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We report a measurement of the e+e —+e+e ppm+m. process with the TPC/Two-Gamma fa-

cility at the PEP e+e storage ring at SLAC. Forty-five pPm+m events were identified in data cor-
responding to an integrated e+e luminosity of 142 pb . The cross section for yy~ppm n. is

given both as a function of the yy center-of-mass energy 8'~~, with 8'» between 2.5 and 5.5 GeV,
and as a function of the invariant mass squared q of one of the photons, with —

q (7 GeV . This
cross section falls much less rapidly with W» than does the cross section for a similar process,
yy~pp. No 6 6 production is observed, and only a small fraction of the events at low 8'» is
consistent with yy~A++6, 6++p~, or 6 p~+. In an expanded search through the same

data, four events compatible with either AA (A~pm ) or X A (X —+Ay) production were found.

The exclusive production of meson and baryon pairs in
photon-photon collisions has been considered to be a test-
ing ground for perturbative QCD by several authors. '

These QCD calculations predict a power-law behavior as
a function of the yy center-of-mass energy 8' . For
baryon pairs this leads to a 8'&~' dependence of the cross
section at a fixed center-of-mass angle at large values of
the momentum transfer squared ( ~t

~
)5 GeV ). A W~r

dependence compatible with this prediction was indeed
observed for the cross section of yy~pp, at lower
values of ~t~. However the values for the yy~pp cross
section in the invariant-mass range between 2.4 and 2.8

GeV derived by the TASSO, JADE, and TPC/Two-
Gamma Collaborations are about an order of magnitude
higher than the predicted values. Production of some
other baryon pairs, 6++6, 6 6, and AA, can be
studied via the yy~pp~+a. process. A first observa-
tion of 15 events from the reaction yy~ppm m. was re-
ported by the TASSO Collaboration; no significant

or AA signals were observed, and
upper limits for cross sections were given.

We report here a measurement of the reaction
e e ~e+e ppm. +sr with the TPC/Two-Gamma facil-
ity at the PEP e e storage ring at SLAC, with in-
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cident e+ and e energies of 14.5 GeV. The data were
collected in two periods. In the first, the time-projection
chamber (TPC) was operated in a 0.389-T magnetic field,
providing a momentum resolution of (5p/p) =(0.06)
+(0.035p) (p in GeV) for charged particles at large an-
gles with respect to the beam axis. In the second period,
the TPC was operated in a 1.325-T magnetic field from a
superconducting solenoid, with a momentum resolution
of (5p/p) =(0.015) +(0.0065@) (p in GeV). The TPC
also sampled energy loss (dE/dx) along particle trajec-
tories, with a typical resolution of 3.6%. This was used
for hadron identification. Two proportional-mode pole-
tip calorimeters (PTC) and a hexagonal Geiger-mode
calorimeter (HEX) covered polar angles above 260 mrad.
In a fraction of the events either the scattered electron or
positron (a "tag") was detected in one of two arrays of
NaI crystals in the angular range 25 —90 mrad or lead-
scintillator shower counters from 100 to 180 mrad, and in
one of two arrays of 15 drift-chamber planes in front of
these detectors. The NaI and shower-counter energy
resolutions at 14.5 GeV were 1.5% and 5% rms, respec-
tively.

Our untagged trigger, based on information in the cen-
tral detector, required at least two charged tracks in the
TPC, each with polar angle L9» 26' and projecting back to
the interaction point within 20 cm along the beam axis.
Tracks with 0&45 were required to be in coincidence
with hits in a drift chamber (ODC) outside the coil of the
solenoid. Our single-tag trigger required one TPC track
with 0 2 26 in coincidence with an energy deposition in
either tagging calorimeter. The untagged (tagged) data
selected correspond to an integrated luminosity of 73 (50)
and 69 (67) pb

' for the two data-taking periods, respec-
tively.

In this four-prong analysis we selected events with two
positively and two negatively charged tracks coming
from the interaction point. Two tracks were required to
have 8) 30' (20') for the untagged (tagged) data.
Minimum momenta of 0.1, 0.3, ,and 0.4 GeV were re-
quired for pions, kaons, and (anti)protons, respectively.
For tagged events the scattered leptons were required to
have E )6 GeV and reconstructed tracks in the forward
drift chambers. For particle identification we used an al-
gorithm which compares the measured dE/dx (defined as
the average of the lowest 65% of the samples) and the
momentum to empirically determined curves for the vari-
ous particle types (e,p, vr, X,p) and determines a y2 for
each type. From these a confidence level was calculated
for ppm+m, and for a number of final states that could
be confused with it: ~+a m+~, K+K %+K

ppy (y~e+e ), and K+K y (y~e+e ). We re-
quired a confidence level in excess of 10% for ppn. +m

This confidence level also had to be larger than that of
other final states. In addition, we required the confidence
level for the frequently occurring ~++ m+~ state to be
less than 1%. Figure 1(a) shows the distribution of the
measured dE/dx versus momentum for all four particles
in the accepted events. Clearly visible is the separation
between pions and protons.

All event candidates were scanned by eye for possible
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FIG. 1. (a) Distribution of the mean energy loss vs momen-

tum, as measured by the TPC, for particles in the selected
pp~+m sample. The solid lines represent the curves for the
various particle types. (b) The square of the vector sum of the
transverse particle momenta for the selected ppm. +m sample.
The sum includes the tagging electron if present. The histo-
gram indicates the Monte Carlo simulation of the process.

extra tracks which were not reconstructed as coming
from the vertex. If there appeared to be an additional,
but scattered, track from the vertex, the event was reject-
ed. Events where one of the four tracks backscattered
from the surrounding detectors were kept. Events with
extra energy depositions above 150 MeV in the HEX or
250 MeV in the PTC were rejected if no correlation with
tracks from charged particles was found. The summed
transverse momentum of the four charged particles and
possible tags, pT, was required to be less than 0.3 GeV.
In the total data sample we identified 45 ppm. +m. events,
of which 10 were tagged. No events from this sample
were compatible with the possible background final state
e pm+~ from beam-gas collisions. In a search for AA
candidates with A —+pm, the vertex requirements on the
tracks were relaxed and extra photons were permitted, so
as to include possible X —+Ay decays. We found four
pp~+m candidates with both pm and p~+ pair masses
within 30 MeV of the A mass with pz-&0. 3 GeV. We
checked that the decay vertex distribution was compati-
ble with the A lifetime. These events were treated sepa-
rately from the continuum sample.

To determine the acceptance, Monte Carlo events were
generated according to the luminosity function for trans-
versely polarized photons, using an isotropic phase-
space model for yy~ppm+~ . The events were pro-
cessed through a detector simulation (which included
resolution effects, energy loss, multiple scattering, and
nuclear interactions in the detector materials), and then
passed through the same cuts as the data. The selection
and reconstruction efficiency averaged around 3% for a
Wyy of 2.5 GeV and increased to around 8% for a Wyy
of 5.5 GeV. The trigger efficiency was determined by
simulating the trigger requirements in detail; it increased
from 50% to 80% over the same Wz~ range.

We compared various event characteristics simulated
by the Monte Carlo program with those of the selected
event sample. There was satisfactory agreement for the
distribution of vertices along the beam direction, the
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summed longitudinal and transverse momenta of the four
hadrons and the energies of the tagging electrons. In Fig.
1(b) we show a distribution of the square of the sum of
the transverse particle momenta. Here the sum includes
the tagging electron if present. The distribution is sharp-
ly peaked at zero as expected from the Monte Carlo cal-
culation, which is also indicated, thus verifying the ex-
clusive nature of the selected events. From the slightly
Hatter distribution of the data, we conclude that a small
fraction, estimated to be (11+4)%%uo, originates from mul-
tiprong final states of which only four charged particles
were detected.

In Figs. 2(a) —2(d) we show the invariant-pair-mass dis-
tributions for per (pm+), pm. +

(pm ), m+n, and pp,
together with Monte Carlo-generated distributions from
isotropic pp~+m phase space, in which the Monte Carlo
distribution in 8'~z is made to follow the experimental
one. The distributions in the cosine of the angle 0* +

+ ps'
defined by the pm direction in the yy center-of-mass
system, and the cosine of the angle 8 of the proton with
respect to the photon direction in the pm+ center-of-mass
system (Adair frame) are shown in Figs. 3(a) and 3(b)
along with Monte Carlo predictions based upon the same
phase-space model. One observes that this simple model
gives a satisfactory description of the pair mass and angu-
lar distributions. In particular, the low-mass enhance-
ments in the pm pair distributions need at most a small
contribution from hb (M& = 1.232 GeV, I &=0.115
CxeV). We note that the effective mass resolution is on
the average 10 MeV at the 6 mass, much smaller than
the b, width. In Figs. 4(a) and 4(b) we show scatter plots
of the pm. mass combinations. There is little clustering in
the hA mass range.

The fractions of the phase space 6++6 and 6 5
contributions in the ppm+~ event sample are deter-
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FIG. 3. Distributions of the cosines (a) of the angle 0* + of
+ p 'rr

the pm. system in the overall yy c.m. , (b) of the angle 9~ of the
proton in the pm+ c.m. frame. The curves indicate the Monte
Carlo simulation discussed in the text.

mined by a maximum-likelihood fit after Monte Carlo
generation of samples of these processes. The method
has been extensively described for the determination
of p p and p m+m contributions' '" to the yy

process. The fitted fractions are given in
Table I. The results indicate a possible contribution from

in the lowest 8' bin. Over the whole sam-
ple, the event fractions 0. 10+0.12 and 0.00+0. 12 are cal-
culated for 6++6 and 5 6, respectively. These
numbers change to 0.03+0.14 and 0.00+0.08, respec-
tively, if forward peaking is introduced in the Ah distri-
butions, as is expected in the QCD models from Ref. 3.
Taking the hh fractions to be zero, we derive by a similar
procedure the average fractions of single 6 production to
be 0.21+0.17 for b, ++pm (b, pm. +) and 0. 12+0.15
for b, pm+(b, pm . ). Finally, Fig. 2(c) shows that there is
no significant contribution from p in the ~++ pair
mass spectrum. A fit gives an average ppp fraction of
0.01+0.12.

The untagged yy~ppm+m cross section, shown in
Table I, is obtained after subtraction of the estimated
multiprong background; it is in satisfactory agreement
with the result of Ref. 7. The errors indicated are statisti-
cal only. Systematic errors include contributions from
uncertainties in luminosity (5%), detector response and
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FIG. 2. Effective pair-mass distributions (a) of pm and pn. +,
(b) ofpm+ andpm, (c) of m+m, and (d) of pp. The curves indi-
cate the Monte Carlo simulation for isotropic phase space dis-
cussed in the text.

FIG. 4. Scatter plots of (a) the pm. + invariant mass vs the
pm mass, with the entries from the separate sample of four AA
candidates also shown and (b) the pm invariant mass vs the
pm+ mass.
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TABLE I. Cross sections and fractions of observed events attributed to 6++6, , 6 6, and phase
space (PS). The errors are statistical.

w»
(GeV)

2.5-3.0
3.0-3.5
3.5-4.0
4.0-4.5
4.5-5.5
Total

1.9+0.8
1.7+0.5
1.1+0.4
0.6+0.3

0.07+0.10

0.5+0.4
0.1+0.2
0.0+0.2
0.2+0.4
0.0+0.7

0.10+0.12

goy 0

0.0+0.2
0.1+0.3
0.0+0.2
0.0+0.2
0.0+0.7

0.00+0.12

PS

0.5+0.4
0.8+0.3
1.0+0.2
0.8+0.4
1.0+0.7

0.90+0.15

triggering efficiency (15%), and event selection (15%),
leading to an overall systematic error of 25%. In Fig.
5(a) the yy~ppm+sr cross section is shown as a func-
tion of Wrr (Ref. 12). It decreases much less steeply with

8'~z than does the yy~pp cross section which is also
shown.

Predictions for the s dependence of hard-scattering
processes have been stated in the form of dimensional-
counting rules. ' These imply that do/dt ~.s "f(t/s),
where n is the number of elementary quanta participating
in the initial and final states. For two-photon production
of baryon pairs at fixed and large 0*, and large 8'&&, this
leads to do /d cos8* ~ Wzz' . Here 0* defines the baryon
direction in the yy center-of-mass system; it corresponds
to 0* + for the case of 6++6 production. If we fit

P77

the data of Fig. 5(a) with a power-law form including a
threshold factor, o ( Wzr )=a W&z [ I 4(m~ +—m ) /
W r ]'~, with a and b free parameters, we obtain
b =5.0+0.8. Our earlier conclusion that the ppm+~
spectrum is dominated by contributions other than AA is
consistent with this lack of agreement with the
dimensional-counting rules. We found similar values
of b in other four-prong processes b =5.2+0.5
for yy ~~+~ m+m and b =4.6+1.9 for yy
—+%+K m+m. . This can be contrasted with the results
of a similar fit for the process yy —+pp which yielded a
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FIG. 5. (a) The cross section as a function of 8'» for the
processes yy~ppm+m. and yy~pp. The error bars are sta-
tistical only. The pp cross section is as measured previously in
our experiment (Ref. 4) for events with ~cosg*~ (0.6. The lines
indicate power-law fits as described in the text. (b) The
yy~ppn+mcross section. as. a function of Q for Wrr be-
tween 2.5 and 4 CyeV. The curves indicate a Q~ dependence as
1/(1+ Q fm ) with masses m as indicated.

value b = 13.2+2.3 (Ref. 4), in agreement with the expec-
tation from counting rules, b = 10.

As mentioned, we found four pp~+~ events which
can be ascribed to the AA state. Three of the four events
have a photon candidate. In two of these, the invariant
Ay or Ay mass is compatible with the X mass, indicat-
ing a possible X ~Ay decay. The AA masses range
from 2.8 to 3.1 GeV. This is compatible with an expected
Wrr' dependence of the cross section, which limits (for
our integrated luminosity) the observation of AA events
to masses close to threshold. A cross-section estimate in
the above mass range gives cr(yy~AA+X X +AX
+AX )=(1.0+0.6+0.5) nb. The second error is sys-
tematic; it takes into account the mass uncertainty from
the possible X origin and uncertainties in the acceptance
and trigger.

Specific predictions based on QCD models have been
made by Farrar et a/. for numerous y y ~BB (B=
baryon ) cross sections. The marginal signal for

and the absence of h~Z production are com-
patible with their predictions, though the current mea-
surements are not accurate enough to test the calcula-
tions. However, for the sum yy —+AA+X X +AX
+AX the cross-section predictions, which depend sensi-
tively on the baryon wave functions, are 1 or 2 orders af
magnitude smaller than our value. A similar conclusion
has been drawn for the yy~pp process. It should be
noted that the present measurements are at such low
values of W r that predictions based on QCD models
may not even be applicable.

The yy~ppm+~ cross section in the 8'&& range
2.5 —4.0 GeV is shown in Fig. 5(b) as a function of
Q = —q, where q is the tagged photon four-momentum.
Also shown are the parametrizations of the form
I/(1+Q /m ) for m =mz and the value from the best
fit, m=2. 5+t i GeV. The dependence on Q appears to
be Aatter than it would be with a p-pole description. '

Summarizing, we identified 45 events of the
yy~ppn. +m reaction and determined that at most a
small fraction is compatible with 6++b produc-
tion at the lowest energy, 8'z&=2. 75 GeV. The yy
~pp~+m cross section has a 8'z dependence similar
to that of other four-prong channels and not nearly as
steep as expected in QCD models of baryon pair produc-
tion. In an extended search we found four events with a
AA pair (A~pm. , A~pm. +) in the final state. In the
latter sample the presence of photons may indicate a pos-
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sible X ~Ay decay. This yield of strange-baryon pairs is
substantially larger than expected from QCD models.
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