
PHYSICAL REVIEW D VOLUME 37, NUMBER 1 1 JANUARY 1988
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Results are presented on the exclusive production of four-prong final states in photon-photon
collisions from the TPC/Two-Gamma detector at the SLAC e+e storage ring PEP. Measure-
ment of dE/dx and momentum in the time-projection chamber (TPC) provides identification of
the final states 2m. +2m, K+K ~+m, and 2K+2K . For two quasireal incident photons, both
the 2m+2m and K+K m. +m. cross sections show a steep rise from threshold to a peak value, fol-

lowed by a decrease at higher mass. Cross sections for the production of the final states p p,
p u'+rr, and Pu+tt are presented, together with upper limits for Pp, P4i, and K K . The popo

contribution dominates the four-pion cross section at low masses, but falls to nearly zero above 2

GeV. Such behavior is inconsistent with expectations from vector dominance but can be accom-
modated by four-quark resonance models or by t-channel factorization. Angular distributions for
the part of the data dominated by p p final states are consistent with the production of J =2+ or
0+ resonances but also with isotropic (nonresonant) production. When one of the virtual photons
has mass (M„=—Q &0), the four-pion cross section is still dominated by p p at low final-state

masses W and by 2m+2m at higher mass. Further, the dependence of the cross section on Q2

becomes increasingly flat as 8» increases.

I. INTRODUCTION

The idea of vector-meson dominance has been used
successfully in the past to describe the hadronic charac-

ter of the photon. ' Models such as these can be ap-
plied to photon-photon collisions to predict the produc-
tion of neutral-vector-meson pairs such as p p, pop, pp,
pro, etc. Of these, the pairs p p, p P, and PP decay to
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37 PRODUCTION OF FOUR-PRONG FINAL STATES IN PHOTON-. . . 29

the all-charged four-prong final states 2++2~
E+E ~+~, and 2K+2K, which can be measured
with a magnetic detector if sufBcient particle
identification is provided. In this paper we describe an
analysis of these final states.

Since its first observation in 1980 by the TASSO Colla-
boration, the reaction yy ~p p has been extensively in-
vestigated. ' The production cross section was found to
exceed the vector-dominance-model (VDM) expectation
by almost an order of magnitude near the p p threshold.
Similar enhancements have been found in the decay
J/f~ypp and in inelastic antiproton scattering off deu-
terium, pd ~m (2m+2m. ). .Interestingly, no enhance-
ment has been found in the process yy ~p+p, for
which the JADE Collaboration has established prelimi-
nary upper limits.

Several models have been proposed to explain the ex-
perimental data. In four-quark models, ' isoscalar and
isotensor resonances interfere destructively to suppress
the p+p signal, while reproducing the p p cross-
section well. In a t-channel factorization approach, p p
cross sections are derived from photo- and electropro-
duction data. " Some perturbative-QCD model calcula-
tions have been made that are expected to be valid for
high energies. ' ' The predicted cross sections vary
strongly depending on the model. The above models all
predict the production of the final state E' K ', in con-
trast with the VDM.

The analysis presented in this paper is based on data
collected at an e+e center-of-mass energy of 29 GeV
using the SLAC e+e storage ring PEP and the
TPC/Two-Gamma facility. ' The data were taken with
two different time-projection-chamber (TPC) magnetic
fields. The low-magnetic-field (4 kG) sample can be di-
vided into an untagged data set with an integrated lumi-
nosity of 73 pb ' (where the final-state e+ and e are
not detected) and a singly tagged data set of 50 pb
(where one final-state e+ or e, the tag, is detected). Of
the data collected with a higher magnetic field (13.2 kG),
a singly tagged sample corresponding to 42 pb ' has
been analyzed.

II. APPARATUS

Since the TPC/Two-Gamma facility has been de-
scribed previously, ' only those properties that are of irn-
portance to this analysis will be discussed here. The
equipment is shown in Fig. 1.

Starting from the interaction point, particles en-
counter as part of the central detector an inner
pressure-vessel wall, the inner drift chamber (IDC), the
time-projection chamber (TPC), the outer pressure-vessel
wall, the magnet coil, the outer drift chamber (ODC),
the hexagonal calorimeter, and three layers of iron and
muon chambers. Particles emerging from the interac-
tion region in a more forward direction with respect to
the beam line, but still passing through the TPC, are
detected in the pole-tip calorimeters and end-cap muon
chambers. Still smaller angles were covered by the for-
ward detector, consisting of a Cerenkov counter, a set of
five planar drift chambers, a time-of-flight scintillator
hodoscope, a calorimeter formed by an array of NaI
crystals at small angles and a lead/scintillator-sandwich
shower counter at larger angles, and finally three layers
of drift chambers interspersed with iron for muon
identification.

The time-projection chamber is a large drift chamber
with the electric field parallel to the magnetic field, al-
lowing very long drift distances. The chamber is two
meters long with a diameter of two meters and covers
about 97%%uo of 4m solid angle: particles can be detected
at angles as small as 250 mrad with respect to the beam
line. A central membrane, perpendicular to the beam
line, is kept at high voltage (50—75 kV) and provides, to-
gether with a series of equipotential rings, a uniform
electric field parallel to the beam line. The two end
planes are at ground potential. A charged particie
traversing the detector volume ionizes the gas; ionization
electrons drift along the electric field lines to the end
planes where they are detected. The magnetic field sub-
stantially reduces the diffusion of the ionization electrons
perpendicular to the drift direction by causing them to
spiral around the electric field lines. The TPC is operat-

Inner Drift Chamber
Outer Drift Chamber

Hex. Cal. T

I

I,

Ll 1 A jd

Muon
Chambers

DCs

~Muon Chambers

Shower Counter
I

Poletip Cal.

/-=t-;&,~( .

'

. I /
, T /x

!

'

wTPC

~

~

TOF
NaI

Septum Magnet

FIG. 1. The TPC/Two-Gamma detector.
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ed with a gas mixture of 80% argon and 20% methane
at 8.5 atm, corresponding to typically 200 ionization
electrons per cm of track. The end planes are subdivid-
ed in six sectors, each sector having 183 proportional
wires and 15 rows of segmented cathode pads. The pads
are 7 mm)(7 mm and there are 1152 pads per sector.
True three-dimensional coordinates can be derived from
the time of arrival on the wire and the signals induced
on the row of cathode pads under the proportional wire.
Each pad and wire is connected to an individual elec-
tronics channel, consisting of a preamplifier, a shaping
amplifier, a delay line (charge-coupled device) and a digi-
tizer. From each channel, pulse height information to
an accuracy of 1% and timing information to an accura-
cy of =20 ns are obtained. The pulse heights are direct-
ly proportional to the ionization energy loss of the
detected particles. The lowest 65/o of the samples pro-
vided by the 30-183 wires contributing to each track
define the truncated mean dE/dx. A dE/dx resolution
of 3.5% is achieved in this way.

The IDC is placed at the inner radius of the TPC in
the same gas volume. It consists of four concentric lay-
ers of 60 sense wires each. Its polar angular coverage
extends down to about 250 mrad with respect to the
beam line. The total amount of material a particle en-
counters before reaching the TPC fiducial volume is
equivalent to about 20% of a radiation length. Some
changes in the detector hardware that were made at the
time the superconducting coil was installed reduced the
amount of material between the beam line and the TPC
to about 15% of a radiation length.

The magnetic field for the low-field data was provided
by a room-temperature solenoidal magnet ( —1.3 radia-
tion lengths) located between the outer pressure-vessel
wall of the TPC and the ODC. It produced a nearly
homogeneous magnetic field of 4 kG. This led to a
momentum resolution at 90' of (o ~ /p) = (0.06)
+ (0.035p), with p in GeV. For the more recent high-

field data set a superconducting coil (-0.7 radiation
lengths) was used with a magnetic field of 13.2 kG. The
higher field and the addition of a gating system and a
new field cage to reduce drift distortions resulted in a
much-improved momentum resolution of
( o ~ /p ) = (0.015 ) + ( 0.01p ), again with p in GeV.

The ODC is located outside the magnet coil. It has
three layers of drift cells with 216 wires per layer. The
chamber consists of six modules that overlap, so that
there are no gaps in azimuth. It covers polar angles
starting from 38' and operators with the same gas as the
TPC, but at atmospheric pressure.

The NaI electromagnetic shower detectors, each con-
sisting of 60 hexagonal NaI(T1) crystals, were used to
detect Anal-state electrons in the angular range 22—90
mrad. Each crystal measures 6 in. apex to apex and is
20 in. long, corresponding to about 20 radiation lengths.
Absolute energy calibrations to 0.3% were obtained by
use of Bhabha events. An energy resolution of
irz/E =1.0—1.5% at 14.5 GeV was obtained. The po-
sition resolution was 5 mm rms (corresponding to 1

mrad angular resolution).
The small-angle spectrometers each also included a

lead-scintillator shower counter, covering 100—180
mrad. Each unit consisted of 55 layers of lead sheets in-
terspersed with scintillator strips for a total depth of
about 18 radiation lengths. The energy resolution was
o.z/E =20%/&E (E in GeV) and the spatial resolution
= 1 cm rms.

Each spectrometer also contained five forward drift
chambers with a total of 15 wire planes and a septum
magnet with f8 dl =2.6 kG m. For the analysis

presented here, this system was used primarily to ensure
that tags were due to charged particles rather than pho-
tons.

The trigger for untagged events required at least two
tracks in the TPC at a polar angle ~ 30' in different 60'
sectors. The two tracks causing the trigger had to be
pretriggered by the IDC and either the ODC (for track
polar angles ~ 40') or the TPC (for angles 540 ).

The trigger for tagged events required the presence of
an energy deposition of at least 2 GeV in the NaI or 8
GeV in the forward shower counter, in coincidence with
at least one, more loosely defined, track in the TPC.
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FIG. 2. The distribution of dE/dx vs momentum for the
four prongs of (a) 2m+2m. and (b) K+K m. +m final states.
Plot (a) shows only a small fraction of the events.

III. EVENT SELECTION
AND PARTICLE IDENTIFICATION

Events were selected with exactly four well-measured
charged prongs in the TPC coming from the vertex, hav-
ing net charge zero. Events containing e+e pairs due
to photon conversions were rejected.

The measurement of energy loss (dE/dx) and momen-
tum (p) in the TPC was used to identify each four-prong
event. The measured values for each track were fitted to
semieinpirical curves of dE/dx vs p and a X; was deter-
mined for the particle-species assumptions i =e, ~, E, or
p. A track was then said to be compatible with a species
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TABLE I. Number of events after all cuts, by final state.

Event type

2~+2+
K+K m++
2K+2K

Untagged
events

(73 pb ')

4637
175

2

Tagged
events

(92 pb ')

992
42
0

Total 4814 1034

if the g for a particular fit was less than 8. The
identification was called unambiguous if 7 + 4 for that
hypothesis was less than the 7; of the other fits. For the
2++2~ analysis all particles had to be compatible with
the pion hypothesis, with one unambiguously identified
as such. For the K+K m+n. analysis the K+E
(n+n)pa. ir had to consist of two oppositely charged
particles, of which at least one was identified unambigu-
ously as a kaon (pion), whereas the other had to be kaon
(pion) cotnpatible. For the 2K+2K sample all particles
had to be compatible with the kaon hypothesis and two
particles with equal charge had to be unambiguously
identified. The dE/dx is plotted versus momentum in
Fig. 2 for the final states 2m+2~ and K+K m+m

The cleanliness of the figures is, of course, artificial be-
cause of the dE/dx selection criteria. They show, how-
ever, that the samples are not contaminated by other
final states: such a contamination would lead to cluster-
ing of the data points around overlap regions.

All K+K m+m. and 2K+2K candidates as well as
a fraction of the 2m+2~ candidates were subjected to a
visual scan in order to reject events with additional de-
posited energy in the calorimeters or extra unrecon-
structed tracks. For the untagged 2++2+ sample, a re-
quirement that

~ gp~ ~

is less than 200 MeV was found
to be largely equivalent to the eye scan and was there-
fore imposed on the entire 2m+2~ sample. The
1gp~ ~

cut on the K+K n+nand 2K. +2.E samples
was &400 MeV. A minimum momentum was required
for each particle: 100 MeV for pions and 200 MeV for
kaons, with a minimum polar angle of 0~ 300 mrad. A
tagged event had one e+ or e (the tag) with an energy
E )4.0 GeV in either the NaI or the shower counter. A
cut of & 200 MeV was imposed on the component of the
total-transverse-momentum vector perpendicular to the
lepton scattering plane, in addition to a standard

~ gp~ ~

cut of &400 MeV (including a tag in the NaI) or & 800
MeV (including a tag in the shower counter}. Events
with evidence for additional charged or neutral tracks in
the forward spectrometer were rejected.

The event samples are summarized in Table I. The to-
tal number of tagged events is about a factor of 5 smaller
than that of untagged events.

IV. PARTICLE-PAIR SPECTRA,
UNTAGGED DATA

A. Pair spectra in 2m+2m events

The spectra of the invariant mass of pion pairs in
yy~2m+2m events are shown in Figs. 3(a)—3(c), for

three ranges of the total invariant mass 8'~~. The first
mass range (1.2 —1.4 GeV) was chosen below, the second
(1.6—2.0) above, the pp threshold. The third mass range
(2.4—3.6 GeV) was chosen in order to maximize the
effect of potential contributions from charmonium final
states. The opposite-sign combinations are shown as
data points with four entries per event; the same sign
combinations are shown as the histograms underneath,
with two entries per event. The spectra for the mass
ranges 1.6—2.0 GeV [Fig. 3(b)] and 2.4—3.6 GeV [Fig.
3(c)] clearly show evidence of p-meson production. The
solid line in Fig. 3(b} represents a fit to the data of a rel-
ativistic Breit-Wigner form superimposed on a polyno-
mial background. The mass and width obtained by this
fit agree well with the nominal mass and width of the p
meson. ' A contribution from the fz(1270) is included
in the fit shown in Fig. 3(c). In this fit, the peak posi-
tions and widths of the p and f2 were fixed at their
nominal values. Since in Fig. 3(a) the mass range is
below the threshold for p p production, the p-signal is
distorted. Figures 3(d) —3(j) show the correlation plots
for the pair masses corresponding to the data in Figs.
3(a)—3(c). In Figs. 3(d) —3(f) the opposite sign combina-
tions are plotted (two entries per events) and in Figs.
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FIG. 3. The invariant-mass distributions of pion pairs in
yy~2~+2m. events for different ranges of Wyy The data
points with (statistical) errors in (a)—(c) are for opposite-sign
pairs (four entries per event); the histograms are for the equal
sign pairs (two entries per event). The curves in (b) and (c) are
fits to the data of a Breit-Wigner resonance curve and a poly-
nomial background. The correlation plots correspond to the
histograms (d) —(Q showing the opposite-sign pairs (two entries
per event), (g) —(h) the equal-sign pairs. Plots (d), (e), (g), and
(h) contain a random 20% of the events. The Wyy range is
1.2—1.4 GeV for the top row, 1.6-2.0 GeV for the middle row,
and 2.4—3.6 GeV for the bottom row.
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3(g)—3(j) the equal-sign combinations (one entry per
event). The clustering in the opposite-sign correlation
plots [Figs. 3(d) and 3(e)], which is absent in the equal-
sign correlation plots [Figs. 3(g) and 3(h)], suggests the
presence of a p p final state. This has been observed
earlier by the TASSO (Ref. 3) Collaboration, which has
attempted to extract the fractions of p p, p ~+a, and
2m+2m events using likelihood fits. It should be noted
that two factors may affect the results of these fits.
First, the m+n system in the p m+~ component must
be in a relative P,F, . . . wave in order to achieve the
correct charge conjugation for the overall state. This
angular momentum will reduce the available phase space
for low masses, leading to an overestimate of the p p
contribution below threshold. Second, the pro-
cesses y y ~a, (1270)m., yy ~f2(1270)m +n, and yy
—+f2(1270) may contribute to the four-pion channel.
The first of these reactions would lead to events of the
type yy~p m. +m, the others to yy~2m+2~ . The
f2(1270)m+~ state is not subject to P-wave suppres-
sion.

It is clear that an incoherent mixture of isotropic p p,
p m+m, and nonresonant 2m+2m events may not ex-
haustively describe the data. A more complete model of
2m. +2m production is, at present, not available. We
have, therefore, limited the scope of this analysis of the
particle fractions to a check on the results obtained by
the TASSO Collaboration, using the same model and
fitting method. In this model, an ansatz is made to de-
scribe the differential production cross section:

4—R (W, g) ~g (W )g;(g) ~'
4 X

(4.1)

Here R4( W, g) is the four-particle phase-space density,
3/X =Wrr/2, and g (Wrr) and g;(g) represent the

Wrr and the g-dependent parts of the matrix element
for the process i, respectively. The Wz~ dependence of
the matrix element and the flux factors are absorbed in

C(wrr ), taken to be constant in each 200-MeV bin of
In untagged four-pion events there are twelve pos-

sible coordinates describing four particles in three-
momentum space. One is determined by the value of
8'z~, three are determined by conservation of momen-
tum, and a fifth is redundant because the four-pion sys-
tem is invariant under rotation around the yy axis. For
the remaining seven independent coordinates we have
chosen

g=(m f2, m34 8/2 8 p 8 $ )

The symbol m, b stands for the invariant mass of the
pion pair (a, b), where the pions are numbered
77 ] 772 773 IT4 The angle 8

& 2 is the polar angle of the par-
ticle pair (1,2} with respect to the yy axis in the yy
center of mass. The angles 8 and P are the polar

ab ab

and azimuthal angles of one of the pions with respect to
the yy axis in the center-of-mass system of the pair.

The phase-space density is taken to be identical for all

processes: the distinction between the processes is made
through the matrix element g, , where i stands for p p,
p m.+~, or 2m. +2m . Here we only consider isotropic
production and decay of these final states and, therefore,
g;(g) is independent of the angular coordinates and only
determined by m, 2 and m34 But since we have two
pairs of identical bosons in our 2~+2~ final state, we
must construct a matrix element symmetric under inter-
change of two pions with the same charge. The func-
tions satisfying these requirements are

g2 2
=const

g 0 + ~ ,'[B —(m,2)+B (m34}+B (m&4)+B (m23)],

and (4.2)

1
g 0 0~ —[B (m&2)B (m34)+B (m, 4)B (m23)] .

PP

In the Breit-Wigner amplitude 8 an energy-dependent
width was chosen for the p:

(m I m/p")'
B (m)=

m(m —m im —1")
P P

(4.3)

with

'4 2

r=r
P

p
4

p
4 2 +p 4 2

p
'e 1

( m 2 4m 2
)

I /2
p

e 1
( m 2 4m 2

)
I /2

and"

(4.4)

m =770 MeV, I =153 MeV .

In Monte Carlo calculations, events were generated
with the final state distributed according to phase space
and the mass dependence of the yy luminosity func-
tion' (i.e., assuming d a; /d g= 1). The appropriate
weight

~ g; (g )
~

was later assigned to the accepted
events. The masses were generated uniformly over the
region m, 2 & 2m, m34 + 2m, m &2+m34 (8

gyes

the
event configuration was obtained after a hit-and-miss
selection on R4( Wrr, g)

The generated events were subjected to a detector
simulation, which included multiple scattering, nuclear
interactions, energy loss in the detector material, decay
of final-state particles, trigger efficiency, and detector
resolution. The acceptance curves obtained by this cal-
culation are shown as a function of 8' for p p and
2m+2m. in Figs. 4(a) and 4(b) and are seen to be quite
similar. The acceptance of p m+m lies between the
two. For the systematic uncertainties (shown as shaded
areas) the following sources were included: the effect of
the kinematic cuts on the acceptance of the events (from
20%%uo at low mass to 15% at high mass), the loss of parti-
cles due to nuclear interactions in the inner detector re-
gion (15%), the dE/dx particle identification (8%), the
calculation of the trigger efficiency (25 —10%), and the
e+e luminosity (10%).

To extract the fractions of observed events' A, ;



37 PRODUCTION OF FOUR-PRONG FINAL STATES IN PHOTON-. . . 33

20 I
I

I
I

I

g 'f 277 27T

,: X~PPpy

(o)
I I I

I 2 3 4

—
o lO—

o o
Za

8
LLI

I
I

I

yy = K+K 77+77

IO—

I
I

I
I

I

vv =pp

(b)
I I I

2 3 4

I I I

vv =4P

&&/ezziiu ( d)

2
p I

2 3 4
Wyy (GeV)

FIG. 4. The detection and reconstruction efficiency as a
function of the yy invariant mass 8'~~ for the processes (a)

yy 2m+2m. , (b) yy p p, (c) yy E+E m+~, and (d)

yy~Pp . The shaded areas indicate the extent of the sys-

tematic errors.

assign an estimated systematic error of 0.2 to the frac-
tions.

We conclude that the 2~+2m final state is predom-
inantly p p at masses below the nominal p p threshold,
but that the p p component diminishes rapidly with in-
creasing mass and nearly vanishes above 2 GeV. The

p m. +n. component shows the opposite behavior: it is
compatible with zero below threshold, and rises above
threshold until it approximately equals the nonresonant
component, which has a roughly constant level of
=40% throughout the mass range. Our results agree
well with those from the TASSO Collaboration, also
shown in Fig. 5.

An attempt was made to include the process
yy~a, (1270)m. in the fit. It was found, however, that
the a, n. final state is very similar to the pm+a. final
state. Therefore, fits including both final states are un-
stable.

~ TPC/2y
+ TASSQ

(i =p p, p n+n, n+m m.+m ) from the data, each
event was assigned values for the probabilities P; that
the event resulted from the process i. Then the probabil-
ity for the whole data sample was maximized using the
maximum-likelihood procedure described in Ref. 3. The
likelihood function is defined by

IQ— yy pp (0)

A= g g A,;P;(g„)
n

with the constraint

(4.5)

(4.6)
10—

yy ~p 7T m' (b)

The product runs over all events. The quantity P, (g„)is
the normalized probability for the accepted event n with
measured variables g„to be produced by the process i:

z
O

~ 0.5—
K
ta

A (g„)dcr, (g„)/dgP( „)=
J A (g)der;(g)

(4.7)

where A (g) is the acceptance for an event with phase-
space variables g. The fit then requires maximization of
the quantity

10 — yy~2vr 2m (c)

n; J A (g)do, (g)
(4.8) 0.5—

where Eq. (4.1) was used. The integrals are evaluated
using a Monte Carlo procedure.

The results are shown in Fig. 5 as a function of 8'~~.
The errors in the fractions were determined by the fitting
procedure. Clearly, however, the model used here is a
very simple one. It does not include mutual interference
effects between the three final states considered and also
includes only the simplest possible orbital angular-
momentum configurations. The resulting possible model
dependence of the procedure together with the systemat-
ic uncertainties of the acceptance calculations led us to

I I I

2
(GeV)

FIG. 5. The fractions of the observed 2~+2+ events con-
tributed by the processes p p, p n.+m, and 2m. +2~ as a func-
tion of W». The results from the TASSO Collaboration (Ref.
3) are included for comparison. The error bars represent the
uncertainty as determined by the fitting procedure.
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B. Pair spectra in K+K ~+m events
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FIG. 6. Two-particle invariant-mass distributions in the
final K+K ~+m. sample: (a) K+K; (b) 77.+7T, where the
shaded histogram denotes masses recoiling against a P meson;
(c) K+m. vs K ~+; (d) the projection of (c) on both axes,
K —n. (data points with statistical errors) and K —+m.—(histo-
gram). The Pm+n events were excluded from the distribu-
tions of (c) and (d). The curve in (d) represents a fit of a Breit-
Wigner resonance curve on a polynomial background.

The distributions of the two-particle invariant-mass
spectra of untagged yy ~E+E m+m. events are
shown in Fig. 6. The E+E spectrum, Fig. 6(a), rises
from zero at threshold to a maximum at =1.3 GeV as
the detection efficiency and available phase space in-
crease and then fall due to the decreasing photon-photon
flux at higher masses. The peak just above threshold
contains 11 events with a K+K invariant mass below
1040 MeV and is attributed to the production of P
mesons. There is an estimated background of two events
from nonresonant E+E rr+rr Fig. ure 6(b) shows the
~+~ spectrum. The shaded histogram shows only the
events containing a P. In neither histogram is there
strong evidence of p meson production. %e conclude
that we observe the reaction yy~Prr+n, bu. t not
r)' 4p'

The Pn+m .events were subsequently removed from
the data sample. Figure 6(c) shows the correlation be-
tween the K+m. and the K m+ masses of the remain-
ing events. There is a concentration in the lower-left
corner of the plot with two faint bands extending up-
wards and sideways, approximately symmetric under
charge reversal. The sum of the projections on either
axis of this scatter plot is shown as data points in Fig.
6(d). The histogram in this figure shows the distribution
for the equal-sign Em pairs. Since both distributions
have two entries per event, the latter histogram was di-
vided by 2. There is clearly evidence for the production
of E' (892). The solid line through the data points
represents a fit to a Breit-Wigner resonance curve on a
polynomial background. The results of this fit agree
with the resonance parameters of the E* (892). We con-
clude that we observe the production of E* mesons.

The contributions of the final states K * E *,

K ' K—~+, and nonresonant K+K m. +m. to the
K+E ~+a sample were estimated by fitting Monte
Carlo —generated event distributions of the three process-
es to the correlation plot, Fig. 6(c). The Monte Carlo
events were generated with a constant matrix element
and a weight was assigned to each event to reproduce
the 8'~~ distribution of the data. The efficiencies for the
three processes were found to be equal to within 5%; for
the K+E m+m. final state the efficiency is shown as a
function of W in Fig. 4(c). The systematic uncertainty
(shown as shaded area) is the same as for the 2n. +2~
data in corresponding mass ranges with the exception of
the error due to the dE/dx particle identification, which
is more complicated for the case of kaons: it ranges
from 14% at low mass to 8% at higher mass. The frac-
tions, averaged over the mass range of 1.8-4.0 GeV,
then are

E+E n+m . (47+15)%,
E" En" (44+14)%

E' E ": (9+7)% .

The errors shown are the quadratic sum of the statistical
and systematic errors. The latter were obtained by vary-
ing the bin size in the fitting procedure and recording
the variations in the fractions.

The contribution from the vector-vector state K' K '
is compatible with zero, and the event sample can there-
fore be described with equal contributions of K' K —+m. *
and nonresonant K+K m. +m . Some of the results on
this final state were published earlier. '

C. Events with four kaons

We find two events with four kaons. One of them is
of the type PP, the other of the type PE+X . The pres-
ence of three P mesons in two 2E+2E events is re-
markable in comparison with the 11 P mesons in the 175
E+E m+m events. However, it is consistent with the
large number of p mesons observed in the 2m+2m. data.
The invariant mass of the PE+E event is 3.06+0.07
GeV and that of the PP event is 5.1+0.2 GeV.

V. PRODUCTION CROSS SECTIONS,
UNTAGGED DATA

A. Backgrounds

As was stated before, all events from the processes
yy ~K+K ~+@. and 2K+2K were scanned by eye,
and badly measured events and events with additional
photons were rejected. After the scan, the

I gp~ I
dis-

tribution for each process agreed well enough with the
Monte Carlo prediction so that no further background
from other than exclusive four-prong final states was
subtracted. However, estimates of the number of in-
correctly identified events were made for each process by
submitting Monte Carlo samples of 2m. +2m. and
K+E m. +m. events to the analysis programs for the
other processes. In this procedure we find that the
K+E m+m. sample may be contaminated by 13 events
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B. Cross sections

The cross sections are calculated as a function of the
invariant mass 8 zz of the two-photon system by divid-
ing the raw-event distribution by the acceptance (Fig. 4)
and by the yy luminosity function. ' The calculated
cross sections are compiled in Fig. 8.

2500

2000

1500
O
O

1000
Z.'
LLJ)

5QQ

0 0.05 0.10 0.15

~p~ GeV

FIG. 7. The
~ gp, [' distribution for untagged 2m+2m. .

events. The histogram through the data points is the sum of a
Monte Carlo simulation of the 2~+2m. final state and back-
ground as determined from m. +m. +m. +n. and m n. m. m. + data
(lower histogram). The arrow indicates where the cut was ap-
plied.

(7%) from the 2m+2m final state. The two 2K+2K
events are likely to be free of background.

The
I gp~ ~

distribution for the 2m+2m data, shown
in Fig. 7, peaks at low

~ gp~[, but tends towards a
constant level at large

I gpt ~

. A Monte Carlo simula-
tion for the

[ gpt I
distribution does not reproduce the

data very well, and we conclude that a substantial back-
ground from events with undetected particles is still
present in the sample. In order to determine this back-
ground, events of the types ~+m. +m+ m. and

m n.+~ were selected and subjected to the same
analysis without the charge-conservation requirement.
The

~ gpL ~

distribution for these events is flat, due to
the fact that at least two particles must be missing. This
distribution is shown in Fig. 7 as the lower histogram.
It was taken to represent the background to the 2m+2~
data, after normalization to the difference between the
data and Monte Carlo distributions for 2m+2m. events
at

I gpL I & 0.25 GeV . The sum of the resulting back-
ground and the Monte Carlo simulation is shown in Fig.
7 as the upper histogram. Reasonable agreement is ob-
tained. The procedure was carried out in several bins of
Wry. After the

I gpL I
cut, a contamination of 13% is

then found in the mass bin from 1.0 to 1.2 GeV, decreas-
ing to 11% between 1.2 and 2.0 GeV, and rising again to
15% at 4.0 GeV. The 2m+2m and p p cross sections
given in the following section have been corrected for
this background, assuming that the background contrib-
utes equally to either process. As a check, part of the
sample was subjected to an eye scan. It was found that
the eye scan leads to essentially the same results.

In Fig. 8(a) the production cross section for the pro-
cess yy ~2m+2m. is shown with statistical errors only.
All four-pion events were used in this calculation, re-
gardless of p content. The acceptance curve for non-
resonant 2m+2m. . production [Fig. 4(a)] was used; how-
ever, those for p p [Fig. 4(b)] and p m+n. .are very
similar. The uncertainty in the cross section is dominat-
ed by the systematic uncertainty in the acceptance (see
Fig. 4). In Fig. 8(b) the p p component of the 2m+2m

sample is shown. It is obtained from Fig. 8(a) by multi-
plication with the p p fraction, Fig. 5(a). Since the un-
certainty in the fraction determination is not correlated
with the one in the acceptance calculation, the errors are
added in quadrature to give the error in the p p cross
section. Also shown are the results from the TASSO
Collaboration, which are in good agreement with our
data. Thus we confirm the observation of a broad
threshold enhancement in the yy~p p channel. In
Fig. 8(c) the cross section for yy~p po is compared to
the models by Alexander et al. " and Achasov et al.
Also shown are data points for the yy ~m+n. m. m final
state as measured by the JADE Collaboration, together
with the prediction of Achasov et al. The JADE points
were obtained by selecting all m+n. m. m. events compa-
tible with the p+p assumption and can therefore be in-
terpreted as upper limits for yy ~p+p

A similar phenomenon is observed in the
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FIG. 8. The production cross section as a function of 8'»
for the processes (a) yy~2~+2m (including p p ) and (b)

yy ~p p . The TASSO results (Ref. 3) on yy ~p p are in-

cluded in (b) for comparison. In (c) the yy~p p cross section
is compared to models by Alexander et al. (Ref. 11) (shaded
area) and Achasov et al. (Ref. 9) (dotted-dashed line). Also
displayed are the upper-limit results from the JADE Colla-
boration (Ref. 8) for the yy~p+p final state together with
Achasov's prediction (dashed line). The production cross sec-
tions for the processes yy~K+K a+mand yy~Pn+. m

are shown in (d) and (e), respectively. The error bars in (a), (d),
and (e) are statistical; those in (b) and (c) include the errors in
the p p fractions (as determined by the fits).
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E+E rr+m. channel, plotted in Fig. 8(d). The cross
section for yy ~X+I(. rr+rr (excluding Prr+n. ) rises
from threshold to a maximum value of =20 nb around
8' =2 GeV, and then decreases slowly with rising

Wz . The width of the threshold enhancement in
E+E m. +n is of the order of 1 GeV, significantly
larger than in the 2m. +2m case. The systematic errors
are of about the same magnitude as the statistical ones
shown. The P~+ncomponent is shown in Fig. 8(e).
The Prr+rr cross section is =3 nb between 2.0 and 2.4
GeV, and then drops rapidly to zero. The acceptance
curve for Pp [Fig. 4(d)] was used to calculate the cross
section; statistics dominate the uncertainty in the mea-
surement.

The mass dependence of the square of the matrix ele-
ment

~

g'( W'rr )
~

[see Eq. (4. 1)] can be calculated from
the cross section by dividing by the nonresonant phase
space and flux factors. The result is shown in Fig. 9 for
both the 2~+2m. and E+E m+n. data, with the same
normalization for both reactions. It is interesting to
note that with phase-space effects removed there is no
compelling indication left of any resonant behavior. The
2n. +2m. and E+EC m. +n. data have a very similar
mass dependence, suggesting similar underlying produc-
tion mechanisms at these masses.

Upper limits (95% confidence level) on the cross sec-
tions for (()p, (()((), and E* K ' production are shown as
a function of Wrr in Figs. 10(a)—10(c). The branching
ratios of P to E+E and K" to K mare —ac.counted
for in these figures. Because of the large width of the p
meson, the Prr+m. events were weighted with a Breit-
Wigner resonance curve with proper normalization. A
similar weighting procedure was used for the E' K *

events. The curves shown in Figs. 10(a)—10(c) are the
predictions by Achasov et al. for four-quark resonant
states. Our upper limits do not contradict the four-
quark models.

1O' =

and, for the E+E m+m data,

(5.2)

For the (()P final state there are no events at the ri, mass,
leading to an upper limit of

B„~~&0.34 keV . (5.3)

Using the branching ratios measured by the Mark III
Collaboration of (1.3+0.6)%, (2.1+0.3)%, and (0.8
+0.3)%, respectively, we compute upper limits of 69, 37,
and 43 keV for the yy width of the g, . The errors in

10

yy = $p' (o)

:)
15

10—
(b)

C. Upper limits on g, formation

The 2++2+ and K+K m+~ cross sections above
were used to extract 95%-C.L. upper limits on the for-
mation of the g, meson. In a fit, a Gaussian was used
with a width of 75 MeV (determined by the mass resolu-
tion) at the nominal mass of the g„2980MeV, superim-
posed on a polynomial background. For the 2~+2m.
data we then obtain an upper limit
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FIG. 9. The measured value of the square of the matrix ele-
ment

~

g'
~

' as a function of W~r for the processes

yy ~2m. +277. (including p m. +m. and p p ) and
yy~I(:+E n. +n. . The error bars include the systematic er-
rors.

FIG. 10. Upper limits (95%%uo confidence level) on the produc-
tion cross sections for (a) yy~Pp, (b) PP, (c) K* & *, as a
function of 8'». The curves in (a)—(c) are predictions for
four-quark states by Achasov et al. (Ref. 9).
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the branching ratios were not taken into account in the

upper limit. These should be compared to the measure-
ment of the PLUTO Collaboration ' for the process

yy g, K&E—m. +, from which a value for the yy
width of the g, of 33+20 keV can be derived, using a
branching ratio of 1.5+0.6%.

VI. ANGULAR CORRELATIONS
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To determine the spin-parity of the p p part of the
untagged 2m+2m. data, two approaches were followed.

In Fig. 11 the experimental angular distributions are
shown. Because the pp contribution is maximal around
1.5 GeV, the mass range was restricted to 1.4—1.6 GeV.
The plotted points represent two entries for each event
[four for Fig. (b)] weighted by the p p matrix element
squared

I gzz I

of Eq. (4.2). This procedure accounts
for the fact that one is unable to distinguish p p from

p ~+m or 2~+2m events and the fact that it is not
possible to identify which ~++ combinations within an
event originated from the actual p decays. The back-
ground from 2m+2m and p m+m is estimated to be re-
duced by this procedure to a level of 10-15%. The four
curves are calculations of the angular distributions ob-
tained by weighting phase-space Monte Carlo events
with

I gzz I

times the angular distribution for the four
possible spin-parity states J =0+, 0, 2+, and 2

corrected for acceptance (for J =2+ a 1:6 ratio was
used for the helicity 0 to helicity 2 contributions).

Displayed are cos0, the cosine of the polar angle of
the p with respect to the yy axis in the yy center of
mass [Fig. 11(a)], cos8, the cosine of the polar angle of
the pions with respect to the yy axis in the p center-of-
mass (Adair) frame [Fig. 11(b)], b,P, the angle between
the decay planes of the two p's in the yy center of mass
[Fig. 11(c)], and cos8,b, the normalized dot product be-
tween the decay directions taken in the p rest frames
with parallel axes (physically meaningful only in the
nonrelativistic limit) [Fig. 11(d)]. Clearly, the data are
not consistent with the negative-parity curves,

confirming a conclusion reached by the TASSO Colla-
boration. The data follow the J =2+ curve very well,
but some contribution from 0+ cannot be excluded. The
cos0 distribution is shown for four mass regions in Fig.
12. Below 2 GeV the angular distribution remains flat
as expected for 0+ and 2+ pp production; at higher
masses, where the pp contribution is small, it peaks in
the forward direction.

In a second approach, a six-parameter fit was per-
formed in which the contribution of gz of Eq. (4.2) was
replaced by four contributions g %(J ), where %(J ) is
the angular distribution for spin-parity J, and J =0+,
0, 2+, and 2 . The results confirm our earlier con-
clusion that the data are inconsistent with the negative-
parity states. The data do not, however, allow a more
specific determination of the ratio 0+/2+. It should be
observed, that the 2+ angular distributions are indistin-
guishable from isotropy within the statistical errors.
Like TASSO (Ref. 3) we find that the sum of the p p
cross sections from this fit is lower than the one obtained
from the three-parameter fit. It is difficult to ascertain
the significance of this discrepancy.

Finally, the angular distributions of the K+K m. +m

final state were studied. In Fig. 13(a) the cosine of the
angle of each neutral Em pair with respect to the yy
axis is shown, and in Fig. 13(b) the cosine of the angle
between the kaon direction and the yy axis in the Err
center of mass. The histograms in the same figures
represent the result of an isotropic phase-space Monte

«~ ~o
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FIG. 11. Angular distributions of the 2~+2m. sample for
the mass range 1.4—1.6 GeV. (a) cos8~, the cosine of the polar
angle of the p with respect to the yy axis in the yy center of
mass. (b) cosO, the cosine of the polar angle of the pions with
respect to the yy axis in the p center of mass (the Adair
frame). (c) hP, the angle between the decay planes of the two
p's in the yy center of mass. (d) cos8,b, the normalized dot
product between the decay directions taken in the p rest frames
with parallel axes (physically meaningful only in the nonrela-
tivistic limit). The lines represent acceptance-corrected calcu-
lations for the four spin-parities 0+ (dotted), 2+ (solid), 0
(dotted-dashed), and 2 (dashed). Only statistical errors are in-

cluded in the data points.
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sponding neutral Em. pair (two entries per event). The crosses
represent data points with statistical errors; the histograms are
the result of a Monte Carlo simulation of isotropic
E+K m+a production.
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FIG. 14. Two-particle invariant-mass distributions in the
tagged K+K m+m sample: (a) K+K, (b) K +—m. + (data
points with statistical errors) and E +—m.+ (histogram). The
Prr+rr events were excluded from the distributions of (b).

Carlo calculation of the E+E m+m. final state. The
data are clearly compatible with this Monte Carlo result.

VII. THE TAGGED DATA SAMPLES

, Events of the types 2m+2m and K+K m+m were
selected in which one of the two final-state leptons (the
tag) was detected in the forward spectrometer The.
selection criteria were described in Sec. III.

Figure 14(a) shows the E+E spectrum in the
E+E m+m. final state. Six events are compatible with
rtprr+rr . The a+amass spe.ctr.um does not show any
structure and is therefore not shown here. After remov-
ing these six events we show in Fig. 14(b) the opposite-
sign K~ mass spectrum as data points; the histogram
represents the same-sign combinations divided by 2, as

in Fig. 6. In spite of the limited statistics, a IL (892)
enhancement is visible.

The magnitude of the p p component of the 2n. +2m.

data as a function of W&z was established, as for the un-

tagged data, by a maximum-likelihood fit, in two bins of
Q = —q (q is the four-momentum of the tagged pho-
ton) and five bins of Wzz. The results are shown in
Table II. The errors are the ones determined by the
fitting procedure. As stated earlier, the systematic error
due to model dependence and acceptance variations is
estimated to be of the order of 0.2. The general trend of
the fractions was found to be preserved as Q increases.
Consequently, the Q distribution of the 2rr+2rr sample
as a whole was determined without separating the frac-
tions.

For the calculation of the cross sections, the efBciency

TABLE II. The fraction of observed 2m+2m events attributed to p p production as a function of
Q . The errors are determined by the fitting procedure. An estimated systematic error of 0.2 is due
to acceptance differences between the processes and rriodel dependence of the procedure.

8'
(GeV)

1.2 —1.4
1.4—1.6
1.6-2.0
2.0—2.8

Q2 0

0.77+0.02
0.53+0.05
0.31+0.06
0.11+0.05

0.1 &Q' &0.5 GeV2

0.67+0. 18
0.77+0. 13
0.25+0.20

—0.05+0.11

Q~) 0.5 GeV'

0.46+0.37
0.67+0.29
0.22+0. 12

—0.01+0.16
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was determined in bins of both fV and Q . It was as-
sumed that the backgrounds are the same as for the un-

tagged data (see Sec. VA). The background-subtracted
cross section for the 2++2~ final state is plotted as a
function of Q in Fig. 15, in four bins of Wrr. All re-
sults were calculated using the transverse-transverse
luminosity function only. ' At high Q a contribution is
expected from the scalar-transverse cross section as well.
What is plotted is therefore the effective cross section
(JTT+ E'cT sT with e the photon polarization parameter.
The errors on the Q &0 GeV data points are statistical
only. The systematic error is slightly lower than for the
untagged data because the trigger efBciency for the
tagged data has a very small uncertainty. The data
point at Q =0 GeV of each distribution is the result
from the untagged data sample; its error includes the rel-
ative systematic error between the tagged and untagged
samples.

The data do not fall off as steeply as a p-pole form fac-
tor squared, shown as the solid line in each figure, espe-
cially at higher mass. This is reasonable, since a contri-
bution can be expected from the formation of charmoni-
um states r)„Xu,and X2. The Q dependence of the for-
mation cross section of these states is expected to behave
like a J/P-pole form factor squared 2 which is
represented by the dashed curves. Both are normalized
to the cross section at Q =0 GeV . Neither curve fits
the data very well at any value of Wyy. However, in
each mass range a linear combination of the two form
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FIG. 16. The cross section for the process
yy~K+K n. +m. (including K* K~ and K* K j as a func-
tion of Q2. The curves and errors are as defined in Fig. 15.

factors can be found that agrees well with the data, as
indicated by the dotted-dashed line. The p-pole form
factor is dominant at low masses, but towards higher
masses the Jj1(-pole contribution increases, suggesting
the formation of ce states at these masses. On the other
hand, a rather flat Q dependence is also expected
from QCD for y y -+m m and, hence, likely for
rx p'p'

For comparison, the dotted lines in Fig. 15 show the
Q dependence from the generalized vector-meson-
dominance model (model II of Ref. 2).

The Q dependence of the yy +K+K n+n—. cross
section is shown in Fig. 16 for the entire measured mass
range. The curves in this figure are analogous to the
ones in Fig. 15. The cross section decreases rapidly with
Q2

I

b
10 =

10 =
VIII. CONCLUSIONS
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(d
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FIG. 15. The cross section for the process yy~2~+2~
(including p n+m and p p ) as a function of Q2 in four bins of
Wyy as indicated. The solid lines represent the p-pole form
factor, the dashed lines the J/t(-pole form factor, and dotted
lines the form factor expected from the generalized vector-
meson-dominance model, all normalized to the first data point.
The dotted-dashed lines give the best fit of a linear combina-
tion of the p-pole and J/t(-pole form factors. For the Q'&0
data points only statistical errors are shown; for the Q =0
point a relative systematic error was added in quadrature.

We have measured four-prong final states consisting of
charged pions and kaons. The 2m. +2m. events come
from the final states p p and p ~+a. and nonresonant
2~+2~ . There is a strong p p component at low Wyy,
even below the nominal pp threshold. This p p com-
ponent is consistent with a spin-parity of predominantly
0+ and 2+, but also with isotropic production. The
K+K n+nsample . co.nsists of Pm+n, K' Km .and.

nonresonant K+K m+n. . The general feature of both
the 2++2+ and I( +I( m. +m fina states is that the
cross sections rise steeply from threshold to a peak value
(about 180 nb for the 2m. +2~ data versus about 20 nb
for the K+K ~+a. data) at about 0.5 GeV above
threshold, and decrease at higher masses. This behavior
is in contradiction with simple vector-meson-dominance
models, but is more or less described by both the four-
quark models and the t-channel factorization models. "

The fractions of p p, p m. +m. , and nonresonant
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2m+2m. in the tagged 2m. +2m data are similar to those
in the untagged data. The Q dependence of the
2m+2m cross section itself falls off somewhat more
slowly than a p-pole form factor at low mass and be-
comes even flatter at higher masses.

Two events of the type yy~2K+2E were found,
one of which is identified as PP, the other as PE+K

In the untagged data, upper limits were established for
the formation of the q, meson.
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