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The Crystal Ball detector has been used at the DORIS II storage ring at DESY to study the reac-
tion e+e ~e+e y*y*~e+e X~e+e yy, where X is a narrow resonance with mass between

100 and 3000 MeV. Formation of ~, g, and g' mesons is observed, and the following meson par-

tial widths are obtained: I 0 ——7.7+0.5+0.5 eV, I „»——0.514+0.017+0.035 keV, and
'tl

I „yy=4.7+0.5+0.5 keV. No other narrow resonances are observed, and upper limits are given
for the product I p yyB& yy.

I. INTRODUCTION

Photon-photon production of neutral resonances pro-
vides important information about the constituents of the
resonance. Photons cannot couple to a neutral particle
directly, but must interact with charged constituents or
via intermediate virtual charged particles. In the quark
model of mesons, the strength of the coupling is related

to the quark content. An important check of whether a
resonance is a conventional qq meson is a comparison of
its measured partial width I ~ ~y with the quark-model
prediction based on its quark composition determined
from other types of measurements.

For the light pseudoscalars m, g, and g', the two-
photon partial widths are also of interest as a determina-
tion of their lifetimes. These particles have lifetimes in
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the range 10 ' —10 ' sec which is difficult to measure:
they have both a short decay length and a small natural
width. The best determinations of the q and g' lifetimes
are obtained by using measurements of I & and the
branching ratio for X~yy to derive the full width. ' A
precise measurement of the m. lifetime using the decay-
length technique was recently achieved by Atherton
et al.

In this paper we describe a study of the reaction
e+e ~e+e yy~e+e yy, where each y* is a
quasireal photon radiated from one of the beam particles.
The virtual photons scatter to produce a final state con-
sisting of two real photons. The final-state leptons scatter
at very small angles and are not detected. The sum of the
transverse momenta of the final-state photons with
respect to the beam axis is essentially zero. %e observe
three peaks in the invariant-yy-mass spectrum corre-
sponding to the formation of m, g, and g' mesons. This
is the first observation of n. production using this tech-
nique, first suggested by Low in 1960.

The data used for this analysis were collected with the
Crystal Ball detector running at the DORIS II e+e
storage ring at DESY. The e+e center-of-mass energy
varied from 9.4 to 10.6 GeV, with most of the data taken
on the Y(1S), Y(2S), and Y(4S) resonances. The sample
used for the study of g and g' production has an integrat-
ed luminosity of 114 pb ', of which about 40% has
trigger thresholds also suitable for the m study. A sam-

ple of single-beam and separated-beam data correspond-
ing to approximately 6 pb

' of colliding-beam data has
been used to study beam-gas backgrounds.

II. DETECTOR AND TRIGGER

The Crystal Ball detector has been described in some
detail before. The ball consists of an array of 672
NaI(T1) crystals covering 93% of the solid angle with a
thickness of 15.7 radiation lengths. The light produced
in each crystal is detected by one photomultiplier. The
crystals are stacked to form a hollow sphere centered at
the interaction region (see Fig. 1). The arrangement is
based on an icosahedron in which each face has been sub-
divided into 36 smaller triangles. The group of 36 crys-
tals associated with one face of the icosahedron is called a
"major triangle. " A full sphere would contain 720 crys-
tals. To allow the beam pipe to pass through the ball,
there are two openings, each of which results from omit-
ting a group of 24 crystals. The two sets of 30 crystals
adjacent to the openings are called the "tunnel regions, "
and the crystals not in the tunnel regions are called the
"main ball. "

The measured energy resolution of the Crystal Ball for
electromagnetically showering particles is o.z /F
=(2.7+0.2)%/E'~ (E in GeV), with the energy shared
among a symmetric cluster of 13 neighboring crystals.
Using the distribution of energy within the cluster, we
determine the direction of showering particles to an accu-
racy ranging from about 3' for the polar angle of a 70-
MeV photon to about 2' at 500 MeV. The NaI(T1) energy
scale is determined using large-angle Bhabha scattering
events. We use our studies of the Y(2S)~vr vr Y(1S)
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FIG. 1. The organization of the Crystal Ball into major trian-
gles. The shaded area is one of the "tunnel regions" next to the
beam.

channel to correct the calibration at lower energies by a
one-parameter, nonlinear expression, which gives a
correction of +S%%uo at 100 MeV.

The ball is augmented by NaI(T1) end caps which cov-
er an additional 5% of the solid angle with an average
thickness of about 8 radiation lengths. For the present
analysis, the end caps are not used to reconstruct events.
However, they are used to identify and reject events
which are not fully contained in the ball.

The central cavity of the ball is equipped with propor-
tional wire chambers to detect charged particles. The
chambers consist of individual aluminum tubes arranged
in cylindrical double layers around the beam pipe, with
one layer oft'set from the other by half of the tube spac-
ing. The azimuthal angle P of a hit is determined by the
position of the tube that is hit. The pulse at each end of
the sense wire is measured, and the position of the hit in
the z direction, the direction along the beam axis, is
determined by charged division. The resolution in z is
roughly 2% of the tube length, which varies from 64.8 to
36.8 cm with increasing distance from the beam pipe.

Two sets of chambers have been used at DORIS. The
old set consisted of three double layers of tubes that had
walls 75 pm thick, operated using magic gas. " The new
set has four double layers and 180-pm-thick walls and
was operated using a mixture of 79% argon, 20% CO&,
and 1% methane. For the first part of the data sample
used in this analysis, the inner two double layers of the
new set and the outer double layer of the old set were in-
stalled. For the later data, the complete new set of
chambers was installed. The beam pipe has a thickness
corresponding to 0.017 radiation lengths (r.l.). Each old
double-layer chamber adds 0.010 r.l., whereas a new dou-
ble layer adds 0.017 r.l.
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To help recognize cosmic-ray events, there is an array
of 94 plastic scintillation counters ("roof counters")
above the ball at a distance of about 3 m from the beam
axis. The counters cover about 1n. solid angle and inter-
cept about 80% of the triggered cosmic rays that pass
through the ball. Their time resolution is about 1 nsec,
and the position along the counter is determined with an
accuracy of about 20 cm.

The triggers used for this analysis are based on fast
analog sums of the energy deposited in the main ball,
each of its major triangles, and the tunnel regions. Ener-

gy is deposited in the tunnel regions more often than in
the rest of the ball, partly because beam-gas and beam-
wall collisions that occur outside the central cavity of the
ball can produce particles that enter the ball through the
tunnel crystals. For this reason, energy in the tunnel re-
gions is excluded from the major-triangle and main-ball
energy sums, giving an effective trigger solid angle of
85% of 4n. The energy sums are subjected to both pulse
height and constant fraction discriminators. The con-
stant fraction discriminators serve to record the time of
arrival of the energy pulse. The trigger decisions are
based on logical combinations of the pulse-height
discriminator outputs, all of which are recorded on tape
for each triggered event. By examining events which
satisfied more than one trigger, the threshold and
efficiency can be determined for each discriminator.
Based on the hardware thresholds measured in this way,
we set sharp software thresholds safely above the mea-
sured values (below for vetoes). Events used in the
analysis presented here are required to satisfy these
software thresholds, which are given in the following
trigger description.

In order to detect a single m or g produced nearly at
rest, a trigger with a low energy threshold is required.
We have used two triggers for this analysis. One, which
we refer to as the "m trigger, " requires at least 90 MeV
in the main ball. The other, the "g trigger, " requires at
least 400 MeV. To reduce background contributions to
the trigger rate to manageable levels, additional con-
straints on the events are required, as described below.

A topology requirement is the main test applied by
both the ~ trigger and the g trigger. It was specifically
designed to accept candidates for yy collision events,
making use of the fact that most such events have nearly
balanced transverse momentum. Any plane that contains
the beam axis divides the ball into two hemispheres. If
one of the hemispheres contains all of the energy in the
event and the other is empty, then it is not possible that
the event balances transverse momentum. The trigger
uses three such planes to divide the ball into a total of six
hemispheres. The hemisphere boundaries are chosen to
coincide with the major-triangle boundaries, resulting in
imperfect hemispheres. The major-triangle energy sums
are used to determine which hemispheres are occupied.
For the ~ trigger, the major-triangle threshold is set to
45 MeV; the g trigger requires 160 MeV in a major trian-
gle. If the threshold is exceeded, the major triangle and
any hemisphere containing it are considered hit. For the
topology requirement to be met, each of the six hemi-
spheres must have at least one such hit. Although there

are six hemispheres, as few as two major triangles with

energy are enough to set the trigger. Each major triangle
is included in three of the hernispheres, and energy in the
triangle will satisfy the requirement for all three hemi-

spheres. Roughly speaking, two particles coplanar with
the beams are sufficient to satisfy the topology require-
ment if each sets a major triangle on opposite sides of the
beam axis.

Two vetoes are imposed on events to further suppress
background from beam-gas events and cosmic-ray events.
Both the m trigger and the g trigger make use of a veto
on the energy in the two tunnel regions. If the energy in

either tunnel region exceeds 30 MeV, the event is vetoed.
The second veto uses the chambers to reject charged

particles. The wires in each layer of the chambers are
grouped in sets of eight. The pulses from both ends of
the eight wires are summed. If any of the sums for a lay-
er exceeds a threshold, that layer is considered hit. The g
trigger is vetoed if either layer 5 or 6 has a hit. The m.

trigger is vetoed if any of layers 3 through 6 are hit. The
thresholds are set rather high so that noise hits do not set
the veto. Consequently, some charged tracks are not
vetoed. Roughly 10% of Bhabha events do not set the
chamber veto.

The rr trigger and g trigger make use of the same
hardware with different threshold settings, so they cannot
be run simultaneously. With the exception of the slightly
more rigorous chamber veto, the m. trigger accepts all
events that the g trigger would accept. The data used
here consist of 68 pb

' with the g trigger and 46 pb
with the m trigger.

III. EVENT SELECTION

Events satisfying the m. trigger or g trigger are passed
through a preliminary selection designed to identify can-
didates for events produced by photon-photon collisions.
This selection requires events to have total energy in the
ball less than 5 GeV and net transverse momentum

~ gp, ~, less than 200 MeV.
From this sample of photon-photon collision candi-

dates we select events in which the final state consists of
two photons. The analysis covers a large range of yy in-
variant mass and has been separated into a low-mass and
high-mass region. The low-mass analysis uses only the
data with the m trigger and has been used to measure m.

production and obtain upper limits for states with mass
between the m and g mass. The high-mass analysis uses
the combined sample of m -trigger and g-trigger data to
study g and g' production and to search for states with
mass larger than 600 MeV. As discussed in the previous
section, events have been required to satisfy software
trigger thresholds which are somewhat more restrictive
than the hardware trigger thresholds. Events used in the
high-mass analysis are required to satisfy the software
thresholds for the g trigger, regardless of whether they
are from a run with the m trigger or g trigger. For the
most part, the same selection criteria are used for both
mass regions. In the following discussion, the require-
ments are used for the whole mass range unless otherwise
noted.
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We select events that have two neutral showers, each
with a least 40 MeV, and no other tracks or showers with
more than 10 MeV. Each shower is required to satisfy

~

cos8
~

&0.75, where 0 is the angle between the direc-
tion of the positron beam and the shower direction. The
showers are required to have lateral energy deposition
consistent with that expected from an electromagnetic
shower. For the low-mass region, there is a cleanliness
requirement that the total energy in the ball cannot
exceed the sum of the energy of the two showers by more
than 25 MeV.

Cosmic-ray events can mimic an event with two
showers in the ball. If a minimum-ionizing particle
passes through the ball by way of the central cavity, it
leaves two regions of ionization, each with 150-300
MeV. The roof counters are used to reject the majority
of cosmic-ray particles: those which are moving down-
ward and cross the roof counters before passing through
the ball. Events with a roof hit recorded more than 5
nsec before the energy deposition in the bottom hemi-

sphere of the ball are rejected. (Showers with at least the
130 MeV in the bottom hemisphere needed to set the tim-
ing discriminator are measured with a resolution of about
1 nsec. Events with less than this amount of energy are
treated as if they had no roof hits. ) For the high-mass
analysis, the signal in the ball is also required to be con-
sistent with the nominal time of the beam crossing.

The standard tracking algorithms, which are used to
identify and reject events with charged particles, assume
that tracks originate from the beam crossing. For beam-
gas events and cosmic rays this is not necessarily true, so
two additional requirements have been used to eliminate
such events. In the 6rst, events with hits in the chambers
closely matched in P (the azimuthal angle around the
beam axis) to the direction of either of the photon candi-
dates are rejected. Here we ignore the z information
since beam-gas tracks can originate anywhere along the
beam axis. The second requirement rejects cosmic-ray
events by identifying the straight track they produce
through the chambers. Again ignoring the z information,
if a line of chamber hits can be found that passes close to
a crystal from each shower containing at least 10 MeV,
the event is rejected.

Events produced by photon-photon collisions are ex-
pected to have very small total transverse momentum.
Figure 2 shows the yy invariant-mass distributions for
events with

~ gp, ~

& —,', Mrr. Clear signals are seen at
the m, q, and g' masses. To verify that these mass peaks
indeed arise from events with balanced transverse
momentum, the distribution of

~ g p, ~

before the cut is
shown in Fig. 3 for the neighborhood of each of the
peaks. The distributions peak at small transverse
momentum, as expected, and are consistent with the
Monte Carlo expectation for the shape of the transverse-
momentum distribution plus a background that is ap-
proximately flat. Only the events with

~ g p, ~

& —,', M
are kept. To further reduce background contributing to
the m. and q peaks, the m and q signals are determined
using only events which also satisfy

~ gp, ~

&10 MeV
and

~ g p, ~

&45 MeV, respectively.
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FIG. 2. The M», distribution for events selected as described
in the text and which have

~ g p, ~

& —,'OM„„.(a) shows the dis-

tribution for events satisfying the low-mass selection; (b) shows
the data sample for the high-mass analysis.

IV. BACKGROUND ESTIMATES
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FIG. 3. The
~ g p, ~

distribution in the neighborhood of
each of the peaks in the invariant-mass distribution: (a) for

145 MeV; (b) for 500& Mrr &600 MeV; (c) for
900&M~y &1000 MeV. Note the different scales on the hor-
izontal axes. It is conventional to plot

~ g p, ~

because back-
ground from beam-gas or incompletely contained events tends
to produce a Aat distribution in this quantity. The arrows indi-
cate the cuts used to obtain the events in Figs. 5-'7.

To determine the partial width of each of the observed
pseudoscalars, we need to know how many of the events
in each signal are actually due to the process

e+e ~e+e X, X~yy .
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Some background processes, such as e+e
~e+e e+e, where the tracks associated with the e+
and e showers fail to be identified, produce background
distributed smoothly as a function of invariant mass.
Backgrounds of this type are accounted for by fitting the
mass distribution with peaks plus a smooth function. Es-
timates of the expected amount of smooth background
are consistent with the small amount seen in the data.
We will concentrate here on the more troublesome back-
ground processes, those which contribute directly to the
strength of the observed signals. These are processes in
which a m, g, or g' meson is produced by some mecha-
nism other than (1).

One source of this type of background is beam-gas col-
lisions. The correlation of yy invariant mass and total
transverse momentum for e+e collision events satisfy-
ing the low-mass selection is shown in Fig. 4(a). The
analogous plot is shown in Fig. 4(b) for a sample of
beam-gas data satisfying the same selection criteria. The
beam-gas data were collected during runs with the e+
and e beam separated at the interaction region, or with
a single e+ or e beam. Both the colliding-beam and the
beam-gas samples have a band of events at the vr mass
which extends to large transverse momentum. These
events are most likely produced by excitation of baryonic
resonances, e.g. , eN~eh, 5~A N, where e and N are
both undetected. Only in the colliding-beam sample is
there a very tight cluster of events at small transverse
momentum.

The beam-gas data are used to subtract the beam-gas
background bin by bin from the ~ region of the yy mass
distribution. The relative normalization of the two sam-
ples has been determined to be 7.7+0.7 using events with

Mrr & 200 MeV and
~ g p, ~

&20 MeV. Figure 5 shows
the mass distribution for the colliding-beam data together
with the normalized beam-gas data. The error bars for

200—
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FIG. 5. Events near the n mass which have
~ gp, ~

&10
MeV. The colliding-beam data are shown as a histogram and
the beam-gas data as points with error bars. The beam-gas data
have been multiplied by the normalization factor 7.7

the beam-gas data refect only the normalized statistical
error. The error for the normalization factor is taken
into account as described in Sec. V. The mass spectrum
after beam-gas subtraction is shown in Fig. 7(a).

In contrast to the m. region, there are few events in the
beam-gas sample near the g mass. Figure 6 shows the
beam-gas events satisfying the high-mass selection and
having

~ g p, ~

&45 MeV. There is little indication of an
enhancement in the r) mass region. A fit to the histogram
with a linear function plus a peak with mass and width
matching the observed g peak in the colliding-beam data
yields 0.3+o 3 events in the peak. The normalization of
the total colliding-beam sample used in the high-mass
analysis to the beam-gas sample has been estimated using
the factor of 7.7 from the low-mass analysis times the ra-
tio of the total luminosity to the luminosity used in the
low-mass analysis. The result is that the beam-gas data
must be multiplied by 19 to compare to the colliding-
bearn data. This implies that beam-gas events contribute
6+6 events to the g peak in the colliding-beam data.
This contribution is subtracted from the total number of
observed g events.

There are no events in the beam-gas sample with
850(M & 1050, even at large total transverse momen-
tum. We conclude that beam-gas background makes a
negligible contribution to the g' signal.

Another possible source of signal events is two-photon
collision events producing several particles, of which only
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FIG. 4. Correlation of yy invariant mass and transverse
momentum for colliding-beam events (a) and beam-gas events
(b). To prevent the colliding-beam plot from becoming too
dense, only every fourth event has been plotted.
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FIG. 6. Invariant-mass distribution for beam-gas events near
the g mass and satisfying the high-mass selection.
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V. TWO-PHOTON WIDTHS OF THE OBSERVED
PSEUDOSCALARS

The number of signal events N in each of the resonance
peaks is related to the cross section according to

N=
beam energies

e «(~x) &x (2)

where for each beam energy i, e, is the detection
efficiency, X; is the integrated luminosity, (crx); is the
cross section for e+e ~e+e X, and 8~ z~ is the
branching ratio for X to decay to two photons.

The cross section uz for the formation of a particle X
in e+e ~e+e y*y*, y*y*~Xcan be written as

d pi d pz
(3)

where (p', ,E', ) and (pz, Ez) are the four-vectors of the
final state e+ and e, and 4(qi, qz ) describes the produc-
tion rate of the corresponding virtual photons with four-
vectors q, and q2. The cross section for these photons to
form a narrow pseudoscalar resonance X is given by'

2

5((q, +qz) —mx)
Sm.

~yy-x(q»qz)=I x yy mg

~ 2lql Fz( z z)
m&

The first line is the narrow resonance approximation to
the Breit-Wigner cross section for the formation of a
spin-0 resonance by two real photons. I ~ ~~ is conven-
tionally defined to be the partial width to real photons,
whereas in the two-photon process the photons are slight-
ly virtual (q &0). We describe the q dependence of
oyy x with the second line in Eq. (4). Lorentz and

a single pseudoscalar is observed. The yl, yI', ao(980),
fz(1270), and az(1320) have all been observed in

photon-photon collisions and all have substantial decay
modes containing a no.r an y) (Ref. 1). For the known

decays of these particles with branching ratios of a few

percent or more, the acceptance for observing only two
photons has been studied using Monte Carlo techniques.
Only three modes are found which contribute one back-
ground event or more. They are

yl~n (m+ir ), n +yy—, 1.2+0.9 rr events;

yl'~yl(n+n ), g~yy, 11+3 i) events;

ao(980)~i)t(n. ), z)~yy (n ~yy ),
1.2+0.6 g events,

where the particles in parentheses escape detection.
These background contributions are subtracted from the
number of observed events. Two-photon continuum pro-
duction of m m pairs contributes less than one event and
has been neglected.

Monte Carlo studies of e+e annihilation into qq pairs
or three gluons indicate that background from these
sources is negligible.

gauge invariance in QED constrain the form of the yy-
pseudoscalar vertex, " leading to the factor 2

l q l
/mx,

where q is the momentum of either photon in the X
center-of-mass frame. For real photons this factor is 1.

QED does not constrain the form of the electromagnet-
ic form factor F(q i, qz ), which depends only on the sca-
lar quantities q, and q2. It is normalized such that
F(0,0)=1. Our cut of

l gpr l
& —,', M effectively re-

stricts the observed data sample to small q, where F is
near 1. Therefore, we take F(q i, qz ) =1 in Eq. (4) above.
We have investigated the effect of using the vector-
dominance-model (VDM) form factor, F(q, , q z ) = (1
—q, /m ) '(1 —qz/m ) ', where m is the mass of the

p meson. This form factor has been shown to give a good
description of single-tag production of the g' meson. '

For g' production, the form factor reduces the total cross
section O.„by28%. However, the visible g' cross section
in the region of phase space accepted by this experiment
is only reduced by 0.5%. The effect of the form factor is
even less for the ~ and g.

We use a Monte Carlo event generator based on a pro-
gram by Vermaseren' to calculate 0.&, the cross section
in Eq. (3) with I x yy set equal to 1 keV. (Consequently,
crx has dimensions nb/keV. ) We have neglected the con-
tributions of radiative corrections and e + /e beam
transverse polarization. For a no-tag experiment, the
effect of transverse beam polarization is vanishingly
small. ' Likewise, radiative corrections have been shown
to be less than 1% (Ref. 18). We estimate a systematic
error of 2% on o, including the effects of the VDM forin
factor, the radiative corrections, and the averaging tech-
nique described below.

The partial width I z ~z can be derived from the num-
ber of observed events using Eq. (2). For simplicity, we
replace the sum over beam energies by the total luminosi-
ty and luminosity-weighted averages of the cross section
and detection efficiency. The error that results from this
approximation is less than 1%. The detection efficiency e
is a product of three efficiencies: eb,», the efficiency for
the requirements based on energy deposition in the
NaI(T1); e,h, b„,the efficiency for both final-state pho-
tons to traverse the tracking chambers without being
misidentified as charged particles; and GypF the efficiency
of the ball and roof timing requirements. The resulting
expression for the partial width is

N
x

ballechamber TOF+X+~x~yy

The number of events in each of the observed peaks
has been determined by a fit to the Mz& distribution.
Each peak region is fit separately with a low-order poly-
nomial background plus a peak of variable mass and
width. The energy response of the Crystal Ball is asym-
metric with a tail on the low-energy side' and produces a
similar tail in the invariant-mass distribution of two pho-
tons from the decay of a slowly moving particle. We
parametrize the peak shape using a Gaussian distribution
to which a power-law tail has been joined about 1.30.
below the mean in such a way that the first derivative is
continuous. The parameters describing the position
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where the two functions are joined and the power law for
the tail are determined by fitting Monte Carlo distribu-
tions for M~~ from m, g, and g' decays. The Monte Car-
lo showers have been generated using EGS code. ' The
actual data are then fit with the amplitude, mean, and 0.

free, but the other shape parameters fixed. The fits are
shown in Fig. 7. The number of events in each of the
peaks is given as Nf„in Table I. The first error is statisti-
cal and the second error includes the systematic error es-
timated by varying the fit hypothesis (peak shape and
background polynomial). The systematic error for the
number of ~ events consists of an error of +12 from the
fit hypothesis and +22 from the beam-gas normalization

FIG. 7. Fits to the three resonance peaks. The histograms
show the number of events satisfying the selection criteria de-
scribed in Sec. III; in (a) beam-gas events have been subtracted
as described in Sec. IV. The smooth curves show the fits de-
scribed in Sec. V; the dotted curves indicate the background un-

der the peak in each fit.

that have been added in quadrature. The error due to the
beam-gas normalization factor, 7.7+0.7, has been deter-
mined by using normalizations of 7.0 of 8.4 to make the
beam-gas subtraction, fitting the resulting Mzz distribu-
tion, and comparing the result to that obtained using 7.7
for the beam-gas normalization.

The remaining background contributions discussed in
the previous section are also shown in Table I. They
have been subtracted from the number of events deter-
mined by the fits and the errors have been added in quad-
rature to obtain the number of observed signal events, N.

As for other recent Crystal Ball measurements, ' the
luminosity is determined using events with two high-
energy showers in the ball from the processes
e+e ~e+e (y) and e+e ~yy(y). We obtain 46.1

pb ' for the data sample used in the low-mass analysis
and 114.0 pb ' for the total sample. We estimate a sys-
tematic error of 3% for this procedure. However, part of
the data (33.1 pb ', of which 13.2 pb

' has the low-

energy threshold) was taken when some crystals in the
detector were being read out improperly. For these
data, the number of observed events is somewhat more
sensitive to the selection requirements, and we assign a
systematic error of 6% for the luminosity from this
period. The result is an overall systematic error of 4%
for the luminosity, which is shown with the luminosity
values in Table I.

We determine the efficiency eb,» using Monte Carlo
events which have been passed through the EGS detector
simulation. The Monte Carlo includes a simulation of
the read-out problem, which decreases the detection
efficiency for g' events by (2.5+1.3)% compared to
unaffected data. This reduction, together with the frac-
tion of the data which is affected, are taken into account
in the final value of eb, ~&. Because the read-out errors
were limited to photon energies ~ 400 MeV, the effect on
the efficiency for m. and q events is negligible.

Some of the selection criteria are affected by extra en-
ergy deposited in the NaI(T1) by beam-related back-
grounds. This extra energy was measured using a sample
of random background events obtained by triggering on
every 10 th beam crossing, with no other condition.
Each Monte Carlo event was superimposed on one of the

TABLE I. Numerical values of the quantities involved in the calculation of I x». For m, N« is obtained from the mass spec-
trum after subtracting the beam-gas distribution. For g, the small beam-gas background is included in "Remaining backgrounds. "

Nft
Remaining

backgrounds
N

~balj

~chamber

&tof

~x

1183+71+25

1.2+0.9
1182+71+25

0.0213+0.0008
0.707+0.017

223.7+4.5 nb/keV
46. 1+1.8 pb

0.9880+0.0003 (Ref. 1)
7.7+0.5+0.5 eV

1313+44+

(6+6')+ (12+3)
1295+44+52

0.0491+0.0009
0.660+0.015
0.984+0.003

1.78+0.04 nb/keV
114.0+4.6 pb

0.389+0.004 (Ref. 1)
0.514+0.017+0.035 keV

136+14+2

136+14+2
0.0734+0.0026
0.655+0.015
0.995+0.001

0.239+0.005 nb/keV
114.0+4.6 pb

0.0223+0.0018 (see text)
4.7+0.5+0.5 keV
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random-trigger events before being analyzed in order to
take into account the effect of the machine background.
The principal effect of the machine background is to con-
tribute an additional low-energy shower in about 16% of
the events and thus cause these events to fail the rnultipli-
city requirement.

The detection efficiency e~,&,
for each of the observed

mesons is given in Table I. The detector's geometrical
acceptance accounts for most of the inefficiency. The
efficiency for events which have two photons satisfying

Er &40 MeV,
~

cos8
~

&0.75, and
~ gp, ~

& —,', Mr„with
no additional requirements and before detector simula-
tion is 5.0%, 8.3%, and 10.7% for n, r), and rI' events,
respectively. The systematic errors shown in Table I for
the ball efficiency have been estimated by studying the
sensitivity of the final result to variations in the cuts.

The factor e,h, ~, has been determined using events of
the type e+e ~yy(y). We first measure the chamber
efficiency for the beam-energy photons in these events,
and then calculate two small corrections to obtain the
chamber efficiency for photons from n, rI, and rI' decays.
The e+e ~yy(y) events are selected in the same way
as events used to measure the luminosity. The events are
then required to satisfy the same neutrality requirements
as the m, g, and g' candidates, including the trigger veto
on charged particles and the software tracking require-
ments. We obtain the chamber efficiency by comparing
the number of observed events to the number expected
based on the acceptance for the showers in the ball, the
cross section, and the luminosity. We calculate the cross
section and acceptance using a Monte Carlo program by
Berends and KIeiss.

We have corrected the chamber efficiency for two
energy-dependent effects, both of which increase the ac-
ceptance for low-energy photons compared to beam-
energy photons. The first effect is the smaller probability
for a low-energy photon to convert in the beam pipe or
chamber material compared to the probability for a
high-energy photon. Using data on the energy depen-
dence of the y conversion cross section from Hubbell,
Gimm, and Overbd, we find an increase in efficiency
that ranges from (0.7+0.2)% for g' events in data with
six layers of chambers to (4.0+1.1)% for m events with
eight layers of chambers.

The second correction required to obtain e,„,~„takes
into account the smaller size of photon showers from vr,
q, and g' decays compared to showers from beam-energy
photons. The shower size affects the test for straight
tracks described in Sec. III, because the projected track is
required to pass close to a crystal with & 10 MeV. There
are fewer such crystals in a low-energy shower, so the
track direction is more restricted. Consequently, noise
hits are less likely to fake a straight-line track (according
to our criteria) in an event with low-energy showers. By
studying the number of events rejected as a function of
the number of crystals from each shower used to test the
track direction, we have determined that the efficiency is
(2+1)% higher for low-energy photons compared to
beam-energy photons, with minor variations for the
different mesons and chamber configurations.

In addition to the systematic errors for the correction

I"
o =7.7+0.5+0.5 eV,

7T

I q yy 0.5 14+0.0 17+0.035 keV

where we have added the systematic errors for the num-
ber of events together in quadrature with the errors for
the factors in the denominator of Eq. (5) to obtain the
overall systematic errors.

The g' branching ratio is not so well established. For
the product of the partial width and branching ratio we
obtain

I„.8„=0.104 0.011 0.007 keV . (7)

The 1986 Particle Data Group value, ' 8„
=0.0185+0.0016, does not include the two most recent
published results. ' The average value obtained by in-
cluding them is 0.0223+0.0018, where we have scaled
the error on the average up by 1.8 as described in Ref. 1

factors, we estimate a systematic error of 2% for the
determination of the chamber efficiency for the beam-
energy photons. We have added the three contributions
in quadrature to obtain the errors shown in Table I.

The only reason that the requirement on the timing of
roof hits is not fully efficient is accidental coincidences.
We have studied the probability of such coincidences us-

ing the same random triggers discussed above with re-
gard to machine-related energy background. We find
that (0.5+0. 1)% of the events have a roof hit in the time
interval that would cause an event to be rejected. Such
events would only be rejected if they also have a recorded
time for energy in the bottom hemisphere, which requires
at least 130 MeV. None of the m events which satisfy
the other selection requirements has this much energy.
All of the g and g' events, on the other hand, do. Conse-
quently, this inefficiency contributes only to the g and g'
results. For the high-mass analysis, there is the addition-
al requirement that the energy be deposited in the ball
consistent with the nominal beam crossing. We have
studied the efficiency of this requirement by examining
the events that it rejects, but which otherwise satisfy all
of the selection requirements. The rejected events are all
in the mass range 330(M yy & 660 MeV, with 26 events
between 500 and 600 MeV. In a hand scan of the 26
events, 14+4 appear to be genuine collision events,
whereas the rest appear to be cosmic-ray events. Since
there are approximately 1300 events in the q signal, this
implies an efficiency of 0.989+0.003. To summarize, the
timing requirements are fully efficient for m. events and
reject g' events only as a result of accidental coincidences
with roof hits. Both roof accidental coincidences and the
ball timing requirement contribute small inefficiencies for
g events, and the contributions have been combined to
obtain the value of eTo„given in Table I.

The final item needed to evaluate the right-hand side of
Eq. (5) is the branching ratio Bx, . For m. and rI, the
branching ratios are well known and make a small contri-
bution to the systematic error. We take the most recent
values (shown in Table I) reported by the Particle Data
Group. ' The resulting values for the two-photon partial
widths are
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to account for disagreement among the experiments. Us-

ing this revised value for the branching ratio we derive
I"„. =4.7+0.5+0.5 keV.

In comparing experimental results to theoretical mod-
els, it is common to use ratios of the two-photon widths
of two mesons (cf. Sec. VII). In taking the ratios of
widths measured in this experiment, some of the common
systematic error cancels. The largest contribution that
cancels is the error for the luminosity. In addition, ap-
proximately two-thirds of the error for the chamber
efficiency and half of the error for the cross section can-
cels. Adding the remaining systematic errors in quadra-
ture with the statistical errors, we obtain the following
ratios:r„ r.

67+6 ~ yy 610+95r. = ' r,
7T +yy

r,
=9 1+1 4r„„

The g' error is dominated by the statistical error and the
error for the branching ratio, so the cancellation of part
of the error does not make a significant difference for ra-
tios involving the g' width. Without taking the common
errors into account for the g-to-~ ratio, the result would
be 67+8.

VI. SEARCH FOR OTHER RESONANCES

Photon-photon collisions also present an opportunity
to search for particles that couple to two photons, but
weakly to other known particles. Current theories, in
particular the standard model, do not require particles of
this type. If they did exist, a particularly good place to
find them would be in a study such as this one, which
uses photons both for production and for detection of the
final state. A resonance coupling only to photons would
be expected to be very narrow, so in setting limits we
neglect its width compared to our mass resolution. No
evidence is found in this experiment for production of
any previously unknown narrow resonance. The yy
mass spectra in Fig. 2 have been used to calculate upper
limits for production of such a resonance.

To determine the cross section, detection efficiency,
and resolution for narrow mesons as a function of their
mass, we have generated Monte Carlo data samples for
e+e ~e+e X, X~yy for 13 hypothetical X masses
from 100 to 3000 MeV. We use these samples, together
with the Monte Carlo samples for ~, g, and g' events, to
determine the variation of eb, &&, o &, and the mass resolu-
tion as a function of the resonance mass mz. For each of
these quantities, we fit a smooth curve to the Monte Car-
lo points and use values on the curve to calculate the
upper limits as a function of mz.

Upper limits for particles with mass between the m

and g masses are obtained using the invariant-mass dis-
tribution in Fig. 2(a); limits for m» ~ m„are determined
using Fig. 2(b). For each tested mass hypothesis, we fit
an interval of the invariant-mass distribution with a
quadratic background and a peak of fixed mass, fixed

VII. DISCUSSION

While the m. , g, and g' partial widths to two photons
have all been measured in other experiments, this is the
first experiment to simultaneously observe all three of the
light pseudoscalars. The results obtained here are listed
with other published measurements in Tables II-IV.
The other results are obtained using direct measurements
of the lifetime combined with the yy branching ratio, the
Primakoff effect, or the photon-photon collision tech-
nique used in this experiment.

The m. results, particularly the more recent ones, are
all in agreement with one another. This experiment re-
ports the first observation of m formation in yy col-
lisions, and for the first time a decay width measured
with two-photon collisions can be checked against a pre-
cise result obtained by a direct measurement of the parti-
cle lifetime. There is good agreement between the result
from this experiment and the most recent measurement
of the m. decay length.

The value of I g yy from this experiment is the most
precise of the measurements using photons from e+e
collisions, all of which agree well with each other. How-
ever, in this case the photon-photon results do not agree
with those obtained with the Primakoff technique.
Indeed, the two Primakoff results do not agree with each
other. However, the data from the two experiments are
in fact consistent. The Cornell result has been quoted
(e.g., Ref. 30) as the accepted value until recently (Ref. 1).

10
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FIG. 8. Upper limits (90Vo confidence level) for
I & y yB& y y as a function of mx for a narrow spin-0 resonance
X.

width, and variable amplitude. For mass hypotheses near
one of three observed resonances, the contribution of that
resonance is included as a second peak of fixed mass,
fixed width, and variable amplitude. Each fit result for
the amplitude of the peak is used with Eq. (5) to deduce
the 90%-confidence-level upper limit for I » 8»
The limits are shown in Fig. 8 and assume that the meson
is spin 0 and decays isotropically. For higher spins, J, the
detection efficiency depends on the angular distribution
of the decay. Assuming an angular distribution that is
still isotropic, the limits are smaller by a factor
(2J+ 1) since the cross section o» is proportional
to (2J+1) (Ref. 10).
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TABLE II. Summary of published experimental results for I o

I (eV) Technique Experiment Reference

6.2 +1.1

8.9 +1.3
6.5 +3.3

11.6 +1.2
7.23+0.55
7.93+0.39
7.25+0.23
7.7 +0.5+0.5

7.50+0. 17

Decay length
Primakoff effect
Decay length
Primakoff effect
Primakoff effect
Primakoff effect
Decay length

yy collisions
Average

von Dardel et al.
Bellettini et al.
Stamer et al.
Bellettini et al.
Kryshkin, Sterliov, and Usov
Browman et al.
Atherton et al.
This experiment

34
35
36
37
38
39

2

Taking the average of the four measurements using
photon-photon collisions yields 0.524+0.031 keV for the

g partial width. This differs substantially from the Cor-
nell Primakoff measurement, 0.324+0.046 keV.

The g' partial width obtained in this experiment is in

agreement with the previous measurements as listed in
Table IV, although it is not as precise as other recent
measurements, which study decay modes of the g' with
larger and better-known branching ratios.

The average values for the partial widths, given in the
tables, can be compared to the predictions of the quark
model. The quark content of the ri and ri' is conveniently
expressed in terms of a mixing angle 0 between the
flavor-singlet combination go and the flavor octet g8.

g =gscos8 —gosin0, g' =gssinL9+ gpcosO,

where

( j
uu )+

~

dd)+
~

ss)),1
0

( uu )+
~

dd ) —2
~

ss ) ) .
1

v'6

(9)

(10)

In principle there are many other states that might be
mixed into the g and g'. They include heavy-quark states
such as the g„radial excitations of the light-quark states,
and gluonia, bound state of two gluons. We neglect such
states here in order to consider whether the mixing of the
states go and g8 alone can account for the measured two-
photon widths. The calculation of the partial widths for
the states m, go, and gs using current algebra yields the
relations '

3I 1 m

ro 3m'~'-rr
3

m~~

m~

f„cos8
fs

f sin8

fs

&8f„sin8
fo

&8f cos8
+

8= —22.4'+1.2', f„lfo——0.95+0.02 . (12)

If we use only the results from this experiment, Eq. (8),
then we find 8= —21.0'+2. 1' and f„/fo——0.97+0.06.
Gilman and Kauffman have recently evaluated experi-
mental data for several properties of g and g' mesons us-

ing the mixing scheme in Eq. (9), and find that all of the
data are compatible with a mixing angle I9= —20'. Thus,
there is no apparent need for mixing with other states.

In conclusion, we report new measurements of the
two-photon partial widths of m, g, and g'. This is the
first time that formation of m 's in two-photon collisions
has been observed. The agreement of I o obtained

'lr rr
here with the value derived from a measurement of the
decay length checks the technique of using colliding
e+e beams as photon sources and is the first
confirmation that partial widths measured by the two
techniques agree. The value of I „rrfrom this experi-
ment is the most precise measurement of that quantity to

The pion decay constant f„is 93 MeV, and fo and fs are
the decay constants for the quark combinations go and

The ratio fs If = 1.25 has been calculated using
chiral perturbation theory. We use this value and the
experimental averages to determine the mixing angle
from Eqs. (11). We find

TABLE III. Summary of published experimental results for I „yy.
I „(keV)

1.00 +0.22
0.324+0.046
0.56 +0.12+0.10
0.53 +0.04+0.04
0.64 +0. 14+0. 13
0.514+0.017+0.035
0.524+0.031

Technique

Primakoff effect
Primakoff effect

yy collisions

yy collisions

yy collisions

yy collisions
Average of yy collision results

Experiment

DESY
Cornell
Crystal Ball (SPEAR)
JADE
TPC/yy
This experiment

Reference

40
29
41
42
43
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TABLE IV. Summary of published experimental results for I„,~. All of the results use photon-

photon collisions, except for Binnie et al. , who measured the width of the g' missing mass peak in the

process m. p~n+unseen. The two-photon width has been obtained from their full width using the

branching ratio B„.For the other measurements, the decay mode used to reconstruct g' events is

given.

I „~~(keV)

6.2 +2.3
5.8 +1.1+1.2
5.0 +0.5+0.9
6.2 +1.1+0.8
5.1 +0.4+0.7
3.80+0.26+0.43
3.3 +0.7
4.5 +0.3+0.7
4.7 +0.7+0.9
4.6 +0.4+0.6
3.76+0. 13+0.47
4.7 +0.5+0.5

4.28+0.22

Decay mode

p'v

p'v

p'v

p3'
p'v

3'V

pr.--'- y
p'v

ry
Average

Experiment

Binnie et al.
Mark II (SPEAR)
JADE
CELLO
TASSO
PLUTO
JADE
TPC/yy
Mark II (PEP)
Crystal Ball (DORIS)
Argus
This experiment

Reference

44
45
46
47
48
13
42
14
15
23
49

date. With one exception, the results for m, g, and g' re-
ported here are in agreement with other experiments.
The exception is that the values of I „~measured in

photon-photon collisions agree well with each other, but
disagree with a measurement using the Primakoff tech-
nique. The g-g' mixing angle derived from the two-
photon widths is about —22', which is consistent with
values obtained from other properties of the pseudosca-
lars.

Note added in proof The 1.988 Particle Data Group
value for B„rris 0.0216+0.0016 (Ref. 50), where the
error includes a scale factor of 1.4 to account for
disagreement among the experiments. If we use this
value, we obtain a partial width I „zz——4. 8+0.5+0.5

keV from this experiment, nearly unchanged from the
value given above.
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