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Formation of spin-one mesons by photon-photon fusion
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We have observed the formation of two spin-one mesons in yy fusion reactions in which one pho-
ton was highly virtual. The first, consistent with being the Jr = 1++ f, (1285), was seen in the final

state gm+m (q~yy), as was the g'(958). We have previously reported the observation of the
second spin-one state, the X(1420), in the final state K+Ksm+ (Ks~m+m ). The formation of this
state, which may be the f, (1420) observed in hadronic interactions, is reanalyzed using a new model
and more data. We consider whether the X(1420) could be the partner of the fi(1285) in the
J =1++ meson nonet. The yy width of each resonance was determined in several Q bins. Us-

ing a model due to Cahn with a p form factor, we obtained for the coupling parameter
I „r(f,(1285)) the value 2.4+0.5+0.5 keV. We also found B(X(1420)~KK )Ierr(X(1420))
=1.3+0.5+0.3 keV using a p form factor, or 0.63+0.24+0. 15 keV using a P form factor. The de-

cay distributions of the observed X(1420) events are consistent with a decay proceeding via
K*(892)K, and favor positive, but do not exclude negative, parity. Assuming that the X(1420) and
the f, (1285) are members of the same qq meson nonet and that B(X(1420)~KKv ) = 1, and using a

P form factor in the model for X(1420) formation, we determined the singlet-octet mixing angle of
that nonet. The result, (45.4+6.2)', agrees well with the 42.2' implied by the Gell-Mann —Okubo
quadratic mass formula; it is farther from the 35.3 ideal mixing angle. Our results are thus con-
sistent with the X(1420) being the mostly ss isoscalar member of the axial-vector qq meson nonet;
however, we have no evidence contrary to hypotheses that the X(1420) is an exotic q q or qqg state.
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I. INTRODUCTION

The TPC/Two-Gamma Collaboration reported the
first observation of the formation of a spin-one meson by

yy fusion in Ref. 1. Our observation of that state, whose
mass is near 1420 MeV/c, was subsequently confirmed
by the Mark II (Ref. 2) and JADE (Ref. 3) Collabora-
tions. The Mark II Collaboration has also reported ob-
serving the formation of a second spin-one state, with a
mass near 1285 MeV/c . In each of these experiments,
the reaction detected is

e+e ~e+e y*y*~e+e R,
where the resonance R is formed by the fusion of the two
spacelike virtual photons (represented by the symbol y*).
In this report, we present measurements of the formation
of both the 1285- and 1420-MeV/c spin-one states. We
identify the first with the f i (1285), and consider whether
the second, which we call the X(1420), could be the oth-
er isoscalar member of the same meson nonet.

We begin the description of this analysis with a brief
discussion of the general features of resonance formation
by yy fusion, and of those aspects peculiar to the spin-
one case.

Each of the two virtual photons in reaction (1) is
characterized by a value of Q, defined as the negative of
its invariant mass squared (so that Q & 0). If a photon
has a sufficiently large Q, then the associated lepton will
emerge from the reaction in a direction separated from
that of the beam by an angle large enough to permit its
detection; when detected, such final-state leptons are
called tags. Photon-photon fusion reactions are opera-
tionally divided into three classes: untagged, in which
both Q values are small, singly tagged, and doubly
tagged. In this paper we present analyses of untagged
and singly tagged data. Since the effective Aux of virtual
photons per unit Q is roughly proportional to 1/Q, the
effective y'y* luminosity is reduced by a factor of 5 —10
if it is required that a given lepton be tagged in a typical
small-angle detector, and by the square of this factor if
both leptons must be seen. The singly tagged statistics
are doubled if electron-tag and positron-tag data are com-
bined.

Because of the higher effective luminosity, and because
tagged data can be collected only with a forward detector
system, the formation of a resonance by yy fusion has
traditionally been observed first in untagged reactions.
The cross section for this process is normally proportion-
al to I rr(R), the partial width for the decay of the meson
R to two photons. But if R has spin one, Yang's
theorem ' states that I rr(R) must vanish. Spin-one
mesons can be produced by yy fusion, but QED and di-
mensional analysis together imply that the cross section
will be very small compared to that for the formation of
spin-zero or spin-two mesons until the Q of at least one
of the virtual photons becomes comparable to a charac-
teristic mass squared. While this mass squared is in prin-
ciple unknown, it is probably on the order of the invari-
ant mass squared of the resonance or at least the p-meson
mass squared. A peak seen in an invariant-mass spec-

trum of tagged data, when there is no peak in the corre-
sponding spectrum of untagged data, is therefore charac-
teristic of the formation of spin-one mesons.

Measurements of I"yy(R) based on yy fusion data have
been used to study the quark content of the pseudoscalar
resonances rr, r), and r)'(958), as well as the tensor states
az(1320), f2(1270), and f2(1525) (Refs. 7—10). As more
tagged data are collected, it may become possible to use
measurements of the cross sections for the formation of
spin-one mesons to study the less-well-understood nonet
of axial-vector mesons, in which the valence qq pair is in
a 'P, state. That nonet must include two isoscalar states:
one of these is the f, (1285); the other, not yet firmly
identified, we refer to here as the f i. Since the f, (1285)
is much more likely to decay to rrrrn nthan .to KKm (Ref.
11) and has a mass near that of the a, (1270), it is usually
assumed to be composed mostly of u and d quarks. This
would imply that the SU(3)-singlet and -octet components
of the axial-vector-meson nonet are nearly ideally mixed,
so that the f ', is a mostly ss state. On the other hand, the
recent observation of the decay f, (128 5)~yg(1020)
(Ref. 12) and the relatively high branching fraction for
the decay J/f~g(1020)fi(1285) compared to that for
J//~co(783)f, (1285) (Refs. 13 and 14) may imply a
significant deviation from ideal mixing.

The f 'i has sometimes been identified" with the

f, ( 412 0), a state observed in hadronic interactions. ' '
Its mass and the fact that its only known decay is to the
final state KKm support this identification, but uncertain-
ties remain: for example, the LASS Collaboration found
no clear evidence for the peripheral hypercharge-
exchange reaction K p~f, (1420)A (Ref. 17), which
they state would be expected to occur if the f, (1420)
were the f i. Also, the Mark III Collaboration has re-
ported' observing a state X+f3 in the decay
J//~co(783)X+f3 and not in the related process
J/P~P(1020)Xxi„3; the spin of the X~$3 is unknown,
but its mass and width are consistent with those of the

f, (1420) and not with those of g(1440) (Ref. 18). We
note, however, that the interpretation of results concern-
ing J/P hadronic decays to final states consisting of
cu(783) or P(1020) and an f, meson is complicated by a
recent theoretical study' which concludes that the con-
tribution of doubly —Okubo-Zweig-Iizuka-rule —violating
J/f decay diagrams may be more important than has
generally been supposed.

The LASS Collaboration did observe the production of
a higher-mass J =1++ state, the fi(1530), in the reac-
tion K p ~f, (1530)A (Ref. 17). Their data confirm the
existence of this state, which was first observed by Gavil-
let et al. , and was originally called the D'(1530). Like
the f, (1420), the f, (1 3 5)0decays to KKrr; it too has
been proposed as the f 'i. But if the fi(1530) were the f i,
the composition of the f, (1420) would remain to be un-
derstood. There has been considerable speculation con-
cerning the question of what the f i(1420) might be, if it
is not the f'„recent suggestions include a q q state '

and a qqg hybrid with the exotic quantum numbers
J =1 + (Ref. 22).

Since the yy-qq coupling is proportional to the square
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of the quark charge, the cross section for the formation of
a pure ss meson by yy fusion is expected to be small com-
pared to that for a meson with a large uu content. The
cross section for formation of the X(1420) we reported in
Ref. 1 was considerably greater than that predicted for a
pure ss f', at that mass. This may indicate the presence
of significant u and d quark content in the f ', , or that the
X(1420) is a state distinct from the fI. The predictions
of small cross sections, however, are highly model depen-
dent and are based on inherently uncertain comparisons
with other meson nonets. Some of these uncertainties
can be removed only by measuring the cross sections for
formation of the other known nonstrange J = 1++
mesons, the f, (1285) and a&(1270). The very large
width of the a, (1270) (Refs. 11 and 23) makes it difficult

to observe; the difficulty is aggravated by the limited
statistics (largely a consequence of the relativity low in-
tegrated y "y' luminosities currently available) and by
the proximity of the az(1320). We have therefore con-
centrated on observing the f&(1285). In this paper we

describe our observation of that state, and compare its
formation by yy fusion with that of the X(1420).

This paper continues in Sec. II with a summary of the
general formalism used to describe the formation of reso-
nances by yy fusion. This is followed in Sec. III by a
description of our experiment. In Sec. IV we present an
analysis of the rim+a (rl~yy) final state, one of the
principal decay modes of the f, (1285). Section V
presents results, obtained from our analysis of the
rj~+m channel, concerning the formation of the rj'(958}.
These results are then compared with those of other ex-
periments, as a check of our Monte Carlo acceptance cal-
culation for that final state. Section VI describes a model
due to Cahn for the formation of axial-vector qq bound
states, and discusses its application to our f, (1285) sig-
nal. In Sec. VII, we briefly describe our analysis of the
~+~ m+m Anal state, another important decay mode of
the f&(1285).

Section VIII contains a description of our analysis of
the K*Ksn+ (Ks~m+m } final state. In Sec. IX we

present new results from that analysis. These principally
concern the X(1420), and include a discussion of our in-
vestigation into its parity. In Sec. X we compare our
f, (1285) and X(1420) results: specifically, we assume
that the X(1420) is the fI and that it decays only to

KI( ~, and determine the singlet-octet mixing angle for
the J =1++ meson nonet to which our results would
then correspond. We conclude in Sec. XI with a sum-

mary of our findings.

II. GENERAL FORMALISM
FOR PHOTON-PHOTON FUSION

To lowest order in QED, the differential cross section
for the reaction e+e ~e+e S, where the final state S is
produced by yy fusion, may be expressed in terms of the
cross sections for y'y* ~S according to the relation

E,E,d o
3 3 IJ V
pld p2 i,j

(2)

X r 'j.,.(Q'„Q', , W') . (3)

In this equation, NL ——1 and Nz ——2; W=[(q, +q2) ]'
and X =(q, q2) —q~qz, where the q; are the virtual-
photon four-momenta. The N; are the number of
virtual-photon polarization states, W is the invariant
mass of the final state S, and the Mi|(lier flux factor &X is
equal to kW, where k is the magnitude of the virtual-
photon momenta in the y*y* center of mass.

In a singly tagged event, only one of the two Q values
is measured; the other is generally much smaller. It is
therefore convenient to define yy* widths by taking the
limit in which the invariant mass squared ( P) of the-
virtual photon emitted by the unobserved final-state lep-
ton approaches zero:

Here i and j can each be either L (longitudinal photon
polarization) or T (transverse photon polarization) and
the X; are calculable virtual-photon flux factors.
E, , E2, p&, and p2 are the energies and momenta of the
outgoing positron and electron, respectively. Interfer-
ence terms that integrate to zero over P, where P is the
separation in azimuthal angle of the final-state lepton mo-
menta in the y'y* center of mass, have been omitted.

We define virtual yy widths I 'J+ + for a resonance of
r r

mass M, spin J, and total width I, by

32~(2J +1) W' r
2&X (W —M )+I M

r' (Q W ):—rr'
tagged,

lim I j', ,(P2, Q2, W2) if the e
p2 0 rr is tagged .

lim r'j, (Q,P, W ) if the e+ is
p2-0 r r

In the experiment described here, the average value of P
was approximately 0.004 GeV . This value is much
smaller than the 8' values possible for the final states
discussed in this paper; it is also smaller than the mea-
sured Q values, which were greater than 0.1 GeV . The
difference between the limits appearing in Eq. (4) and the

functions derived from our singly tagged data should
therefore be negligible.

Gauge invariance requires that any width involving a
longitudinally polarized virtual photon whose invariant
mass squared is —Q be proportional to Q as Q ap-
proaches zero. Hence only I and I are nonzero,rr* rr*
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and 1,(Q, W ) must itself vanish as Q approachesyy*
zero. Our definitions also imply that, for any resonance
R,

(5)

where 1 (R) is the partial width for the decay of R to
two real photons.

A spin-zero resonance can be formed by yy fusion only
when the interacting virtual photons have equal helici-
ties; in order to form a pseudoscalar resonance, the pho-
tons must also be transversely polarized. If P is a pseu-
doscalar resonance with I ~~(P)&0, such as the il'(958)
discussed in Sec. V, we define its yy* form factor,
F(Q, W ), by the relation

I TT (g2 W2} F2(g2 W2)1 (P)4

The form factor satisfies the normalization condition
F (O, M+)=1. In practice, I

&
(P) is usually determined

from the cross section for the formation of P in untagged

yy fusion reactions; tagged data are then used to extract
F ( Q, Mp ) in the Q range accessible to the experiment.
When the meson P is relatively narrow, as is the i)'(958),
we generally set W=MP and refer to I „(Q ) and

ry
F (Q ), omitting the second argument.

Whereas in the spin-zero case I +(Q, W ) is identi-rr*
cally zero, both I + and I + may contribute to therr* rr'
cross section for the formation of a spin-one resonance.
When J =1, interactions described by I +(Q, W ) in-

. . . rr*
volve virtual photons with equal helicities. But for any
resonance R with odd spin, Bose symmetry requires that
the matrix element for the reaction y'y'~R vanish
when the two virtual photons are identical: i.e., when
their helicities are the same and their Q values are equal.
Since the square of the matrix element must be an analyt-
ic function of Q i and Q2, symmetric under their inter-
change, I, ,(Q, , Q2, W ) for a spin-one resonance

must be proportional to (Q i
—Qz ) whence

I (Q, W ) ~(Q ) as Q approaches zero. Togetherrr*
with Eq. (5), this implies Yang's theorem: I ~~( A ) =0 for
any spin-one resonance A (Refs. 5 and 6).

Because of Yang's theorem, the separation of normali-
zation and Q dependence for spin-one-meson formation
differs from that used in the pseudoscalar case. If A is a
spin-one resonance, we define the yy-A coupling parame-
ter I (3) by

M
1 ~~(A)= lim 1 +(Q,M„) .' oQ'

I ( A) is difficult to determine using only this definition,
since that would require measurements of the formation
of the meson A at low Q, where the cross section is ex-
pected to be very small, and where tagging is difficult. If
a specific model for the Q evolution of both I ~ and

TT
ry*I, is used, then I ( 3 ) can be determined from data

yy*.
at higher Q, if that model is correct. In Sec. VI we dis-
cuss one such model, due to Cahn, for the reaction

y*y*~ A. It should be noted that Cahn's convention for
the definition of I + + in the J = 1 case, which is used by

y y
the Mark II Collaboration in Refs. 2 and 4, results in
I ( A) values twice as large as ours. A recent paper by
Olsson includes a brief discussion of the differences be-
tween the two conventions.

I + and I + can in principle be measured separatelyyy* . . rr*
by exploiting the differing angular distributions resulting
from the decays of transversely and longitudinally polar-
ized spin-one mesons, but such a separation cannot be
made with low-statistics data. Given this limitation, we
are sensitive only to the total cross section, which de-
pends on the combination

A(Q W )—= (9)

The value of e depends on the kinematic region in which
tags are detected; in our experiment, a= 1. If I rr( A)&0,
then A(Q, W ) must vanish as Q approaches zero. If
A is an axial-vector meson satisfying this condition, we
define its effective y y' forin factor, F(Q, W ), by the re-
lation

I (Q W )= F (Q W )I (3}.rr ' gr4 yr

Defined thus, F will satisfy the two conditions:

lim F (Q, W)=0,
Q ~O

M
lim F (Q,M„)=1 .

a'-o Q'

(1 la)

(1 lb)

As in the pseudoscalar case, if the meson A is relatively
narrow, we usually put O'=M& and omit the second ar-
gument in these functions.

III. THE EXPERIMENT

The data described in this paper were collected with
the TPC/Two-Gamma detector facility ' at SLAC. The
observed yy fusion events resulted from interactions of
14.5-0eV electrons and positrons in the PEP storage
ring.

In the analysis of these data, the Time Projection
Chamber (TPC) was used in conjunction with a
solenoidal magnetic field to detect charged particles pro-
duced at angles more than 340 mrad from the beam
direction and to measure their momenta. Initially the
field strength was 0.389 T, providing momentum resolu-
tion of approximately 6% at large angles for the relative-
ly low momenta involved in yy fusion reactions. Follow-
ing the installation of a superconducting magnet coil, the
field strength was increased to 1.325 T. Other improve-

r, (g', W') —= [I+~-'A(g', W')]I ".(Q', W'), (8)

In this equation, e ' represents the average value of
XrTIXLT (Ref 30.) over the phase space for singly
tagged yy fusion events with the given Q and W, and
the function A is defined by
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ments made to the TPC included an improved calibration
procedure, a 25% reduction in the material between the
interaction point and the inner radius of the TPC, and a
gated grid system that reduced space-charge distortions.
The net effect of the combination of these changes and
the stronger magnetic field was to improve the TPC
momentum resolution for low momenta to about 1.5%.

The TPC was also used to identify charged particles by
measuring each track's rate of ionization energy loss.
This was accomplished by comparing the dE/dx value
(defined as the average of the lowest 65% of up to 183
measurements along the track) to that expected for each
stable particle species, given the measured momentum.
The resulting likelihoods for the various identification hy-
potheses were expressed as a set of 7 values
(X„X„,X,Xx,X~ ) (Refs. 32 and 31). An inspection of the
distribution of dE/dx measurements about the expected
values, using tracks left by particles whose identity was
known by other means, indicated a dE/dx resolution of
approximately 3.5%.

Additional charged-particle tracking was provided by a
series of 15 planes of drift chambers in the forward re-
gions, between 25 and 180 mrad from the beam direction.
A septum magnet with JB dl=0. 26 Tm allowed the
measurement of charged particle momenta using these
chambers. Cherenkov counters and muon chambers cov-
ering these regions assisted in particle identification. The
muon and pion thresholds in the Cherenkov counters
were 3.5 and 4.5 GeV/c, respectively.

Tags were detected, and their energies measured, using
calorimeters in both forward regions. Two arrays of 60
NaI crystals had fiducial volumes that covered the region
between 25 and 90 mrad from the beam direction. From
100 to 180 mrad, lead/scintillator shower counters
(SHW) were used. Tags were identified by the presence of
a high-energy shower in one of these calorimeters, in con-
junction with matching hits in the forward drift
chambers. The excellent energy resolution of the NaI ar-
rays (oz/E=1. 2%%uo for elastically scattered 14.5-GeV
electrons) enabled us to determine the Q of the corre-
sponding virtual photon with a relative uncertainty that
was usually less than 3%. At larger angles, the uncer-
tainty in Q was greater, due to the poorer energy resolu-
tion of the shower counters (crz/E=5. 5% at 14.5 GeV).
The angular coverage of the NaI and SHW detectors al-
lowed us to observe tags corresponding to virtual photons
with Q values between roughly 0.05 and 7 GeV2. To en-
sure good tagging efficiency, the analyses described here
used only the Q region between 0.1 and 5 GeV .

Photon momenta were measured using various
calorimeters. Their properties have been described else-
where, ' so we specify here only the type of each calorim-
eter, and the region covered by its fiducial volume. In the
forward regions, between 25 and 180 mrad from the
beam, the NaI and SHW calorimeters described above
were also used for photon detection. Although the ener-
gy resolution of these calorimeters was measured only
with Bhabha events, we assumed o.z/E ~E ' for the
NaI, and crF/E ~E ' for the shower counters. In all
resolution formulas, E is the deposited energy in GeV.

Between 300 and 600 mrad from the beam,

proportional-mode pole-tip calorimeters (PTC) measured
shower energies with a crF/E approximately 16%/v'E
for E & 1 GeV. In the barrel region, a Geiger-mode hex-
agonal calorimeter (HEX) was located outside the magnet
coil, covering angles more than 700 mrad from the beam.
Photon energy resolution in the HEX was estimated at
o.F/E=17%/E' for E &1 GeV, and was somewhat
worse if the photon converted in the coil, rather than in
the HEX itself. A cylindrical outer drift chamber (ODC)
between the coil and the HEX was used to identify such
early conversions; when ODC hits were matched to a
HEX photon, an energy-dependent correction was added
to the shower energy measured in the HEX to compen-
sate for losses in the coil.

In addition to isolated showers in the various calorime-
ters, we allowed reconstructed e+e conversion pairs in
the TPC as final-state photons. Both tracks in these pairs
were required to have measured dE/dx values and mo-
menta such that 7, & 8. The invariant mass of each pair
was required to be less than 50 MeV/c . Although con-
versions sometimes take place in the TPC volume, they
generally occur in the material between the vertex and
the TPC inner radius, which amounted to about 0.18 ra-
diation lengths before 1984 (low-field data), and 0.14 radi-
ation lengths thereafter (high-field data). To avoid
misidentifying e+e pairs produced at the interaction
point as conversion pairs, we required that the point of
closest approach of the two tracks be at least 5 cm from
the beam.

As discussed in Sec. I, the data are separated into two
subsets: the tagged data, in which either the electron or
positron was observed in the forward detectors, and the
untagged data, in which neither lepton was seen. The un-

tagged data described here correspond to an integrated
luminosity estimated at 140 pb ', of which 65 pb

' were
recorded after installation of the superconducting magnet
coil. The integrated luminosity of the tagged data is es-
timated at 114 pb ', including 63 pb

' with the super-
conducting coil ~ The tagged-data values are lower than
those for the untagged data primarily because high levels
of small-angle background sometimes prevented opera-
tion of the forward detector systems.

Untagged events were required to have satisfied at least
one of two triggers. The first of these required two tracks
in different 60' azimuthal sectors of the TPC. For
triggering purposes, such tracks had to have momenta
whose directions were separated from the beam by at
least 450 mrad in the high-field data and by at least 560
mrad in the low-field data. In addition, hits were re-
quired in the inner drift chamber (IDC), a cylindrical
drift chamber between the beam pipe and the TPC. Any
track more than 780 mrad from the beam was required to
coincide in azimuth with hits in the ODC as well. Pions
produced in this region with transverse momenta less
than about 200 MeV/c were stopped by ionization energy
losses in the coil; such pions consequently failed to pro-
duce the required ODC hits. The other untagged trigger
required one track in the TPC in coincidence with energy
deposited in the PTC or HEX. In order to set this
trigger, the total measured energy had to exceed thresh-
olds set between 0.7 and 1.3 GeV in the HEX, and be-
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tween 2 and 4 GeV in the PTC.
Three tagged triggers were used, each of which re-

quired the presence of energy consistent with a tag in ei-
ther the NaI or SHW calorimeters. The first of these re-
quired coincident energy deposition in the PTC or HEX
above thresholds ranging from 0.3 to 1.0 GeV. The
second tagged trigger, used only in the analysis of the
low-field data, required coincident IDC hits. During the
latter part of the acquisition of the low-field data, the
definition of this trigger was modified to allow tag-
candidate showers in the NaI at angles closer to the beam
than had previously been allowed, provided the shower
coincided with hits in both the ODC and IDC. The third
tagged trigger, used primarily in the analysis of the high-
field data, required IDC hits in coincidence with a single
TPC track, which had to satisfy the same criteria as did
TPC tracks contributing to the untagged triggers.

IV. ANALYSIS OF THE gm+m FINAL STATE

The f i(1285) decays via three channels: gmn, with a
branching fraction 8 of (49+7)%, nrrvra, w.ith 8 =(40
+7)%, and KI7n, with 8 =(11+3)%(Ref. 11). We first
describe our observation of the f, (1285) in the gem
channel. In particular, we consider the final state
g~+m, with the subsequent decay g~yy. Since —,

' of
the rjmrr decays of the f, (1285) are to re n, and 61% of
g decays are to final states other than yy, the net branch-
ing fraction for the decay chain leading to the final state

yy is (12.7+1.8)%.
To search for the f, (1285) in this final state, we select-

ed both tagged and untagged events containing exactly
two oppositely charged tracks in the TPC, each with
7 & 10. In addition, we selected tagged events having ex-
actly one TPC track with 7 &10 and one oppositely
charged track in the forward drift chambers. The for-
ward track in these events had to have no matching hits
in the forward Cherenkov counters or muon chambers,
and the magnitude of its measured momentum had to be
between 0.3 and 3.5 GeV/c. TPC tracks originating far
from the interaction point, or belonging to reconstructed
conversion pairs, were not counted for the purpose of ei-
ther of these selection criteria.

Since the curves describing the dE/dx expected of
each particle species as a function of momentum cross
each other, the measured momentum and dE/dx some-
times fail to identify a track unambiguously. To reduce
background arising from events in which such ambiguous
tracks are misidentified as pions, we required
gX +4 & min( gX,', gX», gX ), where the sums are
over the pion-candidate TPC tracks. %e also demanded
that these tracks satisfy vertex cuts, be no less than 420
mrad from the beam direction, and have estimated mo-
menta at the interaction point whose magnitudes were
greater than 120—210 MeV/c, depending on the direction
of the track and the magnetic field strength. The relative
uncertainty in the measurement of the magnitude of each
track's momentum was required to be less than 30%.

Each event was also required to contain two photons.
A photon was defined in one of two ways: it could be a

reconstructed conversion pair satisfying the requirements
stated in Sec. III, or it could be a shower in any of the
calorimeters which (1) was located in the fiducial volume
of the calorimeter, (2) contained energy exceeding mini-
ma between 50 and 500 MeV, depending on the calorime-
ter, and (3) was not too near the extrapolated position of
any charged track in the event.

Tags were required to deposit at least 4 GeV in a NaI
array, or 8 GeV in one of the shower counters. They also
had to satisfy fiducial cuts designed to ensure accurate
measurement of Q . Doubly tagged events were rejected.

The cross section for formation of m. +~ and p+p
pairs by yy fusion is relatively large. To reject back-
ground due to such events, where the showers identified
as photons coming from the event vertex were actually
secondary interaction products, or were otherwise not
produced in the yy fusion reaction, we demanded in the
untagged case that the azimuthal separation of the pion
tracks be less than 170', in the tagged case we demanded
instead that the magnitude of the total transverse
momentum of the tag and the two pions be greater than
80 MeV/c. Background from e+e annihilation reac-
tions was rejected by a requirement that the sum of the
magnitudes of the pion and photon momenta be less than
10 GeV/c. Finally, to reduce nonexclusive backgrounds,
the total transverse momentum of each event, including
the photons (and the tag, if any), was required to have a
magnitude less than 300 MeV/c.

These cuts left a total of 2813 untagged, and 1090
tagged, exclusive m+m yy candidate events. In addition
to the remaining nonexclusive background, these samples
contain events due to the formation of the exclusive final
state m. +n. m . The relatively poor photon energy resolu-
tion makes it difFicult to separate these contributions reli-
ably on the basis of yy invariant masses calculated using
the measured photon energies. To facilitate the separa-
tion, we subjected each event to a constrained kinematic
fit, in which the total transverse momentum of the ob-
served particles in the event was required to be zero, with
a 20-MeV/c uncertainty. Many of the remaining nonex-
clusive events should fail this two-constraint (2C) fit.
Furthermore, the fitted yy invariant mass for exclusive
events is generally closer to the true value than is the
unfitted mass. Since pm+~ events are characterized by
relatively high photon energies, we also required that
both fitted photon energies be greater than 125 MeV
(Ref. 34). Figure 1 shows the resulting fitted yy mass
spectra for untagged and tagged events passing the 2C fit
with a confidence level greater than 2%. Clear ~ and g
peaks are seen in both spectra.

Next, gm. +~ candidates were selected from the set of
events passing the 2C fit by the requirement that their
fitted yy mass be within 150 MeV/c of M„. This cut
was chosen on the basis of the expected yy mass resolu-
tion. These events were refit, with the additional con-
straint Mz~ ——M„. Events were rejected if they failed to
pass this 3C fit with a confidence level of at least 3%, or if
either photon energy resulting from the fit fell below 125
MeV (Ref. 34). All events passing the second fit were
scanned by eye in order to remove those that were not
properly reconstructed. Such events might have had very
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low angle TPC tracks, or "photons" that were actually
showers produced by nonvertex tracks, backscattered
tracks, or nuclear interaction products. We rejected
about 20% of the events scanned for these or similar
reasons.

The final samples consist of 197 untagged and 129
tagged events. The 3C-fitted pm+ ~ invariant-mass
spectra are shown in Fig. 2. The spectrum of tagged data
includes two clear peaks: the lower-mass peak is due to
formation of the g'(958); in Sec. VI we will ascribe the
second peak to formation of the f, (1285). There are, on
the other hand, no obvious peaks in the spectrum of un-
tagged data. The pseudoscalar g'(958) is known to be
formed in untagged yy fusion reactions; the absence of
an g'(958) signal in our untagged r)tv+a. data must
therefore be a consequence of low experimental accep-
tance. We will describe in the next section why our un-

tagged gm+vr acceptance at 8'=M„ is low enough to
account for the paucity of untagged rI'(958)~r)m. +m.

(g~yy) events. We will also show that low acceptance
cannot be used to explain the absence of the higher-mass
peak in the untagged invariant-mass spectrum; that peak
must be due to the formation of a spin-one state.

FIG. 1. The two-constraint fitted yy invariant-mass spectra
for ~+~ yy events: (a) untagged data and (b) tagged data. V. g'(958) RESULTS
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FIG. 2. The three-constraint-fitted gm+m invariant-mass
spectra of the final event samples: (a) untagged data and (b)
tagged data. The dashed histogram in (a) shows the peak ex-
pected at 1285 MeV/c if the peak in (b) were due to formation
of a resonance with J&1. The curve in (a) represents the back-
ground estimate used to derive the upper limit given in Sec. VI.

The formation of the rI'(958) by y)/ fusion has been ob-
served by a number of experiments in both tagged and
untagged data. ' We can therefore use the rl'(958)
signal in our tagged gm+m data, as well as the near ab-
sence of a signal in the corresponding untagged data, to
check our Monte Carlo acceptance calculation for the
pm+ m final state.

To determine I (Q ) for the q'(958), we used therr*
formulas presented in Sec. II to simulate both untagged
and tagged g'(958) formation. The Monte Carlo simula-
tion included the effects of nuclear and electromagnetic
interactions with the materials in the detectors, as well as
inefficiencies due to detector response, triggering, and the
event selection and fitting procedure described in Sec. IV.

Both pions produced in untagged g'(958)~rim+a.
(r)~yy) events have relatively low momenta, usually
less than 200 MeV/c. In the high-field data, the curva-
ture of the pion tracks is so large that they frequently fail
even to reach the minimum distance from the beam re-
quired if they are to qualify as a track for triggering pur-
poses. Thus it is rare in the low-field data, and nearly im-
possible in the high-field data, for an untagged
g'( 95)~8rlvr+m event to satisfy the requirements of the
untagged trigger requiring two TPC tracks. Although
one of the pions may satisfy the requirements of the
trigger requiring one TPC track in coincidence with ener-
gy detected in the HEX or PTC, the total energy deposit-
ed by the final-state pions and photons in g'(958) events
is usually insufficient to reach the thresholds above which
that trigger will fire. Hence most untagged g'(958)
events satisfy neither of the untagged triggers described
in Sec. III.

Even when one of these events does trigger, the Monte
Carlo simulation predicts that it will almost never satisfy
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the minimum pion momentum cuts imposed in the
gm+m. selection procedure described in the previous sec-
tion. The net result of these losses is that the three
2)'(958) events in the untagged rlm+ir data are entirely
consistent with the number expected, given the existing
measurements of I zr(q'). Our acceptance for untagged
rln+m. (2)~yy) events, as determined from a Monte
Carlo simulation in which the events were evenly distri-
buted over the available phase space, is shown as a func-
tion of Win Fig. 3(a).

The corresponding tagged acceptance, shown in Fig.
3(b), is significantly greater at low invariant masses, in ac-
cordance with the relatively large rl'(958) signal seen in
Fig. 2(b}. The full widths of the 2C-fitted g and 3C-fitted
rl'(958) invariant-mass peaks predicted by the Monte
Carlo simulation, about 230 and 30 MeV/c, respectively,
agree with those observed in the tagged gm. +m data.
The tagged r)'(958) mass peak is centered at 961+3
MeV/c .

We estimated from the shape of the mass spectrum of
Fig. 2(b) that two of the 36 events in the rI'(958} mass re-
gion are background. The Q distribution of the back-
ground was taken to be the same as that of events in the
high-mass region (above 1350 MeV/c ) of the singly
tagged rim. +ir spectrum. Figure 4(a) shows the cross
section, after subtracting this background, for the reac-
tion e+e ~e+e r)'(958) with P &0. 1 GeV (where P
is defined as in Sec. II) in three bins of Q; the corre-
sponding values of the derived quantity F (Q )I"zr(2)')
defined in Sec. II are shown in Fig. 4(c). That figure also
shows our previous measurement of this quantity using
the n+n y decay mode of the rl'(958} (Ref. 40), and the
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recent measurement by the Mark II Collaboration based
on data in the gvr+m channel. The results reported
here agree with both these previous experiments, and
with the original measurement by the PLUTO Collabora-
tion.

If the virtual photons that fuse to form an g'(958)
behave as p mesons, as suggested by the vector-meson-
dominance model, F (Q ) in Eq. (6) might reasonably
be given by a p form factor, defined by

FIG. 4. (a) Total cross sections for e+e ~e+e g'(958)
with P2&0. 1 GeV in various Q bins and (b) F'(Q')1 „r(q').
Errors shown are statistical only. The curve in (b) is expected if
F Fp and I » ( g' ) =3.8 keV. Also shown in (b) are a
TPC/Two-Gamma measurement based on the decay
g'(958)~m+m y, from Ref. 40, and the Mark II measurement
using the gn. +m. final state, from Ref. 4.
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The limited statistics preclude an accurate determination
of F (Q ), but the data are consistent with a p form fac-
tor. The best fit with F =F is shown in Fig. 4(b}. If this
fit is extrapolated to Q =0, it implies

I'z (2)'}=3.8+0.7+0.6 keV . (13)
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FIG. 3. gm. +m. (q~yy) acceptances as determined from
Monte Carlo simulations: (a) for untagged data and (b) for
tagged data.

The second error is systematic and includes contributions
from uncertainties in the integrated luminosity (5%), the
branching fractions involved in the reaction (2%), the
simulations of detector response and triggering (5%), and
the fraction of events satisfying the selection and fitting
procedure (15%).

The value given in Eq. (13) agrees with existing mea-
surements of I rr(rI') based on untagged rl'(958) forma-
tion by yy fusion. The Mark II Collaboration found
I (g')=4. 7+0.6+0.9 keV (Ref. 4) using the untagged
pm+~ final state, while the Crystal Ball Collaboration
found I (rl')=4. 6+0.4+0.6 keV (Ref. 41) using six-
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photon data from the 2)~ m (2)~yy) decay of the
2)'(958). The same quantity has been measured by a
number of groups using untagged data from the decay
i}'(958)~p y~vr+vr y .The weighted average of the
I (2}') results of the Mark II (SPEAR) (Ref. 35), JADE
(Ref. 36), CELLO (Ref. 37}, PLUTO (Ref. 38), TASSO
(Ref. 39), TPC/Two-Gamma (Ref. 40), and ARGUS (Ref.
42) Collaborations, all of which used comparable models
for the p y decay, is 4. 17+0.28 keV, if statistical and sys-
tematic errors are combined in quadrature. The agree-
ment of the 2}'(958) results given in this section with pre-
vious measurements increases our confidence in the
Monte Carlo simulation, which was also used to obtain
the f, (1285) results presented in the next section.

VI SPIN-ONE MODELS AND f I (1285) RESULTS

The singly tagged gm+m invariant-mass spectrum
shown in Fig. 2(b) has a clear peak containing 26 events,
over an estimated background of 8+3 events, centered at
a mass of 1273+11 MeV/c . There is no corresponding
peak in the untagged-data spectrum. As shown in Fig.
3(a), the Monte Carlo simulation predicts significant ac-
ceptance for untagged 7}~+ir (2}~yy) events at this
mass, so that such a peak would be expected if the signal
in the spectrum of tagged data were due to the formation
of a resonance with J&1. We siinulated the formation by
yy fusion of an isoscalar, spin-zero resonance R (1285),
decaying to pm+~ uniformly in three-body phase space.
If the branching fraction for the decay of R (1285) to
2}~nwere B.„„,and if its I 4(Q, W ) were given byrr
Eq. (6) with F=F, then, following a procedure analo-
gous to that used for the 2)'(958), the peak in the
spectrum of tagged data would imply
B„„Irz(R(1285)}=2.6 keV. But if such a resonance
existed, there would be a peak near 1285 MeV/c con-
taining approximately 50 events in the spectrum of un-
tagged 2)m+ir data [as shown in Fig. 2(a)]. The observed
spectrum cannot accommodate a peak of this size. In
fact, given the background estimate shown in Fig. 2(a),
and assuming a 17% systematic error, we find

f'rr(R (1285)}&0.6 keV at the 90% confidence lev-
el. This may be interpreted as a limit on the formation of
the pseudoscalar state 2)(1275) (Refs. 44 and 45), whose
mass and width are coinparable to those of the f, (1285)
(Ref. 45). The Crystal Ball Collaboration has set a more
stringent limit on the formation of the 2)(1275): using the
final state gem(2}~y y ).,

. they concluded ' that
B I rr(2}(1275)) & 0.3 keV at the 90% confidence level.

It is unlikely that any reasonable model for the forma-
tion by yy fusion of a meson with J&1 could lead to the
ratio of untagged to singly tagged events we observe near
1273 MeV/c in the g~+m data. The formation of a
spin-one resonance, on the other hand, is expected to be
strongly suppressed in untagged data, where both virtual
photons have Q « W . We therefore conclude that
most of the events contributing to the peak in the tagged
spectrum represent the formation and subsequent decay
into g~~ of a spin-one state, possibly the axial-vector
meson f&(1285). To attribute this peak definitely to for-

XF'(Qi )F'(Q2)I'rr(&), (14a)

(
2 2)2

I TT (Q2 Q2 Pr2) 4X
w'

XF'(Q i )F'(Q', )I'rr( A), (14b)

where I (A) is the yy-A coupling parameter intro-
duced in Sec. II, and F is a form factor (as yet
unspecified) satisfying the normalization condition
F(0)= 1. Because of the convention differences discussed
in Sec. II (Ref. 28) these equations contain the factor
4X/W, rather than the factor (4X/W )

~ =8k /8'
appearing in Ref. 24. Since LL~=L~z- to within about
1% in our Q region, the Cahn model predicts

F 2(Q2 ~2) 1+ )c c F2(Q2)
2W W

(15)

The factor —,
' in the second term is needed because four

virtual-photon polarization states contribute to o.~,

mation of the fi(1285), it would be necessary to deter-
mine the parity of the state seen in the data. This task is
complicated by the fact that the decay angular distribu-
tions depend not only on the parity, but also on the size
of the cross section for the formation of longitudinally
polarized spin-one mesons, relative to that for transverse-
ly polarized mesons. As discussed in Sec. II, the ratio of
these cross sections is given by the function A(Q ). In
principle, there are no restrictions on the form of %(Q ),
except that it must vanish as Q approaches zero for any
spin-one meson with a nonzero yy coupling parameter.

The parity of a spin-one meson decaying to three parti-
cles influences the distribution of 8*, which is defined to
be the angular separation in the meson's rest frame be-
tween the normal to the decay plane and a given polariza-
tion axis. We will take this polarization axis to be the
direction of the virtual photon momenta in the y'y'
center of mass. If A(Q ) vanished, the expected distribu-
tion of cos0* would then be proportional to 1+cos 8*,
depending on whether the decaying meson had parity +1.
However, if A cannot be neglected, the expected distribu-
tions are less distinctive. In general, the cost9* distribu-
tion for the decay of a positive-parity state is
1+ cos 8*+2%sin 8'; in the negative-parity case, this is
replaced by sin 8*+2%cos 8*.

In the case of the fi(1285), we can use a model due to
Cahn to derive an explicit prediction for A(Q ).
Cahn's model describes the formation by yy fusion of a
nonrelativistic qq bound state A with J = 1++. It also
predicts the spin-one effective form factor F(Q2) for such
a state; we will use this prediction to extract from our
singly tagged data the yy coupling parameters of both
the 1273 MeV/c spin-one state discussed here and the
1420-MeV/c spin-one state discussed in Sec. IX. The
Cahn model results in the forms

2

(Q2 Q2 ~2)
W4 W2
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I (f, (1285))=2.4+0.5+0.5 keV . (16)

The second error is systematic and includes the 12% rela-

while only two contribute to o LT [see Eq. (3)]. We refer
to the Cahn model prediction for A as Ac,h„, a compar-
ison of Eqs. (8) and (10) with Eq. (15) yields

Ac,„„——Q /2W .

We have compared the distribution of cosO* values for
the singly tagged g~+~ events having invariant masses
near the spin-one resonance peak to the expected distri-
butions for positive and negative parities, for both
8=Ac,h„and 8=0. The Kolmogorov-Smirnov statis-
tic ' was used to associate a confidence level with the
hypothesis that these data are described by a particular
model. This method has the advantage of using all the
information available in the cos0' distribution, indepen-
dent of binning. Assuming that the background under
the resonance is uniformly distributed in cos6I*, we found
that the observed cosO* distribution leads to a 69%
confidence level for the Cahn-model prediction for a
meson with J =1++; if instead we assume %=0, the
positive-parity confidence level is about 29%. The
negative-parity confidence levels are roughly 29% and
1.4% for %=Ac,h„and %=0, respectively. There is,
however, no reason to suppose that either of these
choices for %(Q ) should correctly describe the forma-
tion of a negative-parity resonance (which could not be a

qq state). Negative parity cannot be excluded if
% =Ac,h„, other possible forms for %(Q ) can yield still
higher negative-parity confidence levels. On the other
hand, at least for these two choices of A(Q ), positive
parity is preferred.

Since the spin-one state we observe has properties con-
sistent with those of the f, (1285), we will henceforth as-
sume that the signal at 1273 MeV/c is due to the forma-
tion of that meson. Even with this assumption, the num-
ber of events in our data is too small to allow us to judge
the validity of the application of the Cahn model to the

f, ( 1285 ), or to measure the form factor F ( Q ). We will

nevertheless proceed to use the Cahn model to extract a
value for I' (f, (1285)) from the tagged «Im+n. data, by
assuming F =F . The decay f &

(1285 )~ «Inm has been
observed to proceed primarily via an ao(980)m. inter-
mediate state, and we calculated our acceptance using a
Monte Carlo program that assumed that decay chain. '

The 3C-fitted invariant-mass peak resulting from the
simulation had a full width of approximately 70 MeV/c;
both the location and width of the peak were consistent
with the signal seen in the singly tagged g~+m data.
We defined a signal region extending from 1200 to 1350
MeV/c, leading to the estimated numbers of signal and
background events given at the beginning of this section.
The Q distribution of the background was taken to be
the same as that assumed in the analysis of the g'(958)
signal.

Figure 5(a) shows the cross section for the reaction
e+e ~e+e f&(1285) with P &0. 1 GeV in three bins
of Q; the average values of F (Q )I ««(f, (1285)) to
which these cross sections correspond are shown in Fig.
5(b). A fit to the Cahn model with F=F yields the value
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FIG. 5. (a) Total cross sections for e+e ~e+e f, (1285)
with P' & 0. 1 GeV' in various Q2 bins and (b)

F (Q )I ««(f, (1285)). Errors shown are statistical only. The
curve in (b) is the prediction of the Cahn model with F =F~ and
I ««(f ~

(1285))=2.4 keV. The Mark II results derived (see Ref.
53) from Ref. 4 are also shown in (b).

VII. ANALYSIS OF THE m+m m+m. FINAL STATE

We also searched for the formation of f, (1285) by yy
fusion in the m+~ m+vr channel. We selected only
events that satisfied one of the triggers described in Sec.
III, excluding those requiring energy deposition in the
HEX or PTC. We then chose events with exactly four

tive uncertainty in the branching fraction for the decay
f, (1285)~«Inn (Ref. 11); the other contributions are as
for the «l'(958). The curve corresponding to this fit is
also shown in Fig. 5(b). Our acceptance in each Q bin is
relatively insensitive to changes in the form assumed for
F (Q ) in the Monte Carlo simulation; such changes
would consequently have little effect on the results
presented in Fig. 5(b). On the other hand, fitting with a
different F (Q ) could drastically alter the value we ob-
tain for I (f&(1285)); this point will be considered in

more detail in Sec. IX, when we discuss our X(1420) re-
sults.

The value given in Eq. (16) for the yy-f, (1285) cou-
pling parameter is smaller than, but not inconsistent
with, the value 4.7+1.3+0.9 keV found by the Mark II
Collaboration for the same quantity. ' Their results for
F2(Q~)I (f, (1285)) are shown in Fig. 5(b) (Ref. 53).
Since their data all lie in the Q region between 0.2 and
1.2 GeV, it is more appropriate to compare their mea-
surement of I ««(f, (1285)) to the value 2.7+0.6+0.6
keV, which best fits our data in a comparable Q region.
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FIG. 6. Invariant-mass spectra of m+ ~ m+ ~ events: (a) un-

tagged data, (b) tagged data, and (c) tagged data with Q &0.5

GeV . The dashed histogram in (b) shows the contribution ex-
pected from f, (1285) formation if I „«(f,(1285))=2.4 keV and
the f ~

(1285) eff'ective form factor F '(Q') has the form predict-
ed by the Cahn model with F =F~. The dashed line in (c)
represents the background estimate used to derive the upper
limit given in Sec. VII.

TPC tracks; two had to be positively, and the other two
negatively charged. Each track was required to have

X„&8. One track had to have X„+2& min(X„Xx, X~ ), so
that it was unlikely to have been left by anything other
than a pion. Other cuts excluded events consistent with
being K+K m+m or K +K+—m+ (Ks~m+m ). The
tracks were also also required to (1) have momenta
greater than 120 MeV/c, (2) be at least 350 mrad from
the beam, (3) have a relative momentum error of less than
30%, and (4) be consistent with having originated near
the interaction point. To select exclusive events, we re-
quired that the magnitude of the total transverse momen-
tum of the four pions (and the tag, if any) be less than 200
MeV/c. Tags were required to have deposited at least 4
GeV in the NaI or SHW calorimeters. All the tagged
data were scanned to reject improperly reconstructed
events.

Figure 6 shows invariant-mass spectra of the final

sr+a. m. +m event sample, for untagged data [Fig. 6(a)],
tagged data [Fig. 6(b)], and tagged data with

Q &0.5 GeV [Fig. 6(c)]. There is no peak in the un-

tagged data near 1285 MeV/c, but in the tagged data
there is some sign of a resonance in that vicinity. We
simulated formation of f ~

(1285) using the Monte Carlo
program described in Sec. VI, but now with the decay
chain f, ( 1285 )~p n+vr .~sr+ sr m+n. .(Ref. 49).
Since the proximity of the p p threshold enhancement
renders our background estimate quite uncertain, we
used our m+~ m+ ~ data only to determine an upper
limit on f, (1285) formation.

To do this, we used the mass spectrum shown in Fig.
6(c); the dashed curve shown there represents what we
consider to be a conservatively low estimate of the back-
ground beneath an f ~

(1285) peak. If the mama decays of
the f~(12 85) all proceed via the intermediate state pmm. ,
then —,

' of those decays will lead to the m+m m+m final

state, resulting in a net branching fraction of
(13.3+2.0)% for the decay f, (1285)~~+rr m+m

With this assumption, which was used in the determina-
tion of the f~(1285) branching fractions quoted in Sec.
IV, and taking the background to be that shown in Fig.
6(c), we found that the tagged n+rr sr+a. data .imply
I r(f~(1285)) &2.4 keV at the 90% confidence level.
This limit, though relatively low, is consistent with our
measurement based on the gn. +~ channel, particularly
considering the strong negative correlation between the
fitted ~mern. and rime branching fractions" [a conse-
quence of the fact that the measured quantity is the ratio
B(f,(128 5)~gm+m' )/B(f t(1285)~vr+m m+m )].
The dashed histogram in Fig. 6(b) represents the expected
contribution to the invariant-mass spectrum of tagged
m+m n+n data from the process y*y*~f, (1285)
~m+~ m+m, given these branching fractions and the
yy-f, (1285) coupling parameter determined from our
singly-tagged pm+ m. data.

VIII. ANALYSIS OF THE K*Ks7T' FINAL STATE

We have previously reported' evidence for the forma-
tion by yy fusion of a spin-one meson whose invariant
mass is near 1420 MeV/c . It was observed in the final
state K —Ksm. (Ks~m+m. ). We have reanalyzed the
formation of this resonance, which we call the X(1420),
including new data, the analysis of which was incomplete
at the time of our original report. These additional data,
taken with the superconducting coil, represent about
25% of the total integrated luminosity reported in Sec.
III.

The triggers used in selecting a K —
m ~+~ event

sample were the same as those used in the m. +~ m+m

case. The kaon-candidate tracks had to have gz & 8 and

Xx +2 & min(X„X, X ). Each of the four tracks was re-
quired to satisfy the same track-quality requirements im-
posed in the ~+a. m. +m analysis described above. Since
low-momentum kaons cannot penetrate the material be-
tween the interaction point and the TPC, we required
that the momenta of the kaon-candidate tracks be greater
than 310 MeV/c. The other three tracks in each event
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were required to be consistent with pions; specifically,
they had to have either X„&8 or X +2 & min(X„Xx. , X& ).
To reduce background from K+K vr+m. events, the
two tracks with charge opposite to the kaon candidate
had to have 7z- &4. As in the m+m vr+m. analysis, tags
were required to deposit at least 4 GeV in the NaI or
SHW calorimeters. To select exclusive events, we then
required that the magnitude of the total transverse
momentum of each event, including the tag (if any), be
less than 250 MeV/c.

We next searched for n-+~ pairs resulting from Kz
decays. This was done by requiring that the m+m in-
variant mass, calculated using the pion four-momenta at
the point of closest approach of the two tracks, be within
45 MeV/c of the Ks mass (70 MeV/c in the low-field
data). These K Kv ~—+ (Ks~a+~ ) candidates were
scanned to remove events with evidence of additional
low-angle tracks or low-energy photons. The invariant
K +—K&m+ masses of the remaining events were then ob-
tained by scaling the momenta of the pions identified as
coming from a Ks decay so that M =M 0 (Ref. 54).
The resulting untagged and tagged K +—Kzm+ mass spec-
tra are shown in Fig. 7. While there is no peak near 1420
MeV/c in the invariant-mass spectrum of untagged
data, the peak corresponding to the X(1420) is apparent
in the tagged-data spectrum. This observation, together
with Monte Carlo calculations of our tagged and un-
tagged K Ksn+(—Ks~. n. +n. ) acceptances, led to our
conclusion in Ref. 1 that the X(1420) is a spin-one state.

Before proceeding with the analysis of the X(1420), we
return briefly to the f&(1285). As noted in Sec. IV, the

f~(1285}decays (11+3)%of the time to KKnAMon. .te

(a)

Carlo simulation of this decay resulted in an f, (1285)
mass peak in the K~K&7r (Ks~m+m. ) channel with a
full width of 41 MeV/c . If I' (f, (1285}}is 2.4 keV, as
obtained from the gm. +m. analysis, the simulation pre-
dicts three f, (1285) events in the tagged K —Ksvr data.
This prediction is consistent with the observed mass spec-
trum shown in Fig. 7(b).

To continue our analysis of the X(1420), we excluded
doubly tagged events, as well as singly tagged events in
which the tag failed fiducial cuts made to ensure that Q
was measured accurately. Events with masses between
1330 and 1520 MeV/c were used to measure a resonance
mass of 1426+7" MeV/c . We assumed a flat back-
ground of 1.2 events per 100 MeV/c, but the mass ob-
tained was not particularly sensitive to this assumption.
Both this mass and the width of the peak are consistent
with the values expected for the f, (1420). For purposes
of measuring quantities strongly inAuenced by the
amount of background, we used only events whose invari-
ant masses lie in a narrower mass range, extending from
1390 to 1470 MeV/c . This cut resulted in a final sample
of nine events, one of which we assume to be background.
Monte Carlo simulations imply that the minimum W cut
at 1390 MeV/c excludes most f, (1285) mesons.

IX. X(1420) RESULTS

We turn next to the question of whether or not the
X(1420) is the f&(1420} seen in hadronic interactions.
That state decays to KKm, the decay proceeding primari-
ly' through a K'(892)K intermediate state. ' The Dal-
itz plot in Fig. 8 shows the squared Km invariant masses
of the nine events in the X(1420) signal region. Given
our estimated background of one event, we conclude
from the Dalitz plot that the X(1420) mesons could all
have decayed via the K'(892)K channel.
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FIG. 8. Scatter plot relating the two Km. invariant masses in
the K&K—vr final state. The dashed lines enclose K* (892)
and K *—

( 896) bands. The bands are centered at M ~ and have

have a width of 2M I
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FIG. 9. Dalitz plots of (a) events in the X(1420) peaks after
application of all selection criteria and (b) Monte Carlo events
simulated using a model of a spin-zero resonance at 1420
MeV/c, decaying uniformly in three-body K—Kzn. + phase
space. T; is the kinetic energy of particle type i, and T,„ is the
total kinetic energy in the event.

Spin-one mesons formed by yy fusion must have either
J =1++, as does the f, (1420), or J =1 +. A state
with J =1 + cannot be a conventional qq meson, and
might be a qqg hybrid. The parity of the X(1420) is
therefore an important clue to its identity. Since the par-
ity of a state decaying to three particles manifests itself in
the decay angular distributions, we considered the Dalitz
plot of our X(1420) data shown in Fig. 9(a). Figure 9(b),
a scatter plot resulting from a Monte Carlo simulation of
a spin-zero resonance decaying uniformly in three-body
phase space, demonstrates that our acceptance is essen-
tially Aat in the Dalitz-plot variables. But a spin-one par-
ticle with negative parity should have its decay rate
suppressed near the kinematic boundary, where the mo-
menta are collinear in the X(1420) rest frame. Figure
9(a) shows that there is no such suppression unless it
occurs only very near the boundary, so that greatly in-
creased statistics would be required to observe it.

This qualitative argument therefore suggests that the
parity is positive. But other effects might obscure the
suppression of negative-parity X(1420) events near the
kinematic boundary. For example, if the X(1420) decays
via K'(892)K, then the presence of K'(892) bands near
the edges of the Dalitz plot would tend to compensate for
the reduction in event density otherwise expected there.
Moreover, the angular distribution resulting from the de-
cay of a J =1 + meson with helicity zero would in-
crease the density of events in some regions near the kine-
matic boundary. By helicity zero, we mean that the
meson has no spin projection along the direction of the
virtual photon momenta in the y*y* center of mass:
helicity-zero mesons are produced by the cr ~ term in Eq.
(2}; the influence of such events on the Dalitz plot there-
fore depends on the function %(Q, W ) defined in Eq.
(9)

To make these considerations more quantitative, we
used the Kolmogorov-Smirnov statistic ' to determine
confidence levels for the observed X(1420) mesons to
have undergone decays described by a variety of possible
matrix elements. If the X(1420) has positive parity, the
decay matrix element must be the dot product of the
X(1420) polarization vector e» with a linear combination
of p and pz, the momenta of the pion and the charged
kaon in the X(1420) rest frame. The coefficients of p
and pz must be Lorentz-scalar functions of the four-
momenta of the decay particles. If the parity is negative,
the decay matrix element must instead be equal to such a
function times ex.(p„Xpx ).

In either case, the value of a matrix element for a given
event depends not only on ez [i.e., whether the X(1420)
was produced by the o rr or o L z term in Eq. (2}],but also
on whether the decay proceeds via a resonant intermedi-
ate state, such as K "(892)K or ao(980)n. In the
positive-parity case, the linear combination of p and pz
appearing in the matrix element depends on whether the
I(z is in an S-wave or D-wave state, or a mixture of the
two, relative to the E +—

m system.
We found reasonably high confidence levels for many

of the matrix elements considered. In particular, there
was a 70% confidence level for the matrix element corre-
sponding to an L =0 K'(892)K decay of a J =1++
meson with R(Q } as specified by the Cahn model. The
authors of Ref. 15 found that this decay most closely
matched their fi(1420) data. Although the confidence
levels for the negative-parity matrix elements we tried
were 6.5% or less if we assumed A =0, larger 0 rz contri-
butions led to much higher confidence levels. So, while
the X(1420) decays in a manner consistent with the ob-
served behavior of the f, (1420), the matrix element
analysis cannot exclude other possibilities, including
some corresponding to negative parity.

The distribution of cos8', where the angle 8' is
defined as in Sec. VI, can be used to distinguish between
positive and negative parity independent of the decay dy-
namics. As noted in Sec. VI, the expected distribution
depends on the function R(Q, W ). We consider here
two possibilities: R =0 and A =Ac,h„, where

&c,h„=Q /2~ . If R=J7c,h„, the Kolmogorov-
Smirnov statistic for the observed distribution of cos8'
values results in a 36% confidence level for positive pari-
ty, versus 19% for negative parity. If %=0 we find a
63% confidence level for positive parity, and a slightly
less than 3% confidence level for negative parity. The
cosO' distribution cannot be used to exclude negative
parity for the X(1420) if A is large. If we consider only
the seven events with Q & 1.5 GeV, where % is likely to
be smaller than at high Q, the negative-parity angular
distribution has a confidence level below 6% if'

JP=Ac,h„, and below 3% if %=0. Using only these
events, the positive-parity confidence levels become 39%
for f7=Ac,„„,and 56% for %=0. Other possible forms
for the function A(Q ), which result in considerably
higher negative-parity confidence levels, cannot be ex-
cluded even for Q & 1.5 GeV . As discussed in Sec. II,
%(Q ) must vanish as Q approaches zero for any spin-
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one resonance with a nonzero yy coupling parameter;
however, the Q values we observe are too large to justify
the assumption A=O on that basis. With regard to
Ac,h„, it should be noted that the Cahn model was de-
rived specifically for positive-parity qq mesons; no com-
parable model has been proposed for the formation by yy
fusion of an exotic state with J = 1 +. In view of the
negative-parity confidence levels given above, as well as
the theoretical uncertainty in the form of A(Q ) for a
negative-parity spin-one state, we cannot prove that the
X(1420) is the f, (1420), though the decay distributions
are all consistent with that identification.

We have also used the X(1420) signal to measure itsI,(Q ). Our experimental acceptance was determinedrr.
by simulating the formation by yy fusion of a spin-one
resonance at 1420 MeV/c, decaying via a K "(892)K in-
termediate state to E +—Ez~, and thence to
K—+~ m. +m . The model used to describe its formation
and the simulation of detector response and triggering
were identical to those used' for the f, ( 1285 ), including
the assumption of F (Q ) as specified by the Cahn model
with F=F . We denote the unknown branching fractionP'
for the decay of X(1420) to KKvr by Bzz . The f&(1420)
has not been observed to decay via any channel other
than KKm, so if the X(1420) is the f&(1420), B&& is

probably large. We assumed that roughly 23% of the
EK~ decays lead to a E—+a+~+a. final state, which is
correct if the X(1420) is an isoscalar, and, in particular,
if it is the f, (1420).

Figure 10(a) shows the cross section for the reaction
e+e ~e+e X(1420)~e+e KKn with P &0. 1 GeV
in three bins of Q; the corresponding average values of
B~x F (Q )I r~(X(1420)) are shown in Fig. 10(b).
These results are relatively independent of details of the
Monte Carlo model. For example, if we change the
Monte Carlo program to use F =F& [where the P form
factor F& is defined by substituting (t for p in Eq; (12)]
rather than F =F, the acceptances used in making Fig.
10 change by less than 3%. The value of
Bxx I rr{X(1420)}implied by these data, however, de-

pends strongly on the choice of form factor:

1.3+0.5+0.3 keV if F =Fp
B — I' {X(1420)}=KK 0.63+0.24+0. 15 keV if F =F

(17)

The curves corresponding to these fits are also shown in
Fig. 10(b). The Mark II Collaboration, using the assump-
tion F=F, found Bzz I (X(1420))=1.65+0.7+0.3
keV (Refs. 2 and 52). That result should be compared to
the value 1.5+0.6+0.4 keV, which was obtained from
our data in a Q region comparable to the 0.2 —1.1 GeV
range used by the Mark II group.

The model used in Ref. 1 omitted the factor 4X/W in
Eq. (10) and assumed % =0, rather than %=AC,h„. If we
were to use that model here, the values given in Eq. (17)
would increase by a factor of 2.9. Conversely, the 6+2+2
keV result for Bzz I (X(1420)) given in Ref. 1 would
become 2. 1+0.7+0.7 keV using our present model. The
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FIG. 10. (a) Total cross sections for e+e
~e+e X(1420)~e+e KKn. with P &0. 1 GeV in various

Q bins and (b) Bzzg'(Q )I „~(X(1420)). Errors shown are
statistical only. The curves shown in (b) are the predictions of
the Cahn model with dift'erent form factors: the solid curve is
its prediction if F =F& and Bgg I yy(X(1420)) 0 63 keV;
the dashed curve is its prediction if F =F and

Bz~ I rr(X(1420)) =1.3 keV.

X. MIXING IN THE AXIAL-VECTOR
MESON NONET

A spin-one meson's yy coupling parameter, like the
yy partial width of a pseudoscalar or tensor meson, is re-
lated to its quark content. If the meson is one of the two
isoscalar members of a qq meson nonet, its quark content
depends in turn on the mixing between the SU(3)-singlet
and -octet states. In this section, we consider the axial-
vector-meson nonet: if 0„ is the mixing angle between its
singlet and octet components, then

remaining difference between this value and the
1.3+0.5+0.3 keV given in Eq. (17) is due to addition to
the new data and to changes in analysis cuts and scanning
procedures relative to those described in Ref. 1. These
changes, designed to suppress backgrounds more
effectively, included making tighter W cuts and rejecting
more events because of the presence of isolated, but low-
energy, calorimeter showers.

It should be noted that the results given in Eq. (17)
were derived in the context of the Cahn model for the
formation of axial-vector qq mesons. If suggestions that
the X(1420) is a q q or qqg state are correct, its
effective form factor F (Q ) may be different from those
predicted by the Cahn model. If this is so,
Bxx I rz{X(1420)) could be considerably different from

the values given in Eq. (17).
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Ifi &=»nH~ Ifl'" &+ cosH. Iff"'" &

', ) = cosH „ I

f;""&
—sinH ~ I f

(18)

The f, state is usually identified with the f, (1285), and
the f ', is the other isoscalar member of the nonet. As dis-
cussed in Sec. I, the f ', is probably a mostly ss state; both
the f, (1420) and the f&(1530) have been advanced as f ~

candidates.
The X{1420),as far as we can determine, has proper-

ties consistent with those of the f, (1420). We now con-
sider whether the identification of the X(1420) with the
f &

is compatible with the values for I (f~(1285})and

Bzz I (X(1420)) given in Secs. VI and IX. To do this,
we suppose that the X (1420) is the f '„and that the radial
wave functions of the singlet and octet states in that no-
net have approximately equal derivatives at the origin. '
We then use our measurements of the yy f&(128-5) and
yy-X(1420) coupling parameters, with the assumption

Bz& =1, to determine 8„. In an ideally mixed nonet,

corresponding to H „=arcsin 1 /&3 = 35.3', the f ', would
be a pure ss state. The Gell-Mann-Okubo quadratic
mass formula, given an f', mass of 1420 MeV/c and a
K, mass of 1340 MeV/c (Ref. 57), results in a slightly
larger mixing angle, j9„=42.2'.

It has already been noted that the rrr values presented
in Secs. VI and IX are sensitive to the choice of form fac-
tor in the Cahn model. In this section, we use the sym-
bols F and F& to refer to the spin-one effective form fac-
tors F(Q, W ) predicted by the Cahn model with F =F
and F =F& [see Eq. (15)]. We have assumed in this
analysis that the choice F=F is appropriate for the

f, (1285}. This is probably a reasonable assumption if, as
indicated by its mass and decay branching fractions, its ss
content is small. We will, however, consider both F=F
and F=F& as possibilities for the X(1420).

As stated in Sec. I, the most reliable way to determine
H„ is to compare I ~z(f&(1285)} and I z (f', ). We will

discuss such a comparison later in this section. But first,
we consider the consequences of making, in addition to
the assumptions described above, the more dubious as-
sumption that the radial wave functions of the Pz
tensor-meson nonet and the Pi axial-vector-meson nonet
are the same. If this is so, H„can be determined by com-
paring the yy-f, (1285) and yy-f', coupling parameters
to I zz( f2(1270}} (Refs. 56 and 24). In the case of the f'„
the relevant relation is

nearly real.
With M'& ——1420 MeV/c, Mz ——1270 MeV/c, and

I zz(f2(1270)) =2.70 keV (Refs. 11 and 59), Eq. (19}im-

plies

I r„(f))
sin (H„—Ho)=

2. 57 keV
(20)

Using this equation, the ideal mixing angle and the mix-
ing angle implied by the Gell-Mann —Okubo quadratic
mass formula result in values for I z~(f ~

) of 0.19 keV
and 0.38 keV, respectively. Both are smaller than either
of the values given in Eq. (17) for Bzz I (X(1420)),
and hence must be smaller than the corresponding values
of I ~&{X(1420)),even if Bzz is unity.

A comparison of f, (1285) to f2(1270) yields the ana-
log of Eq. (20):

I (f, (1285))
cos (H„—Ho)=

2. 33 keV
(21)

In this case, ideal mixing and the Gell-Mann —Okubo
mixing angle correspond to I (f, (1285)) values of 2.15
and 1.97 keV, respectively. These are both consistent
with our measured value of 2.4+0.5+0.5 keV. Since our
experimentally determined values of rrr for both spin-
one states are sensitive to changes in the spin-one model,
the mixing angles implied by Eqs. (20) and (21) are also
sensitive to such changes.

There is less theoretical and experimental uncertainty
in a quark-model prediction relating the yy coupling pa-
rameters of two mesons within the same nonet. Such a
relation between I zz(f, (1285)) and I r~(f', ) is

I (f, (1285))

I'~~(f ) )
(22)

To make use of this equation, we assume Bzz ——1; if it
were smaller, the value of I (X(1420)) implied by our
tagged K +—Kzm+ data would be larger, and the mixing
angles determined below would change accordingly. If
this assumption is correct, and if the X(1420) is the f'„
then the results given in Eqs. (16) and (17) for F =F im-

ply that the ratio appearing on the left hand side of Eq.
(22) is 1.8+0 7, (Ref. 60), which yields H„=54.4+7.5 de-
grees. Alternatively, if A, is defined by

I ry(f', ) 5 M', sin (H„—Ho)

I rr(f2(1270)) 6 M2 cos~(HT Ho)
(19)

I f ', ) = cosiE
I

ss ) —sink, I
uu &+ I

dd &

v'2 (23)

where OT=28' is the mixing angle of the J =2++
tensor-meson nonet as computed from the Gell-
Mann —Okubo quadratic mass formula, and eo ——arcsin3
= 19.5' is the mixing angle for which the yy-f ', coupling
vanishes. The symbols M„M'„and M2 represent the
masses of the f„f '„and fz, respectively. The ratios of
masses in this and subsequent formulas express the rela-
tive amounts of S-wave phase space available for the re-
actions compared, when both photons are nearly real.

we find A, =( —19.2+7.5)'. The Mark II Collaboration,
also assuming F=F but using a slightly different version
of Eq. (22) (Refs. 58 and 61), reported that their measure-
ments of the coupling parameters implied A, =( —15+,o}',
in agreement with our value.

Equation (22) has a second solution, with H „=—15.5',
which corresponds to A, =50.7. That would describe an
isoscalar member of the axial-vector-meson nonet com-
posed more of (uu+dd )/&2 than of ss. This seems un-
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likely if the f i is the f~(1420), since the f&(1420) is
heavier than the f, (1285) and decays to KKm and not to
i)mm (Ref. 45), whereas an f i with a uu+dd content as
large as that predicted by the second solution should de-
cay a substantial fraction of the time to final states like
m.~m.m. and gem. . Indeed, the fact that a qq meson which
is not dominantly ss would be expected to decay via these
channels implies that the second solution is likely to be
internally inconsistent with our assumption that

Bzz =1. The second solution would also imply that the

f,~, 2s5~ is more than 50% ss: this is contrary to the usual
assumption, based on its mass and decay branching frac-
tions, that the f, (1285) is primarily composed of non-
strange quarks.

If, as is generally assumed, the f ', is mostly ss, its true
F may well be more similar to F& than to F . If we as-
sume F=F& for the X(1420) [but not for the f i(1285)],
the ratio of I ~~(f, (1285)) to I rr(X(1420)) becomes
3.8+, 5 (Ref. 60). Equation (22) then leads to the result
8„=(45.4+6.2)', which corresponds to k = ( —10.2

6.2)'. This is quite close to the 42. 2' predicted by the
Gell-Mann —Okubo quadratic mass formula, for which
the ratio I rr{f,(1285))/I (f', ) would have the value
5.1. Once again there is a second solution, which we re-
ject on the same grounds as before.

It is difficult to reconcile our X(1420) results with the
hypothesis that the X(1420) is the f ', in an ideally mixed
nonet, since Eq. (22) would then imply that
I rr(f ~(1285)) should be 11.3 times greater than
I {X(1420)).However, if the mixing angle is 45.4', the
composition of the f 'i would still be 97% ss, and only 3%
uu and dd. Our data are thus consistent with the
identification of the X(1420) as a mostly-ss fI. However,
we cannot rule out scenarios in which the X(1420) does
not belong to the axial-vector-meson nonet. If the
X(1420) is an exotic state, we could not use the value of
I rr(X(1420)) to determine its quark content unless the
form of the X(1420) wave function were known.

XI. SUMMARY

We have observed the formation of two spin-one reso-
nances in yy fusion reactions. We concluded that both
mesons have J =1 because there was evidence of their
formation only in tagged interactions, in which one of the
interacting photons had Q &0. 1 GeV, with Q defined
as the negative of the virtual-photon invariant mass
squared. Mesons with J&1 would also have been formed
in untagged interactions, in which both interacting pho-
tons have Q =0.

One of the spin-one resonances was observed at an in-
variant mass of 1273+11 MeV/c in the final state
i)~++' (i)~yy}. Although low statistics and theoreti-
cal uncertainties did not permit a conclusive determina-
tion of its parity, all its properties were consistent with
those of the f i(1285). We assumed in the remainder of
the analysis that the signal was in fact due to the reaction
e+e ~e+e f&(128 ). 5To check the Monte Carlo cal-

culation of our qvr+m acceptance, we analyzed the
i)'(958) signal seen in the saine final state; our results,
shown in Fig. 4, agreed with previous measurements of
its formation by yy fusion.

As discussed in Sec. II, the strength of the y y-
f, (1285) coupling is expressed by a parameter
I zz(f, (1285)); its Q dependence (when one of the virtu-
al photons is nearly real) is described by a function
F (Q ), which vanishes as Q approaches zero. The
measured cross section for the reaction
e+e ~e+e f, (1285) and the corresponding values of
F (Q )I ~{f, (1285)) are shown in Fig. 5. We used the
form of the function F (Q ) specified by the Cahn mod-
el for the formation of qq mesons with J =1++ to
determine the value of I ~~(f, (1285)} (Refs. 28) that best
fit our tagged g~+m data. Assuming that the unknown
form factor F(Q ) in the Cahn model is given by
F (Q )=(1+Q /M ) ', we found I (f, (1285))
=2.4+0.5+0.5 keV. Invariant-mass spectra obtained
from analyses of the m+ ~ m. + m. and I(

+—
K&m+

(Ks~ir+n ) final states were consistent with this value.
Our observation of a spin-one meson in the E—+K&vr

(Ks~~+ir ) final state was first reported in Ref. 1. We
found in the analysis presented here that the mass, width,
and decay distributions of this resonance, which we call
the X(1420), were consistent with those of the f, (1420),
an isoscalar, spin-one state seen in hadronic interac-
tions. ' However, with our present statistics, we were
unable to exclude the possibility that the X(1420) is a qqg
hybrid with the exotic quantum numbers J =1 +.
The cross section for e+e ~e+e X(1420)
~e +e KEm and the corresponding values of
Bxx F (Q )I (X(1420)} are shown in Fig. 10. With
F (Q ) as specified by the Cahn model, our data were
best fit by the value Bxx I r (X(1420))=0.63
+0.24+0. 15 keV assuming F =F&, or 1.3+0.5+0.3 keV
assuming F =Fp. As this difference illustrates, rrr
values extracted from our data are extremely sensitive to
the choice of a particular model. There is, on the other
hand, very little model dependence in the results shown
in Figs. 5 and 10.

If the X(1420) is a member of the axial-vector-meson
nonet containing the f i(1285), then the ratio of its yy
coupling parameter to that of the f, (1285) is related to
8&, the singlet-octet mixing angle of that nonet. To ex-
tract O„we assumed that B~z =1, and that the radial

wave functions of the SU(3)-singlet and -octet states have
equal derivatives at the origin. Using the values for
I (f, (1285)}and Bxx I' (X(1420)) derived assuming

a p form factor and a P form factor, respectively, we
found 0„=(45.4+6.2) . This value is in excellent agree-
ment with the 42. 2 predicted by the Gell-Mann —Okubo
quadratic mass formula, less so with the ideal mixing an-
gle, 01 =35.3'. The X(1420) is thus unlikely to be a pure
ss state belonging to the same meson nonet as the
f i (1285), if all our assumptions are valid. If the X(1420)
is a member of the axial-vector-meson nonet, then our re-
sult would imply that its quark content is a mixture of
about 3% (uu+dd)/&2 with 97% ss. Using a p form
factor to determine I r~(X(1420) ), or assuming Bzx & 1,
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leads to mixing angles farther from 01, and hence to
greater light-quark content for the X(1420).

It has been proposed that the f, (1530), rather than the
X(1420), is the f', , and that the X(1420) is an exotic
state of composition q q (Ref. 21) or qqg (Ref. 22). At
present, we are unable to draw any conclusions regarding
the correctness of these proposals. If more specific pre-
dictions regarding the formation of these exotic states be-
come available, higher-statistics y'y fusion data may play
a useful part in determining whether the X(1420) is the
f'„and, if not, in distinguishing among the other possi-
bilities.
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