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Evidence for a Spin-1 Particle Produced by Tvvo Photons
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Two-photon production of KgE —n states has been studied by the TPC/Two-Gamma experiment at
the SLAC storage ring PEP. A resonance of mass 1.42 GeV was seen when one of the photons was quite
virtual but not when both photons were nearly real. Production of a spin-1 meson, which cannot be
made by two real photons, would fit these observations. The Q2 dependence of the data in the resonance
region agrees with this spin assignment and is incompatible with a spin-0 hypothesis. The mass and
width of the resonance are similar to those of the E meson, which has been assigned J~ 0 and J~ 1+

by different experiments.

PACS numbers: 14.40.Cs 13.65.+i

The TPC/Two-Gamma experiment at the SLAC
storage ring PEP has studied the two-photon process
e+e--e+e-zgr-x, r,'- ~+x-, at a center-of-
mass energy of 29 GeV. %'e report here the observation
of a resonance in the It)IC —x invariant-mass spectrum
at 1.42 GeV when either the scattered e+ or e was
detected (single tag). In a recent publication, ' we re-
ported finding no resonance in the same final state for
the case in which both photons were nearly real and nei-
ther the scattered e nor e was detected (no tag).
These results imply the production of a spin-1 resonance,
which cannot be made by two real photons. Two rnesons

decaying into @Ex final states are known to exist in this
mass region. The t [ri(1440)] has been extensively
studied in radiative J/tlt decays3 from which it is known
to have J 0 and I 0. The E [f~(1420)] has been
seen in several hadronic reactions, also with I=O.
However, the spin and parity assignment of the E is in

dispute, with J 1+ seen in some experiments and 0
in others. If the latter assignment is correct, it is impor-
tant to know whether the E is the same particle as the ~,

which would otherwise be a glueball candidate. The
meson reported here as spin-1 may be the E seen in some
of the hadronic experiments, but could not be the i.
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The time projection chamber (TPC) was used to
determine the identity and momentum of the four
charged hadrons in the final state, while the forward
spectrometers detected the scattered e+ or e "tag. '*

The tag momentum vector was measured with a magnet-
ic spectrometer consisting of a septum magnet and fif-
teen drift-chamber planes. The tag energy was deter-
mined by total absorption in a segmented forward
calorimeter with NaI crystals at small angles and a Pb-
scintillator shower counter at larger angles. This com-
bination of momentum and energy measurements sup-
plied a value for Q, the negative of the virtual-photon
four-momentum squared.

The single-tag data were collected in two running
periods, having different characteristics. The older data
set, with an integrated luminosity of 50 pb, was ob-
tained with a TPC magnetic field of 4 kG and had a typ-
ical momentum resolution of particles studied in this
analysis of cr/p =6%. The 40 pb ' of newer data, taken
with a magnetic field of 13 kG and less material inside
the TPC, gave an improved momentum resolution of
o/p =1.5%. The trigger required a minimum energy
deposition in a forward calorimeter and at least one
charged track in the central detector.

Off line, events were selected with a tag of energy & 6
GeV in one of the forward calorimeters. Four charged
tracks of total charge zero were required in the TPC,
projecting back to the e+e vertex within distances suf-
ficient to keep Eg candidates. Particle identification was
accomplished by use of dE/dx and momentum measure-
ments from the TPC. ' One track was identified as a
charged kaon and was required to have momentum
& 310 MeV. The other three tracks had to be consistent
with the pion hypothesis and have momenta &120
MeV. To avoid background from the X+K ir+is pro-
cess, any pion candidate of charge opposite to that of the
identified charged kaon had to be inconsistent with the

kaon bypotllesls.
To help ensure that the resulting events represented

exclusive K —x ir+ir production, the requirement was
imposed that the magnitude of the sum of the transverse
momenta, )gpr ~, for the four tracks plus the tag be
& 220 MeV, a value suggested by a Monte Carlo study.

The resulting 35 events were then scanned to remove
those with calorimeter energy depositions not associated
with charged tracks, or with extra tracks not detected by
the analysis program. The remaining 24 events, coming
equally from the two data samples, had a ) gpz ~

spec-
trum which was peaked at zero.

Kg x+x candidates were next sought in this sam-
ple by our calculating the dipion effective mass, using
pion four-momenta at the position of closest approach of
the ir+ and x tracks. The resulting invariant masses
are plotted in Fig. 1, where a Eg signal is apparent
despite the combinatorial background. To select events
with a ECg, a mass cut of 498+ 45 MeV was applied,
providing a final sample of seventeen events. The reject-
ed events had either tracks which were mistakenly called
charged kaons (as a result of measurement errors) or
unobserved particles (as indicated by relatively large

~ gp~ i values).
The EJECT- ir invariant-mass spectrum of this sample

is shown in Fig. 2. There is a clear peak of thirteen
events in the mass region from 1.3 to 1.6 GeV. The sig-
nificance of the peak depends on the background, which
we can estimate by using the "sideband" with masses
above 1.6 GeV. If we assume that the background is
constant in mass, the peak region should then contain
about 1.6 background events. A check on this was ob-
tained from the no-tag EgE-x data, ' which is nearly
flat over the whole mass region, and thus represents con-
tinuum K/K —ir production. A Monte Carlo extrapo-
lation of this continuum to the single-tag spectrum
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FIG. l. Invariant x+x masses from K —x x+x events
~ith t~o entries per event.

F16. 2. Histogram of the invariant EgK x* mass spec-—
trum. The solid line is a Monte Carlo calculation for the ex-
pected shape of an E meson vrith phase space decay.
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predicted about 1.4 background events in the peak re-
gion. A further check on the background is obtained
from our observed ratio of about 5 for the no-tag to
smgle-tag contllluum ln the production of K K K K

and 2m+2m final states. This is consistent with the ra-
tio seen in the high-mass part of the EEET sample and
would imply a background under the single-tag peak of
about one event. Considering statistical and systematic
errors on these estimates, we take the background under
the peak to be 2 ~ 2 events. The probability that even a
background of four events could fluctuate up to the ob-
served thirteen events is 3X10,so that the peak is sig-
nificant.

A Breit-Wigner fit was applied to the mass region
below 1.6 GeV, with the assumption of a constant back-
ground and inclusion of the detector mass resolution.
The resulting mass of 1.417+'0.013 GeV and width of
0.035+)// GeV are similar to those of the E meson. A
Monte Carlo calculation with the E parameters
(M 1.42 GeV, I 0.05 GeV) and a KKx phase-space
decay mode gave the solid curve in Fig. 2, which fits the
spectrum well. Those hadronic experiments which as-

signed J~ 1+ to the E observed the K K decay mode
predominantly, and about two-thirds of our events are
consistent with such a decay. However, the limited
statistics in our data preclude a definite determination of
the decay mode.

The peak seen in the single-tag data, if it represented
the production of a spin-0 meson with Q dependence
similar to that of other observed two-photon resonances,
should have appeared with about thirty events in the no-
tag data. Instead the no-tag data showed a flat mass
spectrum with only five events in the mass region below
1.6 QeV i The obvious explanation of this effect is that
the single-tag resonance has spin 1. According to the
Yang-Landau theorem, 9 two real photons cannot pro-
duce a spin-1 particle, and the two photons in the no-tag
reaction are nearly real. However, in the single-tag case,
spin-1 production is allowed with a rate proportional to
Q2 (for small Q2).

A detailed analysis of the Q dependence of the data is
required to make the spin assignment more quantitative.
The e+e cross section for the two-photon production of
a resonance with mass M, spin J, and total width I can
be written

E(E2d a
d3p d3p

32a(2J+1)
N(N2

8' r2' (W' —M')'+r'M'

where p; (E;) are the laboratory momenta (energies) of
the scattered leptons, 8' is the center-of-mass energy,
and X (q & qz) —

q & q), with q; the photon four-
momenta. The number of helicity states N~ is 1 for a
longitudinal (L) photon and 2 for a transverse (T) pho-
ton. X is the two-photon luminosity as calculated from
QED, '0 with use of the photon polarization combinations
expected to dominate for small Q2 (TT for spin 0 and
TL or LT for spin 1). The Q2 dependence of the two-
photon width I „p is expected to be X for spin 0" and
Q2/M for spin I, 'z multiplied in each case by a vector-
dominance-model (VDM) form factor squared
[I+Q /My), with My the mass of some vector meson.
These assumptions regarding the luminosity and the Q2
dependence become less reliable as Qz gets large.

A comparison of these spin-0 and spin-1 models with
the data requires a different treatment of the no-tag and
single-tag samples. For the no-tag data (Q (0.1

GeV ), where no resonance was seen, an upper limit on
the number of events was determined by comparison
with a Monte Carlo simulation using an E-like resonant
mass shape. Of the thirteen single-tag events, only
eleven satisfied fiducial cuts designed to ensure accurate
Q values. These were divided into three Q bins, and a
Q -independent background totaling two events was sub-
tracted. Figure 3(a) shows both no-tag and single-tag
data, corrected for acceptance with a Monte Carlo cal-
culation using the spin-0 model. Plotted is BI „„~,where
8 is the branching ratio to KECx, with a correction made

for the unseen decay modes on the assumption that the
resonance has I 0. The curve is the best fit to the data
of the expected spin-0 Qz dependence, under the assump-
tion of a p-pole form factor (My M~), which has pro-
vided a good description for other two-photon reso-
nances. Clearly the no-tag upper limit (95% C.L.) falls
far below expectations for a spin-0 resonance, and this
would hold for any VDM form factor chosen. Thus the
data are inconsistent with the spin-0 hypothesis. ' The
acceptance-corrected data with use of the spin-I model
are shown in Fig. 3(b). Both the single-tag data and the
no-tag upper limit (67% C.L.) are quite consistent with
the solid curve, which is a fit of the expected spin-1 Q
dependence to the single-tag points, assuming again a p-
pole form factor. Uncertainty in the models at high Q
and the large errors prevent an accurate determination
of the VDM form-factor dependence. %hile the experi-
ment has acceptance for larger Q2 than shown in the plot
(up to 7 GeV ), the curve would correspond to less than
one event in that region, and none is observed.

Extrapolating the spin-1 model curve to Q2=0, we
derive a value for BM I „p/Q of 6 ~ 2(stat. ) +' 2(syst. )
keV. Renard' has applied the quarkonium formalism to
estimate M I „„~/Q for several states with resulting
values of 2.5 keV for a uu, dd meson, 0.2 keV for an ss
meson, and 0.2 keV for a qqg hybrid. If we assume that
the KKx decay mode of our observed resonance is dom-
inant, the value obtained from the data is consistent with
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dence that the spin of the resonance is 1. This result is

borne out by a quantitative analysis of the Q depen-
dence of the data, which is incompatible with a spin-0

hypothesis and consistent with spin 1. The charge conju-
gation must be C +1, since the state is produced by
two photons. The parameters of the resonance are simi-

lar to those of the J 1+ E meson scen in some, but not

all, hadronic experiments.
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FIG. 3. B(EEx)I „„~, where the data are acceptance-
corrected with (a) the spin-0 Monte Carlo model and (b)
spin-1 Monte Carlo model, as described in the text. The upper
limits near Q2 0 come from no-tag data, where no resonance
was seen. The curves are the best fits to the single-tag points
of the expected (a) spin-0 and (b) spin-1 Q~ dependence.

the uu, dd estimate, given the uncertainties in both data
and theory.

Since no spin-1 resonance has been observed in two-

photon interactions before, it would be desirable to know
the production rate for an established spin-I meson such
as the D fft(1285)l. However, given the D branching
ratio to ECEtr of 11%,Renard's estimate for a utt, dd state
would predict about 0.6 event in our single-tag data at
the D mass. This is consistent with the observed spec-
trum but not distinguishable from the larger signal at
1.42 GeV.

In conclusion, a resonance has been seen in single-tag,
but not in no-tag toro-photon interactions, providing evi-
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