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Fast forward particles photoproduced in 20-GeV interactions on a hydrogen target are shown to be
preferentially positive, the asymmetry increasing with transverse momentum and Feynman x. Evi-
dence is given that this effect is not due to forward-going target fragments. A model in which pro-
duction from the photon of a forward-going spectator u is preferred over a @, due to a higher proba-
bility for interactions of antiquarks with the proton constituents, is shown to be qualitatively con-

sistent with the data.

INTRODUCTION

We study the forward-going charge balance (positive or
negative charge excess) in inclusive photon-proton interac-
tions. We observe a positive excess. The effect increases
with increasing Feynman x (xp) and transverse momen-
tum (p,), suggesting that outgoing target fragments are not
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responsible. No instrumental or other biases which could
explain this asymmetry were found.

Soft hadronic (p, <1 GeV/c) reactions can be under-
stood qualitatively in the light of simple quark-quark or
quark-antiquark collisions without the need for more
complex diagrams. For example, Ochs! has shown that
forward-going pions in pp collisions have a momentum
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distribution similar to that of u quarks in the proton. In
his model the pions are formed from ‘‘spectator” quarks
(those quarks not directly involved in the interaction)
from the beam proton. The quarks dress without
significantly modifying their original momentum. This
model is complicated by the production of resonances and
kinematic effects. However, the relative excess of positive
or negative charge should not be sensitive to such effects.
The charge balance in the forward region should depend
only on the nature of the spectator quark(s).

The photon couples symmetrically to a quark-antiquark
pair? which means that all kinematic distributions are the
same for the quark as for the antiquark. Exact charge
balance is therefore expected in the beam (photon) frag-
mentation region unless there are differences in the quark
and antiquark interaction probabilities for collisions with
target constituents. We present a model which qualita-
tively explains the observed charge imbalance in terms of
such differences.

EXPERIMENTAL DETAILS

The data were taken with the SLAC Hybrid Facility.
A linearly polarized photon beam with energy peaked at
20 GeV and a full width at half maximum of 2 GeV was
incident on the SLAC 1-m bubble chamber filled with hy-
drogen. Downstream of the bubble chamber three sta-
tions of proportional wire chambers (PWC’s), consisting
of three planes each, improved the momentum determina-
tion for most charged tracks. Some identification of fast
tracks (above 3.1 GeV) was made possible by the presence
of two threshold Cherenkov counters, behind which was
located a lead-glass wall which gave information on neu-
tral particles and some charged particles. The down-
stream detectors were made insensitive around the plane
containing the beam and the e et pairs produced by
photon conversions. For more details see Refs. 3-7.

Evidence either of a track in the PWC’s extrapolating
back to the bubble-chamber fiducial volume or of a parti-
cle depositing energy in the lead-glass wall was used to
trigger the flash lamps. This gave an overall acceptance of
88+3% of the hadronic cross section. The most impor-
tant trigger losses are for events whose only forward-going
particles occur at production angles such that they pass
through the insensitive region in the downstream systems.

RESULTS

The average charge (Q) is defined by

N,-N_
<Q>:N++N_ ’

where N, is the number of positive tracks and N _ is the
number of negative tracks. We use (Q), rather than the
ratio N, /N _, because its physical interpretation is
straightforward and because its distribution will approach
a Gaussian at a reasonable level of statistics, so that the
errors are well understood. Early papers on this subject
used a variable related to the integral charge difference.®
Table I is included to allow people who wish to compare
our data with other data using a different variable to do so

TABLE 1. Number of tracks with p, > 0.7 GeV/c contribut-
ing to each xr bin.

Number of Number of Number of

XF positive tracks negative tracks events
0.0-0.1 5978 3750 7886
0.1-0.2 5232 3772 7893
0.2-0.3 4222 3396 7148
0.3-0.4 3283 2544 5645
0.4-0.5 2513 1848 4330
0.5-0.6 1793 1261 3052
0.6-0.7 1258 897 2153
0.7-0.8 756 478 1234
0.8-0.9 319 200 519
0.9-1.0 101 72 173

more easily. The inclusive (Q) distribution is plotted as
a function of particle laboratory momentum (which is
measured independent of particle type because of the
negligible mass dependence of energy loss) in Fig. 1. The
strongly positive excess in the target-fragmentation region
decreases rapidly with momentum and reaches a constant
average charge of about 0.1 by 5 GeV.

Figure 2(a) shows the average charge as a function of
xF=2p£1 /V's, where Vs is taken to be a fixed value (6.2
GeV/c”) independent of the event topology and p, is mea-
sured in the c.m. frame. All particles are assumed to be
pions. In the forward region about 8% of all tracks are
kaons but the 7/K mass difference has a negligible effect
on xp for xz>0.1. The proton contamination dies out
rapidly with increasing positive xr; its decreasing effect
can be seen in the first few bins. No misidentified proton
with a true xp <0.0 will contribute to the plot above
xp=0.3. In Fig. 2(b) we repeat Fig. 2(a) restricting the
sample to tracks with transverse momentum p,>0.7
GeV/c (open squares) and p, <0.7 GeV/c (closed circles).
The high-p, data show a distinct rise with xz. The charge
asymmetry seen in Fig. 2(b) is clearly most strongly asso-
ciated with high-transverse-momentum tracks.

We have searched for possible charge-dependent biases
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FIG. 1. The average charge (Q) as a function of particle lab-
oratory momentum for all tracks.
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in our trigger or our scanning, measuring, or reconstruc-
tion systems.

(i) The diffractive p° events provide a sample of forward
particles which are well understood. The Soding® model
has had much success in describing the reaction
yp—7tmr~p and it includes the effect of interference
terms which could cause asymmetries. A Monte Carlo
calculation based on this model predicts a {Q) value con-
sistent with zero, i.e., that the diffractive po’s will decay
symmetrically, a conclusion supported by earlier data.!”
In Fig. 3 we have plotted the #+ 7~ invariant mass for all
identified yp —7+tm p events showing the mass cut we
used to define a p°. Figure 4 shows (Q) for the events
which contain a p°, compared with the full data and the
Monte Carlo calculation. We restrict the sample to tracks
with p, >0.5 GeV/c (a lower cut than above in order to
ensure adequate statistics) and we observe that the average
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FIG. 2. Average charge plots. (a) The average charge (Q) as
a function of Feynman x for all tracks. For this and all subse-
quent figures, all tracks measured at x > 1 (which can occur due
to measurement error or the beam spread) are included in the
bin 0.9 to 1.0. (b) The average charge (Q) as a function of
Feynman x for all tracks with p, <0.7 GeV/c (closed circles)
and for all tracks with p, >0.7 GeV/c (open squares). The
Monte Carlo prediction is based on the annihilation model dis-
cussed in the text.
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FIG. 3. The invariant mass of all identified yp—w*7 p
events. The arrows indicate the mass cut used for extracting the
¥p—>pp events.

charge for the yp—m71 7 p events is consistent with zero
as the Monte Carlo calculation predicts.

(i) A check for specific trigger biases was made by
studying the events with a PWC trigger (77% of the
data), and those giving a lead-glass-wall trigger (81% of
the data) separately. The PWC trigger responds to
charged particles only and the lead-glass-wall trigger
responds to both neutral and charged particles. About
60% of all events cause both types of trigger. Figure 5
shows the charge asymmetry for these two subsets; no
difference is seen between them. Similar conclusions are
found from a study of events giving only a single type of
trigger (not shown). Finally, a subset of the data, taken
every fiftieth frame untriggered, is in agreement with the
triggered data.

We conclude that there is no evidence for a trigger or
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FIG. 4. The average charge {Q) as a function of Feynman x
for tracks with p, > 0.5 for all identified yp—pp events (closed
circles), and for all events (open squares). The Monte Carlo re-
sult uses the Soding model to predict the asymmetry for p
events.
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FIG. 5. The average charge {Q) as a function of Feynman x
for all tracks with p, >0.7 GeV/c, for events which give a PWC
trigger (closed circles) and for events which give a lead-glass
trigger (open squares).

other experimental bias which would cause the charge
asymmetry we observe.

Strange-particle production was investigated as a source
of the asymmetry. There is a K ¥ /K ~ production asym-
metry, due to the fact that the associated production of
K™ and a strange baryon (predominantly A’s and 2’s) is
enhanced (by a factor of 30 in our experiment)'! relative
to K~ and a strange antibaryon. The fraction of events
with a A has been measured to be about 5% in this exper-
iment and the fraction of =% per event is found to be
about 1%. Therefore, it would be necessary for the
charge asymmetry to be very large in strange-particle
events containing A or X, to account for the size of the
effect we see in the full data. In Fig. 6 we show the data
for events containing a visible sign of strangeness (kink or
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FIG. 6. The average charge {Q) as a function of Feynman x
for all tracks with p, >0.7 GeV/c for events with a visible
strange-particle topology (closed circles) and for all events (open
squares).

V9. About 50% of these are due to kaon production,
about 25% to A production, and about 5% to £ produc-
tion. These events therefore contain a greatly enriched
sample of A and X particles but do not lie enough above
the full data to explain the effect. Further, removing
events with visible strange-particle decays does not appre-
ciably change the overall asymmetry. Therefore, strange-
ness production is not sufficient to explain the observed
charge asymmetry.

COMPARISON WITH OTHER DATA

In deep-inelastic muon-proton scattering at 280 GeV/c,
the European Muon Collaboration!? (EMC) has measured
a charge-asymmetry effect similar to ours. Plotting the
net charge as a function of rapidity measured along the
current direction, they observe a dip around a c.m. rapidi-
ty of 0.0, with a rise toward a net positive charge in the
target-fragmentation direction and a smaller rise in the
forward direction. They thus observe a clean separation
between current and target-fragmentation regions. The
data also show a rise with Bjorken x (xp;) of the net
charge in the current fragmentation region. These data
are consistent with a model [Fig. 7(a)] in which the ex-
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FIG. 7. Scattering diagrams. (a) Muon scattering via virtual-
photon exchange. (b) t-channel scattering of electrons and/or
positrons in QED and the same for quark (antiquark) scattering
in QCD. (c) Annihilation diagram for e e = scattering in QED
and the same for quark-antiquark scattering in QCD. This
channel is only open for like-flavor quark-antiquark pairs. (d)
yp inclusive scattering with production of spectator quarks,
showing like-flavor quark-antiquark scattering, which is favored
over all other quark-antiquark and quark-quark scattering. Pho-
ton dissociation to ui is four times more likely than dissociation
to dd and there are 2 u quarks to one d in the proton. The net
effect is an enhanced probability of forward u spectators.
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changed photon interacts as a pointlike particle with the
proton constituent quarks, with probability proportional
to eq2 (where e, is the charge of the struck quark). Clear-
ly, interactions with the u quark dominate, and these au-
thors are able to account for the net positive charge in the
forward direction as due to an approximate preservation
of the charge of the struck quark, impelled forward.

Our experiment differs in that a real photon (Q%?=0) is
incident. In the muoproduction data, the Q2 is restricted
to values above 4.0 GeV2. For high Q2, the photon is
thought to behave as a pointlike particle, and to interact
with target quarks through a direct electromagnetic cou-
pling. The direct coupling of a real photon to a quark
(the quark Compton effect) which would favor u-quark
scattering is too small at our energies to explain the effect
(less than 10 nb compared to a total cross section of 120
ub). For real photons, the vector-dominance model is
known to account for at least 80% of the cross section.’
In this model the photon is considered to dissociate elec-
tromagnetically into virtual charged particles, presumably
quarks, which then interact. This system has actual spa-
tial extent, and diagrams for real photon interactions in-
volve the strong interaction between the constituents of
the photon and of the target.

DISCUSSION

Buschbeck et al.'* have had considerable success in ac-
counting for certain features of hadronic interactions with
diagrams in which the annihilation of like-flavor quark-
antiquark pairs enhances their interaction probability.
Analogous to QED electron-positron scattering, all flavors
of quarks may scatter by the z-channel exchange of a
gluon [Fig. 7(b)], but only like-flavor quark-antiquark
pairs have the annihilation diagram [Fig. 7(c)] open to
them.

The annihilation mechanism is responsible, to first or-
der, for the fact that the pp cross section exceeds the pp
cross section up to beam energies at least as high as 50
GeV. It is also a possible mechanism for K; -Ks regen-
eration, since the K ° contains a d which can annihilate,
unlike the K° In terms of g-¢ or g-7 c.m. energies, 50
GeV of beam energy in pp scattering corresponds to a typ-
ical V's of roughly 3 or 4 GeV. Such a mechanism may
explain our results [Fig. 7(d)]. Our total c.m. energy is
only V's =6.2 GeV, and so the c.m. energy of any in-
teracting partons will be low enough to be within the re-
gion of annihilation enhancement. After the photon dis-
sociation into a gq pair the g interacts with a larger proba-
bility than the g because of the annihilation channel, leav-
ing the spectator g to be emitted forward more often and
to dress itself into the observed forward hadrons. The
probability that this spectator is a u rather than a d is
enhanced because (a) the photon coupling to the u# con-
tributes a factor of 4 in the intensity relative to the dd
coupling and (b) a further factor of 2 comes from the two
u quarks in the proton, either of which can annihilate.
Sea gg pairs from the proton contribute only a charge-
symmetric background; the sea pairs from the photon add
a small amount of asymmetry. We therefore expect to ob-
serve more positive than negative charge in the far for-
ward region, on average. Charged resonance production

should reflect this same asymmetry, and thus contribute
only to a smearing of the final-state particles’ xy distribu-
tions.

We have developed a simple Monte Carlo model based
on this idea." In our Monte Carlo model we choose a
valence photon quark and a valence proton quark. We
model the interactions of these quarks after pp and pp to-
tal cross sections; the probability for unlike flavors of
quark-antiquark scattering or any flavors of quark-quark
scattering is determined by the total pp cross section, and
the probability for like flavors of quark-antiquark scatter-
ing is determined by the total pp cross section. Energy
dependence is built into our Monte Carlo simulation be-
cause the pp and pp cross sections depend on V's. The re-
sulting forward meson spectrum is formed by the “specta-
tor” or noninteracting quark from the beam photon, and
the meson formed by this quark is assumed (as in recom-
bination models) to have the same x distribution as the
parent quark.

The x dependences of the valence proton quarks were
generated according to the following phenomenological
structure functions: !

GP(x)=1.79(142.3x)(1—x)*/V(x) ,

GR(x)=1.11—x)*1/V(x) .

It is less clear how to choose the photon structure func-
tion. Guided by generalized vector-meson dominance we
may assume the photon structure function is similar to
that of a meson, in which case G, ., (x)=(1—x)/Vx,
but the quarks in the photon may be concentrated at
lower x than in the pion. Several different photon struc-
ture functions of the form G, .,=(1—x)"/Vx, were
tried to examine the effect they have on the (Q) calcula-
tion in the Monte Carlo simulation. It was found that the
form of the photon structure function does not
significantly alter the result. Intuitively this is because we
have chosen the same structure function for both u# and
dd production. This cancels out any relative differences
in ‘“‘spectator” quark production as a function of x. The
only difference in magnitude arises from the charge
squared coupling which is independent of x and p,.

The value we choose for the average charge of the
meson formed by the spectator photon quark does affect
the results of the Monte Carlo simulation. We have re-
peated the calculation using two different assumptions for
this parameter: first that the average charge of the meson
is =1 and second that it is the same as the charge of the
spectator quark. The latter choice implies that on the
average, the quark dresses itself without changing the
overall charge in the photon fragmentation region. Since
the fast recombining valence quark requires a sea-
quark-antiquark loop to dress itself, the sea quark not
used in the dressing carries an opposing charge, forming a
meson which tends to compensate for the charge the
recombining quark gains in the dressing. In other words
the charge structure in the photon fragmentation region is
not just due to the way the valence photon quark dresses
itself but is also affected by how the sea quarks dress
themselves.

Another important consideration is how the quarks in
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the proton share their momentum. This is important
when comparing the c.m. energy of the gq or ¢g interac-
tion to the c.m. energy of the pp or pp interaction. If we
assume that on the average all three quarks in the proton
(antiproton) share the available energy equally, then we
need to multiply the quark-quark c.m. energy by a factor
of 3 in order to compare it to the proton-proton c.m. ener-
gy. The presence of other momentum-sharing particles in
the proton (e.g., gluons) alters this calculation. Gluons
may absorb as much as half of the available proton
momentum, leaving the other half for the valence quarks.
If we assume the valence proton quarks are allowed only
half of the proton’s momentum, and that they share this
momentum equally, then the multiplicative factor for
comparing gq c.m. energy to pp c.m. energy becomes 6.

The range of results obtained from the Monte Carlo
simulation for these different assumptions is indicated on
Fig. 2(b). We observe good agreement with the data.

We investigated an alternative model which crudely ap-
proximates pion exchange by altering the above Monte
Carlo simulation to use total #+p and 7 p cross sections
to estimate the interaction probability of a pion exchanged
between the photon and the target proton. Again
different structure functions for the photon had a negligi-
ble effect on the result. Figure 8 shows (Q) vs x for the
pion-exchange Monte Carlo simulation. As illustrated in
the figure this Monte Carlo simulation predicts a {Q)
which peaks at x =0.7 at a value of {(Q)=~0.4. (Q) then
decreases rapidly with x falling to —0.3 at x =1.0. This
behavior can be understood intuitively by comparing the
total 7*p and 7 p cross sections. For E_. . <1.4 GeV
(corresponding to interacting x, <0.2), the 7~ p cross sec-
tion is smaller than the 71 p cross section, which means in
the high-x region [x =1—x,>0.8], the {(Q) is dominated
by spectator 77, i.e., {Q) becomes more negative. In the
region l.4<E ., <1.8 GeV corresponding to
0.2<x,<0.4, the w~p cross section is larger than the
mtp cross section leading to a positive {Q) in the region
0.6 <x <0.8. Similarly one can deduce the {Q) behavior
in the rest of the x range. We conclude that, for our ener-
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FIG. 8. The Monte Carlo prediction based on the pion-
exchange model discussed in the text.

gies and assuming the exchanged pion is approximately
real, this model does not fit the data, and we return to the
previously discussed annihilation model.

This model implies that the effect should not be polar-
ization dependent. We have operated in two different
linear polarization modes (the polarization was about
55%) of the beam. Data taken at each polarization agree
separately within errors with the full data, consistent with
this model.

The model does not incorporate any p, dependence.
Possible explanations for the observed p, dependence fol-
low.

(1) Low-p, diffractive vector-meson production. Because
neutral vector mesons decay charge symmetrically, and
because their pion decay products are concentrated in the
low-p, high-x region, they could be masking the charge-
asymmetric structure at low p, and high x. Only a small
percentage of events (=10%) is identifiable as diffractive
vector-meson production, however, and removing them
does not appreciably enhance the charge asymmetry at
low p,, so we have concluded that the charge symmetry at
low p, is not caused purely by vector-meson production.

(2) Quark distributions in the target. The p, of the spec-
tator parton which dresses to form the observed fast-
forward particle can vary, being equal and opposite to
that of the interacting parton from the photon. At a given
x, the higher p, values at which the higher (Q) are ob-
served may therefore imply a somewhat greater penetra-
tion of the interacting quark or antiquark into the proton.
Translating the x distributions of the proton structure
functions!” into the spatial structure of the target, we find
that the gluon and sea gg distributions extend out to the
largest distances, and valence quarks appear at somewhat
deeper penetrations. Of these, the d quark is the most
peripheral, and the u quarks tend to be more central.
Very peripheral (low-p,) collisions will therefore mostly
consist of gluon and sea gg scatters which will yield
charge-symmetric differential cross sections. At deeper
penetrations one would expect to see a charge asymmetry
because of the increasing probability of interacting off a
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FIG. 9. The average charge (Q) as a function of p,, the
momentum of the particle transverse to the beam, for particles
with xz > 0.5.
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valence quark, in particular a u quark as the p, increases.
This picture of deeper penetrations (higher p, interactions)
leading to increased asymmetries is qualitatively con-
sistent with the observed behavior as a function of p, at
fixed xg, which is shown in Fig. 9.

Experimental data for hadroproduced pions'® have been
conflicting. Electroproduction experiments'® have found
(Q) increasing with p,. Therefore it seems possible that
at least part of the p, dependence of {Q) could be due to
the geometry of the quarks in the target proton.

There is reasonable agreement, including the rising xp
dependence, between the model and the data, despite the
model’s simplicity. It establishes the plausibility of the
model. The rising x dependence results from the fact
that higher xy spectators imply interactions at lower c.m.
energies where the difference in o.,(pp) and o, (pp) is
more significant. This model predicts that the magnitude
of the charge asymmetry should decrease with increasing
energy, since the c.m. energy of parton-parton interactions
will increase.

SUMMARY

In a photoproduction experiment on a hydrogen target
at 20 GeV, a net positive charge is observed in the for-

ward region, which increases with both xz and p,. The
neutral photon beam would not be expected to produce a
charge asymmetry in the beam fragmentation region if its
fragments are produced and dressed independently of the
target. We can find no experimental bias which could
cause this charge imbalance. Nor is it the result of the
production of strange particles and the expected K ¥ /K ~
asymmetry.

A mechanism involving the preferential annihilation of
quark-antiquark pairs has been shown to be qualitatively
consistent with the observed imbalance. This mechanism
will decrease in importance with increasing photon ener-
gies.
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