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Abstract

The cross section of the vy — pp reaction was measured at two-photon
center-of-mass energy (W,,) between 2.2 and 3.3 GeV, using the two-photon
process at an e’ e~ collider, TRISTAN. The W, dependence of the cross
section integrated over a c.m. angular region of | cos §*| < 0.6 is in good agree-
ment with the previous measurements and the theoretical prediction based on
diquark model in the high W.,, region.
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1 Introduction

Since baryons are known to be composites of partons, i.e., quarks and
gluons, their production from the vacuum cannot be straightforward. The
mechanism of the production is not well understood, despite that they are the
fundamental elements forming the matter of the universe.

The pair production of a proton and an antiproton in two photon collisions,

Yy — pp, (1)

1s one of the simplest processes suitable for investigating this problem. This
reaction has been measured by many experiments at high-energy e*e~ collid-
ers [1-5], utilizing the two-photon process, i.e., ete™ — ete~pp, where the pp
pair is produced from the collision of two nearly real photons emitted from in-
coming et and e~. The obtained experimental results, such as the production
cross section, are consistent with each other among the experiments. However,
we still have a large ambiguity due to limited statistics, especially in a high
v~ center-of-mass energy region.

At low energies near threshold, reaction (1) must be complicated due to
strong hadronic final-state interactions. The reaction is expected to show up
its fundamental mechanism as the two-photon center-of-mass energy (W.,)
becomes larger, where a certain perturbative picture becomes applicable with
helps from some customary phenomenology.

The cross section of reaction (1) has been estimated theoretically [6-8] on
the basis of QCD, in the theoretical framework developed by Brodsky and
Lepage [9]. The estimation depends on the model of the proton wave function.
Among various ways of modeling, one of the most successful is the approach
by Chernyak and Zhitnitsky [10] based on the QCD sum rule. Calculations
based on their wave functions give reasonable estimates for other processes,
such as J/¢ — pp and magnetic form factors of the nucleons. However, the
calculation for reaction (1) incorporating the same wave function [6] gives
cross sections remarkably smaller than the experimental results, by one order
of magnitude even at high energies around W.,, = 3.0 GeV.

Recently, a new calculation based on a diquark model has been proposed [11].
The model was found to reasonably reproduce the recent result from the CLEO
group [5] in the high W, region. Although the preference of the diquark model
is apparent from the CLEO result, repeated measurements are necessary since
the statistics is quite limited at high energies.

In this report, we present experimental results concerning the vy — pp



reaction in a W, range between 2.2 and 3.3 GeV. The cross section was
measured using the process ete™ — e*epp, at ete™ c.m. energies between
57 GeV and 64 GeV, by using the VENUS detector at the TRISTAN e+e-
collider. The analyzed data correspond to an integrated luminosity of 331
pb~', at the luminosity-weighted average c.m. energy of 58 GeV. Although the
integrated luminosity is about one forth of that of the CLEO measurement [5],
the larger e*e™ c.m. energies enable us to obtain comparable statistics in the
high W.,, region.

2 Experimental Apparatus

The VENUS detector is a general purpose magnetic spectrometer. Since the
general description of the VENUS detector is given elsewhere [12], we briefly
describe only those features relevant to the present analysis.

Charged particle tracks are detected by the central drift chamber (CDC) [13],
placed in a 0.75 tesla axial magnetic field, produced by a superconducting
solenoid. CDC is a cylindrical multi-wire drift chamber, having 29 sampling
layers; 20 axial layers plus 9 stereo layers. Particles produced in a central re-
gion, | cos 0] <0.75, are detected in all the layers, where 8 denotes the polar an-
gle from the beam axis. The momentum resolution is o,/p = 0.8% x p,(GeV/c)
for high momentum particles in the central region, where p; is the transverse
momentum with respect to the beam axis. For low momentum protons, in
which we are interested in this analysis, the resolution is mainly determined
by the multiple scattering in CDC. The typical value is 2.5% at p, = 0.5
GeV/c. The energy loss in the detector materials is also significant for these
protons. The average radial thickness of materials inserted between the in-
teraction point and the first sampling point of CDC was 3.5 g cm~2. The
effect of the fluctuation of the energy loss is included in the above momentum
resolution.

Flight times of charged particles were measured by the time-of-flight (TOF)
counters [14]. The time resolution was 200 ps for isolated high-momentum
tracks. The TOF counters were placed on the inner wall of the solenoid at a
distance of 166 cm from the beam line, covering an angular range of | cos | <
0.81. The thickness of the materials between the outer wall of CDC and TOF
was about 7.0 g cm™2. The TOF counters provided signals for the event trigger
as well.

Electromagnetic energies were measured by the barrel lead-glass calorimeter
(LG) [15] and a pair of liquid-argon calorimeters (LA) [16]. LG covered a
central region, | cosf| <0.80, and LA covered forward and backward regions,
0.79< | cos 8] <0.990.



Although various event triggers were implemented for data acquisition, we
used only those events triggered by the coplanar trigger in the present mea-
surement. This trigger was issued when at least two tracks with an acopla-
narity angle less than 25° were detected, where the acoplanarity angle is the
supplement of the opening angle in the projection onto the plane perpendicu-
lar to the beam axis. The tracks were reconstructed from the CDC hit pattern
by a fast track finding electronics (TF) [17], and required to be associated
with TOF hits. The logic of TF with the TOF association was optimized for
high-momentum tracks; the efficiency was about 97% for tracks with p, > 0.60
GeV/c. However, the efficiency did not show a sharp cut-off at lower momenta,
and an appreciable efficiency (about 50%) was kept for tracks with p, ~ 0.45
GeV/ec.

3 Event Selection

Because we are interested in the production of a pp pair from the collisions
of nearly real photons, we selected so-called no-tag events, in which the recoiled
et and e~ escaped from the detection into small angles. From events triggered
by the coplanar mode, we selected such events that consisted of exactly two
oppositely charged tracks, with no other tracks coming from the neighborhood
of the collision point. Tracks were counted if they were from a narrow cylindri-
cal region around the interaction point, 1 ¢cm in radius and + 10 cm along the
beam direction (z axis), and satisfied the conditions, | cos 8| < 0.8 and p; > 0.2
GeV/c. For these events, the momenta of the two tracks were required to be
within a region of p; > 0.45 GeV/c and p < 1.5 GeV/c. The lower limit was
set to ensure a substantial efficiency in the event trigger, while the upper limit
was to preserve a good K/p separation by the flight-time measurement. For
these two-track events, we required that the difference between the measured
flight times of the two tracks should be smaller than 5 ns, and the observed
total energy in LG and LA be smaller than 5.0 GeV.

The two tracks were required to be identified as a proton and an antipro-
ton, where the difference between the measured flight time and that expected
from the momentum and the path length was required to be within three
standard deviations. The proton mass was assumed to give the expectation.
The standard deviation was evaluated from the quadratic sum of the errors
of the used quantities. The typical value was 250 ps. In addition, in order to
reduce the contamination from pions and kaons in a high momentum region,
the mass estimated from the TOF measurement was required to be within
0.1 GeV/c? from the proton mass. Figure 1 shows the correlation between the
estimated masses of the two tracks, for the sample before the identification.
The pp events are clearly separated from other combinations of the particles,
such as 77—, K*K~, pr and so on.



Finally, the vector sum of p; of the proton and antiproton (p¢-imbalance)
was required to be smaller than 0.2 GeV/c. This cut was applied to reject
non-exclusive pp events, and to restrict the virtuality of the colliding photons.
A total of 311 events remained after the selection.

The candidate events was divided into two-dimensional bins of W.,, and
cos 6%, with a width of 0.1 GeV for W,, < 2.75 GeV and 0.1 for | cos 6*|. Some
wider W, bins were used at W,, > 2.75 GeV. The two-photon c.m. energy,
W, was calculated from the momenta of the proton and the antiproton after
the correction for the energy loss in the materials. We used the angle between
the proton momentum and the electron beam direction in the photon-photon
c.m. frame to be the scattering angle * with a good approximation.

4 Detection Efficiency

The detection efficiency was estimated by using a Monte Carlo (MC) event,
generator (18], based on an equivalent photon approximation (EPA) with the
formula in [19]. Events were generated with a uniform |cos8*| distribution.
They were passed through a detector simulation including a trigger simula-
tion, and the event selection. The efficiency was estimated in each |cos#*|-
W,y bin. The interactions of the particles in the detector materials (multiple
Coulomb scattering, energy loss and nuclear interactions) were simulated in
the detector simulation. While the former two interactions are rather triv-
ial, the nuclear interactions are expected to be much more complicated. We
adopted a simplified model for these interactions, and optimized it by using
information from real data. The interactions in the materials at small radii,
were studied by investigating the properties, such as the vertex distribution,
of low momentum tracks in multihadronic events. Further information, mainly
concerning the large angle scattering and absorption in the materials at larger

radii was obtained from the studies of the LG response for the selected pp
events.

From the simulation, the detection efficiency was estimated to be maximum,
about 10%, at W, around 2.6 GeV in the angular region of | cos §*| < 0.3. The
efficiency gradually decreases in larger | cos 6*| bins, due to the limited angular
acceptance at each W.,,. The fall-off at smaller W,, is mainly determined
by the track-finding efficiency in the event trigger. The efficiency at large
energies, W.., > 2.7 GeV, is limited by the particle identification efficiency. The
estimated efficiency is about 2.5% in the largest W, bin, 3.25 < W, < 3.35
GeV, at | cos 0*| < 0.3. The large-angle nuclear scattering and the absorption
of antiprotons are also significant. About 30% of the events were estimated to
be lost by these interactions.



The systematic error of the efficiency was estimated from ambiguities in
the dominant source of the inefficiency. The uncertainty in the TF efficiency,
which was estimated by comparing the response of TF to low-energy multi-
track events with the simulation, corresponds to an efficiency error of 5% at
W., =2.2 GeV. Among the uncertainties in the nuclear interaction simulation,
the largest is expected to be the uncertainty in the antiproton absorption.
The corresponding efficiency error was estimated by comparing the simula-
tion results with those from another hadronic interaction simulation program,
FLUKA [20], to be 7% in all bins. The uncertainty from the particle identi-
fication was studied by varying the identification criteria. The corresponding
error in the detection efficiency was found to be 10% at W.,, = 2.7 GeV, and
to increase up to 14% at 3.05 GeV.

5 Background

Major sources of the background are expected to be the particle misidenti-
fication, and the contamination from non-exclusive processes such as e¥e™ —
ete pprta-.

Concerning the misidentification background, the largest contribution comes
from those events consisting of a proton and a negatively charged particle
misidentified as an antiproton (pX ™). These are mainly produced by beam-
gas and beam-wall interactions. The contamination was estimated to be (3
+ 3)% in all the W,, bins, from the z-vertex distribution of pp candidates
selected with a looser z-vertex cut.

Events from meson-pair production, vy — #«t7n~ and vy — K*K~, can
contaminate if both tracks are misidentified. The contamination was estimated
to be (2 £ 2)% in the high energy region, W, > 2.9 GeV, by extrapolating
the measured mass distribution of identified meson pair events into the proton
mass region.

The contamination of events {from non-exclusive processes, vy — pp + X'’s
in which X’s were undetected, was estimated in each W.,, bin, by comparing
the p;-imbalance distribution of the data with the simulation of the yy — pp
and vy — pp + X’s reactions.

The reaction, vy — pp+X'’s, was simulated by using PYTHIA 5.7 [21]. The
normalization of these MC processes was so determined that the sum of the
two simulations fits the observed p;-imbalance distribution as shown in Fig. 2.
This figure shows the sum of the fit results. In this fit, the W, bins above
2.6 GeV were combined because the statistics was small and the background
dose not have steep W.,., dependence in this region. The best fit, illustrated



with the histogram, well reproduces the observation, even in the large p;-
imbalance region above the cut. From the fit results, the contamination of
the non-exclusive events was estimated to be (8 £ 3)% on the average. Note
that the contamination from non-exclusive events in which either proton or
antiproton is misidentified is also included in this estimation, although their
contribution is negligibly small.

6 Results and Discussions

The obtained event distribution was converted to the vy — pp differential
cross section, do(W,,, | cos 8*|)/d| cos 6*|, by using the two-photon luminosity
function [22] based on the EPA formula in [19]. The uncertainty in the lumi-
nosity function, due to the variation of the EPA formula, was estimated by
comparing the used function with those derived from other formulas, and also
with that from.the exact QED calculation of the two-photon processes [18].
The uncertainty was found to be a few percent at maximum, and can be ne-
glected safely. We included the form factor effect in the luminosity function
for the suppression of the virtual-photon contribution, in which the p-meson
mass was used as the mass scale [23]. It should be noted that the ambiguity
in the effect of the photon virtuality, which is sometimes a serious problem in
two-photon processes, is not appreciable in the present measurement. We ob-
served only a few percent change in the cross section result when we removed
the p-meson mass in the form factor for the test, although the CLEO group
claimed that the ambiguity due to the choice of the form factor amounted to
a 30% error [5]. The change in the form factor effected the luminosity function
substantially. However, it also changed the efficiency, and then the net effects
in the cross section were canceled. This is because the p,-balance cut applied in
the event selection tightly restricts the contribution of highly-virtual photons.

The measured differential cross section was summed over the whole angu-
lar coverage, |cos@*| < 0.6, in order to examine the W, dependence. The
obtained cross section, o(W,y)|cose*|<0s6, is tabulated in Table 1 and plot-
ted in Fig. 3. The previous measurements [3-5] are also shown in the figure,
together with theoretical predictions [6,11,24]. Though the present measure-
ment is somewhat larger than the previous measurements by CLEO [5] and
ARGUS [4] at low energies, it is in good agreement with the CLEO measure-
ment in the high energy region, W.,,, > 2.6 GeV, with a comparable statistics.
The preference of the diquark model is obvious from this result, at least in the
high energy region.

In addition, a new theoretical prediction by Terazawa {24] which is expected
to be valid near threshold, is shown in Fig. 3. The prediction reasonably re-
produces the high-statistics measurement by CLEO at very low energies. This



fact may give us another knowledge on this process.

In order to proceed further investigation, the differential cross section was
summed in the low energy region, 2.15 < W,, < 2.55 GeV, and in the high
energy region, 2.55 < W,, < 3.05 GeV, separately. The obtained differen-
tial cross sections are compared in Fig. 4. We can see a distinctive difference
between the two distributions; the cross section exhibits an enhancement at
large angles in the low energy region, whereas it seems to be forward-peaking
at high energies. The angular dependence in the high energy region is consis-
tent with the prediction of the diquark model, as has been observed by the
CLEO group [5]. However, looking at the result closely, the forward-peaking
behavior of the diquark model seems to be insufficient to fully reproduce the
measurement. The same tendency can be seen in the CLEO result, as well.
This may suggest a need of other theoretical models. In any case, this fact
indicates that there is a transition of the production mechanism around W.,,
= 2.55 GeV. The result suggests that a proton pair is mainly produced by the
interaction of photons with a diquark in the high W.,, region. This description
fails to explain the angular distribution at low W.,, regions, where a proton
seems to be produced as a whole particle having a structure with small orbital
angular momenta.

The distinction of the two mechanisms can be enhanced by using the differ-
ence in the angular dependence. The differential cross section was summed in
a large-angle region, | cos 8*| < 0.3, and in a region, 0.3 < | cos 6*| < 0.6, sep-
arately. The obtained cross sections are compared in Fig. 5. We can see that
the large-angle cross section shows a steep fall-off at high energies, whereas
the fall-off of the small-angle cross section is moderate. The difference is dis-
tinctive, and the latter overwhelms the former above W,, = 2.6 GeV.

7 Conclusion

We have measured the cross section for the reaction, yy — pp, by detecting
a two-photon collision reaction, ete™ — e*e pp, at the ete™ c.m. energy
around 58 GeV. The experiment was done by using the VENUS detector at
the TRISTAN ete™ collider of KEK. From 331 pb~! data, we have obtained
the cross section in the two-photon c.m. energy range (W,.) between 2.2 and
3.3 GeV, within the angular range of | cos 8*| < 0.6. The precision of the result
is comparable with the high-statistics measurement by CLEO group [5] in the
high energy region, W.., > 2.6 GeV.

The obtained cross section is consistent with those from the previous mea-
surements. The enhancement at small angles in the high energy region, W, >
2.6 GeV, which was shown in the CLEOQ measurement, has been clearly ob-



served. The preference of the diquark model [11] at high energies has been
confirmed by the present results. Although it is not conclusive due to a poor
statistics, there may be a hint that the predicted enhancement at small angles

is not large enough to reproduce the measured results. More data are needed
to proceed further discussion.
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Table 1

Measured cross section for |cos8*| < 0.6 as a function of W,,. The first error is
statistical and the second is systematic.

Wy (GeV)  o{yy — pp) (nb)
2.2 7.56 + 1.71 % 0.70
2.3 5.01 + 0.65 + 0.43
2.4 2.90 + 0.41 + 0.26
2.5 0.89 + 0.17 + 0.12
2.6 0.96 + 0.21 % 0.15
2.7 0.23 + 0.09 £ 0.04
2.85 0.22 £ 0.08 % 0.04
3.05 0.10 % 0.07 + 0.02
3.30 0.10 £ 0.10 + 0.02
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Fig. 1. Scatter plot of the masses calculated from the TOF for the posi-
13

tively(abscissa) and negatively(ordinate) charged particles in the event samples be-

fore the identification.
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and (b)2.55 < W,y < 3.05 GeV. In (b), the calculation of a diquark model whose
the normalization is scaled to agree with the measurement is also drawn. Errors are
statistical only.
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Fig. 5. The measured c.m. energy dependence of the cross section for the |cos §*|
ranges from 0.0 to 0.3 (open circles) and from 0.3 to 0.6 (closed circles). No event
was found in the bin of W, = 3.3 GeV for 0.0 < | cos 6*| < 0.3 (This corresponded
to the upper limit of the cross section 0.14 nb, with 90% confidence level). The lines
are manually drawn to guide the eye.
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