data presented here.
This allows a study of charge correlations in the forward region with high-
er statistical precision. The investigation is limited now to the leading pair
of hadrons of first degree in neighbourhood. Leading means that the pair
is made out of the two charged hadrons with the highest xp. Furthermore
it is also required that each hadron of the pair has xy>0.1. Using this
stronger charge correlations are expected as the leading pairs at high val-
ues of xy should be less sensitive to resonance decays (see also the
discussion in connection with fig. 6). This behaviour is in fact observed as



demonstrated in fig. 7 where the value of R; for the leading pair is plotted
as a function of the sum xp+xrz. The data agree very well with the predic-~
tion of the standard Lund Monte Carlo (solid line) but deviate significantly
from the prediction obtained if the charge ordering is taken at random
(dashed line). Resonance decays diminish (but do not destroy) the short
range charge correlation at low Xy +Xpe as can be seen in fig. 7 from the
difference between the prediction of the standard Lund model (solid line)
and of the Lund model without resonance decays (dot-dashed line). At
high xpi+Xpz resonance decays have little effect.

5. Correlations in p;

In hadronization models of the type sketched in fig. 1, primary first
degree neighbours will share a common quark (or diquark) line. The
quark-antiquark pair associated with this line will have equal and opposite
momentum transverse to a direction which is approximately the current
direction. Neighbouring hadrons are therefore expected to have trans-—
verse momenta of preferentially opposite direction. This corresponds to a
difference of 7 in the azimuthal angle ¢ with respect to the photon direc-
tion.

It is well known from investigations in e*e” anmihilation and
hadron-hadron reactions [1], and from preliminary studies of this exper-
iment [10], that short range correlations in rapidity exist with a corre-
lation length of about two units of rapidity. Therefore, in order to select
preferentially pairs of hadrons which share one quark line, only pairs of
particles separated by less than one unit of rapidity are considered.

[t was shown in the first part of this paper that two charged
neighbouring hadrons tend to have opposite charges. So, in order to
enrich the sample of pairs of hadrons sharing a quark line even further,
pairs of oppositely charged hadrons are selected. Primary charged
mesons with the same charge cannot share the same quark line. A com-
parison between the distributions of A¢ for oppositely and equally charged
pairs with I|Ayl<l should thus show an enhancement near Ag=n for
oppositely charged hadrens over that for pairs of equal charges.

In the following discussion one has to keep in mind that, due to sys-
tematic errors in the determination of the corrections for track losses and
contaminations, the slopes of the experimental Ap distributions are uncer-
tain within +5% [11]. This estimate was obtained by varying the quality
criteria for accepting tracks within reasonable limits.



Figures 8a and 8b show the distributions (normalized to 1) of Ay for
pairs satisfying IAyl<1; fig. Ba presents unlike sign pairs and fig. 8b like
sign pairs. In the latter case a cut on IP;~P.l of greater than 200 MeV/c in
the cms is applied in order to suppress the contributions from the
Bose-Einstein correlation [12], which is not incorporated in the model cal-
culations also shown in the same figure. The experimental distributions in
figures 8a and 8b show similar trends, but the data rise less steeply for
like sign charges. This conclusion holds in spite of the fact that the sup-
pression of the Bose-Einstein effect increases the slope of the distribution,
since the cut mentioned above preferentially removes pairs with Ag near 0.
The observed difference in behaviour is just as expected from local P
compensation as discussed in the preceding paragraph. This effect is
somewhat more pronounced in the data than that predicted by the Lund
model (solid lines).

The slope of the experimental distribution shown in fig. 8a (unlike
charges, IAyl<1l) is steeper than that in fig. 8¢ (unlike charges, |Ayl>1)
which is again steeper than that in fig. 8d (equal charges, lAyl>1). This
observation can be explained by the stepwise suppression of local corre-
lations in p, when going from fig. 8a via fig. 8¢ to fig. 8d. However, this
interpretation is, like in the case of the comparison between figures 8a
and 8b, not unambiguous since the influences from other sources of corre-
lations in p, are also affected by using different Ay cuts and charge
combinations. To clarify the situation model calculations are necessary.

In fig. 8 the predictions of a randomized p, model (dashed lines) are
also included. This model is based on the Lund model but the directions of
the particles perpendicular to the virtual photon direction are randomized
in the following way: In the first step the azimuthal angles ¢ of the
hadrons are chosen randomly from a flat distribution, keeping xr and the
absolute value of p, fixed. After this } B, will in general no longer be zero.
Therefore, in order to restore momentum conservation, in the next step
the resultant vector for the p, imbalance is distributed among the
hadrons proportional to the p, of each particle. Thereafter energy conser-
vation is checked and if it is violated by more than 6% of the total
hadronic energy or by more than 350 MeV the procedure is restarted at the
first step. '

The effects which may influence the shape of the Ag distributions are
the momentum balance due to soft gluon emission [9], ¢ asymmetry [13],
vector meson decays and global momentum conservation. Among these
effects momentum conservation turns out to be of greatest importance.
This is demonstrated in fig. 8d, where all short range correlations are sup-
pressed by demanding pairs of equally charged hadrons which are
separated by more than one unit in rapidity. In fig. 8d the data points and
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the predictions of the random p, model agree well with each other, both
showing a strong increase towards Ag¢=7. Randomizing ¢ only {step 1 in
the procedure outlined above) without demanding momentum conserva-
tion would lead to a completely flat A¢ distribution in contradiction to the
data.

Suppression of soft gluon emission and the ¢ asymmetry in the Lund
model has no significant influence on the predicted curves. Only different
assumptions for the ratio of vector to pseudoscalar meson production lead
to significantly different predictions, but with somewhat poorer agreement
with the data [11] than the result of the standard Lund model shown in
fig. 8. Choosing different values of the vector to pseudoscalar meson pro-
duction ratio in the random p, model leads to the same relative changes
of the predicted curves as for the Lund model and does not result in a bet-
ter agreement with the data. From this it can be concluded that the
shape of the experimental Ag¢ distribution cannot be explained by vector
meson decays alone in the absence of local p, compensation. Furthermore
a measurement of the ratio of p%/7n° in this experiment [14] is consistent
with equal production of primary vector and pseudoscalar particles which
is assumed in the standard Lund and random p; model shown in fig. 8.

To summarize, the previous discussion has demonstrated that the data
provide some evidence for short range p, correlations. Although the dif-
ferences between the data and the model curves in figures Ba and 8b are
not large they are, nevertheless, significant. These differences are based
on the well determined slopes of the experimental distributions and model
predictions. From comparing the different slopes it can also be concluded
that the random p, model is not adequate to describe the data. On the
other hand the standard Lund model which incorporates short range p;
correlations gives a clearly better representation of the experimental
results.

6. Summary

Correlations between the charges and the directions of the transverse
momenta of hadrons which are close in rapidity (or xy) have been
observed in deep inelastic muon-proton scattering. It has been shown by
comparing with various models (Lund model with different parameter set-
tings, random charge model and random p, model) that these short range
correlations are not simply due to the effects of charge or momentum
conservation or vector meson decays. Thus the results presented give
confidence in the picture that the hadronization process may well be
described by chain or string fragmentation models.

11



Acknowledgements

We would like to thank all the people in the various laboratories who
have contributed to the construction, operation and analysis of this exper-
iment. The support of the CERN staff in operating the SPS, muon beam
and computer facilities is gratefully acknowledged. One of us (A. diT.)
wishes to thank DESY for financial support during the preparation of this

paper.

12



References

[1]

(2]
[3]
[4]
(5]
6]
[7]
6]
[8]
[10]

[11)

[12]

[13]

[14]

W. Koch, Proceedings of the XIII International Symposium on Multi-
particle Dynamics, Volendam, 1982, p. 534.

EMC, M. Arnleodo et al., Nucl. Phys. B258 (1885) 249.

EMC, J. P. Albanese et al., Nucl. Instr. and Meth. 212 (1983) 111,
EMC, J. P. Albanese et al., Phys. Lett. 144B (1984) 302.

R. D. Field and R. P. Feynman, Phys. Rev. D15 (1977) 2590.

B. Andersson et al., Phys. Rep. 97 (1983) 31.

Pluto Collaboration, Ch. Berger et al., Nucl. Phys. B214 (1983) 189.
Tasso Collaboration, R. Brandelik et al., Phys. Lett. 100B (1981) 357.
EMC, J. J. Aubert et al., Phys. Lett. 119B (1982) 233.

J. Kriiger, Ph. D. Thesis, University of Wuppertal, preprint WU B-DI
85-4 (May 1985). '

‘K. Long, Ph. D. Thesis, University of Oxford, preprint RAL T 001 (No~

vember 1984).

EMC, The Bose-Einstein correlations in deep inelastic up interactions
at 280 GeV, to be published.

EMC, J. J. Aubert et al., Phys. Lett. 130B (1983) 118.

EMC, J. J. Aubert et al., Phys. Lett. 133B (1983) 370.

13



Table 1:

Xy y A Z
y 1.94 0
A 2.70 0.82 0
Z 3.08 3.29 3.34 0
p1 10.8 11.1 11.1 8.34
random| 11.2 11.2 11.2 11.2

Average number of permutations necessary to convert the order-
ing according to one variable into the ordering according to

another variable.
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Figure captions

Fig. 1: Diagram of the fragmentation process in deep inelastic muon-pro-

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

ton scattering.
Definition of the degree in neighbourhood.

Fraction of oppositely charged pairs adjacent in xy as a function of
W2. The data (circles) are compared to the random charge model
(squares). The full symbols refer to this experiment, the open
symbols to results from the Pluto collaboration [7].

Fraction of oppositely charged pairs as a function of the degree in
neighbourhood. The data (circles) are compared to the random
charge model (squares). The hadrons are ordered according to xp.

Fraction of oppositely charged pairs as a function of the degree in
neighbourhood. Pairs of hadrons from different hemispheres are
excluded. The data (circles) are compared to the random charge
model (squares). The hadrons are ordered according to Xp.

Fraction of oppositely charged pairs as a function of the degree in
neighbourhood. Pairs of hadrons from different hemispheres are
excluded and for all hadrons Ixpl>0.08 is required. The separation
of the hadrons in Xy is greater than 0.10. The data (circles) are
compared to the random charge model (squares). The hadrons are
ordered according to Xy.

Fraction of oppositely charged leading pairs of hadrons adjacent in
xp as a function of Xpi+Xps (X1, Xpe>0.1). For comparison the pred-
ictions from the standard Lund Monte Carlo model (solid line), the
Lund model with random charge ordering (dashed line) and the
Lund model without resonance decays (dot-dashed line) are also
shown.

Normalized distribution of Ag for (a,c) oppositely and (b,d) equally
charged pairs of hadrons with 1Ayl < 1 (a,b) and with 1Ayl > 1 (e,d).
The predictions of the Lund model (solid lines) and of the random-
ized p, model (dashed lines} are also shown.
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