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Abstract: New results on proton and antiproton rroduction in the
target and current fragmentation regions of high energy muon-
nucleon scattering are presented. Proton and antiproton
production is investigated as a function of Feynman x and
rapidity. No significant difference is observed between
production on hydrogen and deuterium targets. Correlations
between pp, PP and PP pairs are analysed and the results are
compared with the predictions of the Lund fragmentation
model .
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1 Introduction

Deep inelastic lepton-nucleon scattering is usually described
in the framework of the Quark Parton Model (QFM), where the
exchanged virtual photon interacts with one of the target nucleon
constituents resulting in a current jet due to the fragméntation
of the struck quark and a target jet containing the target @
remnants. So far this fragmentation of partons into hadrons has
been described only by phenomenological models such as the Field—
Feynman model [1], the Lund model [2] or QCD colour singlet

cluster fragméntation models [3].

Baryon production in charged lepton-niucleon scattering may stem
from two sources. Earlier experiments at relatively low energy’
found baryons originating directly from the target remnants (for a
summary see ref. {4]). At higher energies studies on deep
inelastic scattering by the EMC collaboration [5] and on the ete”
annihilation reaction at PETRA (6] and PEP [7] have shown that
additional baryons and antibaryons are produced in the fragmenta-
tion chain. In the present analysis proton and antiproton produc-
tion is observed both in the fragmentation of theé target remnant

system and in the fragmentation of the struck quark.

Of specific interest in the study of baryvon production is the
way 1in which digquark-antidigquark pairs can be produced in the
fragmentation chain. As a first attempt [8] the Lund model assumed
that diquark pairs are produced in a similar way to quark pairs,
but are suppressed by a factor related to the higher mass of the
digquarks. In a more recent version [9] a mechanism proposed by
Casher et al. [10] was introduced in order to describe the excess
of protons over antiprotons at high z = Eh/v and XBj observed 1n a

previous experiment of the EMC ([5].

The experiment, on which we report here, allowed the recon—
struction of hadrons 1n almost the entire solid angle in the
centre of mass system of the virtual photon and the target nucleon
(CMS) and the identification of protons and antiprotons over large
ranges of laboratory momentum. Results on the production of -
strange neutral baryons [11] and on charged baryons {12], the
latter being based on only part of the present statistics. have



already been published.

In this paper results on the production of protons and
antiprotons in deep inelastic muon scattering off hydrogen and
deuterium targets are presented. In particular, the single par-
ticle distributions in terms of the longitudinal hadron variables
are presented and a comparison is made of the fragmentation from
hydrogen and deuterium targets. This paper also presents the first
obervation in high energy deep inelastic scattering of proton-
proton, proton—-antiproton and antiproton—antiproton pair produc-
tion.

The results are compared with a recent version of the Lund
model (JETSET62) [13]. The two most relevant parameters for baryon
production in this model are:

pqq/Pq = 0.10 and

where qu/Pq igs the relative probability to produce a diquark pair
instead of a quark pair and pyp; determines the relative occurence
of baryon—antibaryon pairs with a meson in between in the
fragmentation chain. All other parameters in the program were set

to their default values.

In deep inelastic muon—nucleon scattering the event kinematics
are described by the four momenta k = (E,, p) and k' = (Ey«» PY)
of the incoming and scattered muon, p and p' forming the muon
scattering angle 6,. The four momentum squared of the exchanged
virtual photon is —Q? = (K — k')? and the energy transferred 1in
the laboratory system is v = E, — E,'. The Bjorken scaling
variable is defined as the ratio xgj; = Q* /2Mpv, where Mp is the
proton mass. The effective mass W of the hadronic final state is
given by W* = Mp2 - QF + ZMpv.

The longitudinal distributions of the final state hadrons are
described in terms of xp = 2p,/W (x-Feynman) and
Yems = %In[(E+p,)/(E-p,)] (rapidity), where p, is the momentum
component parallel to the virtual photon and E the energy in the



centre of mass system of the virtual photon and the target

nucleon.

2 Experimental Procedure

Since the apparatus [14] and the analysis procedure (12] are
described in former publications, we will only discuss here the
components essential for the present analysis. The data were taken
using the CERN SPS M2 ut beam at an incident muon energy of
280 GeV. The muons were scattered off a 1 m long target filled
with either ligquid hydrogen or deuterium. The target was sur-
rounded by a streamer chamber located in a superconducting magnet.
Outside the streamer chamber tracks were measured in proportional
chambers and drift tubes. Tracks with higher momenta were detected
in the forward spectrometer, consisting of a conventional magnet

and further proportional and drift chambers.

Proton identification was performed with a system consisting of
a time of flight hodoscope counter system (TOF), two Aerogel
Cerenkov counters (CA) and two gas Cerenkov counters (C0 - filled
with neopentane or freon, Cl1 — filled with nitrogen). all placed
in the vertex spectrometer. A large gas Cerenkov counter (C2)
filled with neon identified fast protons of momenta up to 80 GeV
in the forward spectrometer. In fig. la the momentum ranges, where
protons can be separated unambiguously from charged pions and
kaons are shown, together with the acceptances of the counters.
Nearly the entire momentum range from 600 MeV up to 80 Gev is
covered, except for a hole between 4 and 10 GeV. When the
laboratory momentum distribution is transformed into a CMS vari-
able such as xp the clear limits between the counters are smeared
out. A region of low acceptance remains, however, in the centre
as shown in fig. 1b. In general the different counters contribute
to the proton identification over the following intervals in Xp:
TOF: -0.9 to -0.2, CA: -0.3 to 0, €CO: -0.1 to 0.3, Cl: 0 to 0.7
and C2: 0.3 to 0.7.

Since tracks with momenta below 600 MeV in the laboratory
system could not reach the TOF counters, we applied a general
momentum cut of 600 MeV to the data and did not correct for losses



due to this cut. The same cut was applied to the Lund model in

order to obtain predictions comparable with the data.

For each TOF and Cerenkov counter traversed by a track, the
probabilities for the four mass hypotheses e, 7. K and p are
calculated according to the expected and the actually measured
signal. For tracks passing more than one counter the probabili-
ties for each mass hypothesis are multiplied. The selection of
protons and antiprotons is defined by cuts on these probabilities.
The cuts were determined by a Monte Carlo simulation of the
counters and adjusted in such a way that a reasonable number of
protons and antiprotons is achieved whilst the background of
misidentified pions and kaons is kept as small as possible [12].
Table 1 shows the numbers of protons and antiprotons obtained from
~ both targets.

A detailed Monte Carlo simulation of the experiment was used
to correct the data in particular for radiative effects, trigger
acceptance, acceptance losses and reconstruction efficiencies.
Monte Carlo events were generated according to the Lund model,
followed by a full simulation of detector responses, and then
processed in the same way as real events. We checked that smearing
effects in the measured variables due to the inaccuracy of the
apparatus are negligible. A global acceptance A(x) for a distri-
bution of protons or antiprotons in a given variable X was
calculated as the ratio of the distribution, where the background
was not included, obtained after the apparatus simulation to the
distribution obtained from the generated events. The acceptance,
shown in fig. 1 vs. laboratory momentum and xp, is dominated by
the limited momentum ranges for identification and the geometrical

acceptance of the TOF and Cerenkov counters.

The Monte Carlo program was also used to simulate the back-
ground in the proton and antiproton signal and to estimate the
background distributions, fp(x). Fig. 2 shows the ratios of the
background to the total proton and antiproton signals versus the
laboratory momentum and Xgp as found in the Monte Carlo simulation.
The background consists mainly of misidentified kaons and pions
originating from the main vertex and a small amount (< 5%) of
hadrons originating from secondary interactions. The former is



given by the product of the proba@&&i?g of misidentification times
the frequency of kaons and pions. The mass separation accuracy is
given for the TOF counters by the time resolution and in the . o
Cerenkov counters by their efficiency. The contribution from the
regions where the fraction of background is large to the total
proton and antiproton signal is, however, rather small. The
overall background to signal ratio in the data is estimated to be
0.23 (0.28) for protons and 0.26 (0.29) for antiprotons from the
Hy (Dy) target (table 1).

Finally, a measured distribution is corrected -according to the

formula .
fc(x)'= (fp(x) — £5(x)) / A(x)
where fc denotes the corrected data and fm the measured data.

The systematic errors on the normalisation stem mainly from
uncertainties in the acceptances of the different counters and in
the background rate. They were estimated from comparisons of the
data with the Monte Carlo apparatus simulation and found to be
approximately 0.2(1-R)A for the acceptance and 0.3fy for the
background. Thus the systematic error on the vield varies from
about 15% for protons identified in the TOF counters to about 25%
for protons identified in CA. The systematic error for the average

multiplicities 1s estimated to be 18%.

In order to restrict our data to kinematical regions where
radiative corrections and acceptance logses are small, the follow-
ing cuts in the event variables were used:

Q? > 4 GeV?

20 GeV < v < 260 GeV
16 GeV2 < W2 < 400 GeV?
V/E“ < 0.9

By > 20 GeV

eu > 0.5°

XBj > 0.02

The numbers of events surviving these cuts are 25047 for the

- iiif

1 a"w
FE
"



hydrogen and 20788 for the deuterium target. For the analysis of
proton correlations an upper limit in W2 of 460 GeV? was used to
increase the statistics, leaving 26413 and 22043 events on

hydrogen and deuterium respectively.

3 Single Particle Distributions

The normalised xp distributions for protons and antiprotons
from hydrogen and deuterium targets are shown, together with the
Lund model predictions, in fig. 3. In this figure, as in all the
subsequent figures and tables only the statistical errors are
shown. The proton distributions exhibit the expected dominance in
the backward hemisphere (xgp < 0), interpreted as the fragmentation
of the target remnants, but show also significant contribution in
the forward region (xg > 0). The antiproton distributions are
rather symmetric and fall below the proton distributions in the

forward hemisphere.

Within the gsvystematic errors quoted above, the data are, in
general, reasonably well described by the Lund model. However, the
model predicts a higher vield of protons from hydrogen than from
deuterium, especially in the backward hemisphere, whereas no
significant difference in the vield of protons between the two

targets is observed in the data.

Fig. 4 shows the rapidity distribution of the total proton
number NpﬂNﬁ, separately for four bins of Xgj - In order to gain
statistics, particularly in the current fragmentation region, the
data from both targets were combined. The predictions of the Lund
model are shown separately for each target, but agree well for
y > 0. The integral over the distributions in fig. 4, 1i.e.
<Np - N5>, is 0.395 + 0.014 (stat.) * 0.071 (syst.) and does not
show any significant xp; dependence.

A large peak at negative values of rapidity is observed in all
intervals of xpgj. corresponding to barvon production from the
remnants of the target nuclecon. The size of the peak is practi-
cally independent of xpgj, while its centre is shifted towards
higher values of y when xpj increases. Since higher values of xpj



correspond in general to lower values of W?, as indicated in

fig. 4, this effect can be understood as a conseguence of the
reduced rapidity range. In addition, a small surplus of protons
over antiprotons is observed also around vy = 1 in the higher XBj
bins (xgj » 0.033). Since in this region of Xgj the scattering is
predominantly off a valence gquark, the baryon is more likely to
contain the struck quark than the antibaryon and the total baryon
number is compensated by an antibaryon produced at a lower value
of rapidity. This effect vanishes for low XBj » where scattering is

predominantly off a sea quark.

The Lund model describes qualitatively the data in the current
fragmentation region, but predicts that the centre of the surplus
of protons is at a somewhat higher value of y than in the data.
The discrepancy discussed above in the proton vield (especially
for the hydrogen target) in the target fragmentation region turns
out to stem mainly from the two lower XBj bins. In addition, in
the model, the centre of the peak is shifted in all Xgj bins by
roughly one third of a unit in rapidity to lower values compared
to the data.

An excess of protons over antiprotons in the forward hemisphere
is also predicted by models, where, in a significant number of
events, the scattering is off a diquark rather than off a quark
(see e.g. ref. [15]). In this case one expects to find, on
average, less backward protons in events. where already a proton
in the forward hemisphere is observed, than in normal events. In

order to check this prediction, the ratio

F o= <np(y<-1)”a / <Np(y<-1)°B

of the average multiplicities of protons with a rapidity v ug < -1
for two classes of events was computed. Class A consists of the
events where a proton with a raridity v o > 0.5 was identified,
and class B consists of all accepted events (including those of
class A). The central v , o region is excluded here to obtain a
clear separation hetween the forward and backward hemisphere. The
ratio F i1s practically insensitive to the apparatus acceptance. In
the data, F is found to be 0.82 + 0.11 (0.88 % 0.16) for the Hyp
(D) target. The small deviation from unity can be understoocd by a



reduction of additional baryon—antibaryon pair production in the
fragmentation process, also in the backward hemisphere, when a
large fraction of the momentum is already taken away by a fast
proton. This effect is, with F = 0.95 + 0.02 (0.87 = 0.03), well
reproduced by the Lund model, which does not contain any special
diquark scattering mechanism. Thus the simplest version of such a

diquark model is not supported by the data.

4 Average Multiplicities

The increase of the average multiplicities of charged hadrons
with W is a well known phenomenon and has also been observed in
this experiment [16]. Fig. 5 shows, separately for each target,
the average multiplicities of backward (xg < 0) and forward
(xp > 0) going protons and antiprotons as a function of W. These
multiplicities were determined by integrating the xy distributions
over the intervals accessible to the measurement as shown in
fig. 3.

The multiplicities follow the same W dependence for both
targets., A rise with W can be seen for antiprotons in both
hemispheres and for forward going protons, whilst no clear W
dependence for protons in the backward hemisphere is observed. The
Lund model {(histogram in fig. &) reproduces well the W dependence
of the data, except that it predicts a small rise for backward
going protons. As already seen in fig. 3 and 4, the Lund model
predicts a higher yield of backward going protons from hydrogen
than from deuterium, an effect which is less pronounced in the
data.

Fig. 6 shows the ratio of average multiplicities of protons and
antiprotons from the deuterium to the hydrogen target as a
function of xgj. The ratio of the total cross sections for
scattering on neutrons to scattering on protons is strongly xgj
dependent [17], giving rise to the presumption that a difference
in the fragmentation might also show up as a function of xgj. The
data points in fig. 6 are consistent with one for protons in the
forward hemisphere. For backward going protons they are below one

for small XBj and rise up to one. For antiprotons the data points



are above one for small %xp3 and drop down to one at XBj = 0.2,
while the Lund model predicts a value of one for all values of

xBj'

3 Correlations

In this section we discuss first thHe global correlations in the
production of pp, pP and PP pairs and secondly investigate some

differential distributions of those pairs.

In contrast to the single particle acceptances, which'are
functions of the apparatus only, the acceptance for particle pairs
depends also on their correlations and cannot be evaluated without
further assumptions. To reduce this model influence the analysis
was restricted to those regions in laboratory momenta, where the
acceptance 1s reasonably good. Therefore all results presented in
this section were corrected only for acceptance losses inside this
momentum ranges (see fig. 1). For the comparisons with the Lund
model, identical cuts were then applied to the Monte Carlo.

The total number of identified pp, PP and PP combinations, as
found in the raw data, is given in table 2, together with the
corresponding number of background combinations as estimated from
the Monte Carlo simulation. As background we count those pairs,

where at least one of the particles is misidentified.

Table 3 contains the average pair multiplicities per event
together with the Lund model predictions. Since, in the data,
there i1s no significant difference in the results from the two
targets, except in the multiplicity of pp combinations, we also
give the combined values. We observe slightly more pP than pp
pairs in the data and a number of PP combinations more than an
order of magnitude smaller. Inside the kinematic restrictions
mentioned above, the Lund model predicts a higher vield of pP
pairs than is found in the data, but a lower multiplicity of PP

pairs.
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The correlation in the production of two particles (i, j) is
measured with the gquantity R, which is defined as

<{ns;i:>

1j
R -
<nj><nj>

for different particle types and as
<n{n-1}>
<n>2

if the particles i and j are of the same type. R is expected to be
one for uncorrelated production, to approach zero for anticorre-—
lated production and to be larger than one for the case of
correlated production, depending on the strength of the correla-

tion.

As can be seen from table 3, R is about 0.2 for pp pairs,
showing that additional protons are produced in the fragmentation
chain besides the protons from the target remnants. R for pP pairs
ig found to be slightly above one. One expects the production of
PP pairs to be correlated due to baryon number conservation, as
predicted by the Lund model and observed in ete™ annihilation
{18]. However, in muon-nucleon scattering the measured correlation
is strongly reduced due to the large number of combinations of
antiprotons with protons from the target remnants. For Pp pairs a
value of R compatible with one is found, whereas the Lund model
predicts an anticorrelation (R = 0.35). In the interpretation of
the differences between the data and the Lund model in the case of
pP and PP pairs, the kinematic restrictions of the particle

identification has to be borne in mind.

The differential distributions of pair production, e.g. in
rapidity, may provide more detailed information on how the



diquarks are formed in the fragmentation chain. For this analysis
again the data from both targets were combined in order to gain
statistics, but - for clarity - are compared only with the Lund
model predictions for a hydrogen target.

A sample of events was selected by requiring an antiproton in
the hadronic final state. In order to investigate any differences
in the proton distributions in these and average events, the ratio
of the rapidity distributions of protons for events with an
antiproton to the average of all events was constructed and is
shown in fig. 7. The acceptance correction for this ratio is
rather small. The correlation of the number of protons in the
forward hemisphere with the antiproton trigger is striking. On the
other hand, the majority of protons with v < 0 stem from the
target remants rather than from additional baryon production in
the fragmentation process, and thus no correlation is observed in
this region. The Lund model prediction, shown by the histogram in
fig. 7, describes this correlation well in both hemispheres.

In fig. 8 the distribution of the rapidity distance between two
protons or a proton and an antiproton is plotted. The rapidity
gap distribution is consistent with being flat for combinations of
two protons (Fig. 8a) as well as for pairs of a proton and an
antiproton (Fig. 8b), when the proton most likely originates from
the target remnant (yp < =1). This suggest that these particles
are produced independently in the fragmentation chain. On the
other hand, the rapidity gap distribution peaks at zero for pp
pairs with a forward proton (yp > 0.9) (Fig. 8c¢), indicating that
these particles are produced closely together in the fragmentation
chain. The average separation in rapidity is smaller than one unit
for these pairs while it is about two units for pp pairs or for pp
pairs with Yp < —1. The shapes of the rapidity gap distributions
and the mean rapidity gaps of the pP pairs are well reproduced by
the Lund model, indicating that the mechanism used to describe the
diquark generation is basically compatible with the data.
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6 Conclusions

Proton as well as antiproton production from both a hydrogen
and a deuterium target are found to show the same behaviour in the
xp distributions. This target independence is also true for the W
dependence of the average multiplicities. The multiplicities of
antiprotons and forward produced protons exhibit the same signifi-
cant rise with W. The Lund model is generally in agreement with
the data. However it predicts a somewhat higher yield of protons
from the hydrogen than from the deuterium target, an effect which
is less pronounced in the data.

The size of the observed anticorrelation in the production of
pp paire shows that the dominant source of protons are target
remnants but additional protons are produced in the fragmentation
chain. Less pp pairs are found in the data than predicted by the
Lund model. On the other hand, PP pair production 13 somewhat
underestimated in the Lund model.

The production of protons, in particular in the forward hemi-
sphere, is strongly correlated with antiproton production. For
yp » 0.5 pP pairs show a strong correlation in rapidity, which is
not observed for pp pairs or pp pairs with vy, < —1. The mechanism
of diguark production in the Lund model is compatible with the
experimental results.
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Table 1

Numbers of events, identified protons (p) and antiprotons (p) from
the Hy; and the D, target as found in the raw data. The numbers of
misidentified protons (BG(p)} and antiprotons (BG(P)) are
estimated from the Monte Carlo. For the background only the
statistical errors caused by the limited statistices in the Monte

Carlo simulation are quoted.

BG (B)

i

Events P _ BG (p)

H, 25047 3421 800 * 14 981 | 260+ 8

Dy 20788 2497 . 710 * 15 B29 | 239 x &
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Table 2

Numbers of identified pp, PP and PP pairs as found in the raw data
and number of falsely identified combinations (background) esti-
mated from Monte Carlo calculations.

Identified Background
Pairs Pairs

H, 164 77 + 4
PP

Dy 92 _ 50 + 3

H2 227 73 + 4
34 ‘

Dy 147 : 56 + 4

Hy - 20 6 £+ 1
PP

Doy 16 7+ 1




Table 3

Average multiplicities of pp, pP and PP combinations and R (as

defined in section 5) for the data and the Lund model prediction.

Note that the experimental values are only corrected for accept-

ance 1in the limited momentum ranges where protons can be identi-

fied. The same momentum cuts have been aprlied to the model

predictions. The statistical errors in the Lund model prediction

for pp and pP pairs are negligible.

<nj;> » 103 R
Data Lund Data Lund
Hy 35 5 42 0.232 = 0.036 0.238
PP D, 22 + 5 29 0.184 + 0.044 0.260
|combined| 29 + 4 0.212 = 0.028
Ho 37 £+ 4 69 1.14 + 0.12 1.69
pp Doy 40 + 6 59 1.11 = 0.17 l1.81
combined 38 + 3 1.13 = 0.10
Hy 2.0 £ 0.6 0.85 + 0.091 1.16 * 0.38 0.36 = 0.04
PP D, 2.1 + 1.0 0.80 + 0.15] 0.78 + 0.36 0.35 + 0.06
combined| 2.0 # 0.5_ 0.96 + 0.26
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Figure Captions

1)

2)

3)

4)

3)

6)

Acceptance of the detector for protons and antiprotons vs.
laboratory momentum (a) and vs. XF (b) .

Backaround to signal ratio for protons (full line} and
antiprotons (dashed line} wvs. laboratory momentum (a) and
vVS. Xp (b). Only the full line iz drawn in the regions where

the ratios for protons and antiprotons are the same.

xp distributions for protons (circles) and antiprotons
(triangles) from the Hy, (full symbols) and the D, target
{open symbols). The curves show the Lund model predictions
(full line: p from Hy, dashed: p from D,, dashed-dotted: p
from Hy/Dsy) .

Rapidity distribution of the total proton number Np—Nﬁ for
four xgj intervals: a) xpj < 0.035. b) 0.035 < xpg; < 0.1,

c) 0.1 £ Xpj < 0.2 and d) 0.2 < Xgj- The data from the H, and
the D, targets are combined. The curves show the Lund model
predictions (full line: H,, dashed line: D, target).

Average multiplicities from the Hp, (full circles) and the D,
target (open circles) vs. W for backward protons (a),
backward antiprotons (b), forward protons {(c) and forward
antiprotong (d). The histograms show the Lund model predic-
tions (full line: H, target, dashed line: D, target, full
line only where both are the same).

Ratios of the average multiplicities of backward protons (a},
forward protons (b) and antiprotons (c} from the H; to the D,
target vs. XBj - The Lund model predictions are shown by the
histograms.



7)

8)
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Ratio of the normalised rapidity distributions of protons
from events with an antiproton to all events. The data from
the Hy and the D, target are combined. The Lund model
prediction for a hydrogen target is shown by the histogram,
The data are. corrected only for acceptahce in the momentum
range where proton identification is possible (see fig. 1).
The same cuts are applied to the Lund model prediction.

Rapidity gap distributions for pp pairs (a), pP pairs with
Yp < =1 (b) and pP pairs with v, > 0.5 (c¢). The data from
both targets are combined. The Lund model predictions,
calculated for a hydrogen target, are shown by the histo-
grams. The data and the model are treated as-in fig. 7.
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