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Branching fractions for c„2S…˜gh8 and gh
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We report first measurements of the branching fractionsB(c2S→gh8)5(1.5460.3160.20)31024 and
B(c2S→gh)5(0.5360.3160.08)31024. Thec(2S)→gh8 result is consistent with expectations of a model
that considers the possibility ofh8-hc(2S) mixing. The ratio of thec(2S)→gh8 and c(2S)→gh rates is
used to determine the pseudoscalar octet-singlet mixing angle.@S0556-2821~98!05719-1#

PACS number~s!: 13.20.Gd, 13.25.Gv, 14.40.Aq, 14.40.Cs
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I. INTRODUCTION

In contrast withJ/c, experimental results on radiativ
decays of thec(2S) to noncharmonium hadrons are scarc
in the latest Particle Data Group tables, only upper limits
a few decay modes are listed@1#. Moreover, it is found ex-

perimentally that, while decays torp andK* K̄ vector pseu-
doscalar~VP! final states are significant (;1%) for theJ/c,
hadronic decays of thec(2S) to these same VP final state
are strongly suppressed@2,3#. This long standing mystery o
charmonium physics is referred to in the literature as therp
puzzle@4#. The processesJ/c→gh8(958) andgh are radia-
tive VP channels that have been measured by several ex

*Deceased.
0556-2821/98/58~9!/097101~4!/$15.00 58 0971
;
r

ri-

ments@1#. It is of interest to see if the same radiative V
decays of thec(2S) are suppressed to the same extent as

hadronicrp andK* K̄ decays.
Recently, the CLEO experiment has reported an ano

lously large branching fraction for the inclusive productio
of h8 in theB-meson decayB→h8Xs , whereXs denotes an
inclusive hadronic system containing a strange quark@5#.
One possible interpretation is the presence of an intrin
charm component of theh8 meson induced by the stron
coupling of theh8 to gluons via the QCD axial anomaly@6#.
The resultingh8-hc(nS) mixing has been proposed as th
dominant mechanism for the Okubo-Zweig-Iizuka~OZI! for-
bidden radiative charmonium decays such asc(nS)→gh8
and gh. In the case whereh8-hc(2S) mixing is important,
the branching fraction forc(2S)→gh8 is estimated to be in
the range (1.0– 2.7)31024 @7#.
© 1998 The American Physical Society01-1
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BRIEF REPORTS PHYSICAL REVIEW D 58 097101
The ratio of thegh8 and gh decay rates of theJPC

5122 charmonium states is sensitive to the pseudosc
octet-singlet mixing angleup . Assuming that the proces
occurs primarily through radiation of the photon from one
the initial statec quarks and the applicability of SU~3! sym-
metry for the decay amplitudes, one has the simple rela
@8#

G~cnS→gh8!

G~cnS→gh!
5S ph8

ph
D 3 1

tan2up

, ~1!

whereph(ph8) is the momentum of theh(h8) in thec(nS)
rest frame. The measuredJ/c branching fraction values@1#
imply a mixing angle ofuupu522°61°64° ~the second er-
ror is theoretical!, which agrees well with the value dete
mined from other processes@9#. Measurements of the corre
sponding branching fractions for thec(2S) provide a
consistency check of this relation.

In this Brief Report we present the first measurement
the branching fractions forc(2S)→gh8 and c(2S)→gh
using 3.443106 c(2S) decays @10# collected using the
Beijing Spectrometer~BES! located at the Beijing Electron
Positron Collider~BEPC! at the Beijing Institute of High
Energy Physics.

II. BES DETECTOR

The BES is a large solid-angle magnetic spectrome
that is described in detail in Ref.@11#. Charged particle mo-
menta are determined with a resolution ofsp /p
51.7%A11p2 (GeV2) in a 40-layer cylindrical drift cham-
ber. Radially outside of the drift chamber is a 12-radiatio
length barrel shower counter~BSC! comprised of gas pro
portional tubes interleaved with lead sheets. The B
measures the energies and directions of photons with res
tions of sE /E.22%/AE (GeV),sf54.5 mrad, andsu
512 mrad. The iron flux return of the magnet is instr
mented with three double layers of counters that are use
identify muons.

For this analysis we use charged tracks with momen
greater than 80 MeV/c that are well fit to a helix originating
near the interaction point. Candidateg’s are associated with
energy clusters in the BSC that have more than three
tubes in at least two readout layers. We use charged tr
and g’s that are within the polar angle regionucosuu,0.8.
We reject tracks that are identified as muons or that prod
high energy showers in the BSC that are characteristic
electrons. When computing energies, each charged trac
assigned the pion mass.

III. DETERMINATION OF B„c„2S…˜gh8…

For thec(2S)→gh8 measurement we investigate the d
cay chains
09710
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It follows that the reactions of interest arec(2S)
→p1p2gg for the r0g mode andc(2S)→p1p2ggg for
the p1p2h decays.

A. c„2S…˜gh8˜ggr0 measurement

For the measurement using theh8→gr0 mode, we re-
quire two oppositely charged tracks with an opening an
uopen,130° and at least two candidateg’s that are more
than 10° away from the nearer charged track. The eve
where the total energy of the two charged tracks is less t
2.1 GeV are subjected to a four-constraint kinematic fit to
hypothesis c(2S)→p1p2gg and required to havex2

,15. Thep1p2g mass distribution for events withMp1p2

within 0.15 GeV ofM r and agg opening angle greater tha
110° is plotted in Fig. 1, where a peak at the mass of
h8(958) is apparent.

The curve in Fig. 1 is the result of a fit to the measur
mass distribution with theh(958) represented as a Gaussi
and a third-order polynomial background function. T
width of the Gaussian is fixed at the Monte Carlo
determined experimental resolution ofs50.01 GeV @12#.
The fitted Gaussian has a peak position atMh(958) and
Nevts528.167.2 events. Events from the cascade dec
c(2S)→anything1J/c, whereJ/c→gh8 or J/c→p0r0,
also can give a peak atMh8(958) . We subject a sample o
Monte Carlo–simulated events equivalent to 10 times
c(2S) data set to the same selection and fitting procedu
The resulting estimate of the contamination from this sou
is Nbkg51.460.5 events, where the error is statistical a
comes from the fit.

We use Monte Carlo–simulated events to determine
acceptance. The events are generated with a 11cos2u angu-
lar distribution for thec(2S)→gh8 decays and an isotropi

FIG. 1. Thep1p2g invariant mass distribution for selecte
events.
1-2
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distribution for theh8→gr0 decays, followed by helicity
61r0→p1p2 decays. The acceptance determined in t
way is erg50.1960.02, where the error includes bo
Monte Carlo ~MC! statistics~7%! and uncertainties in the
simulation program~8%! @13# added in quadrature.

The c(2S)→gh8 branching fraction is determined from
the relation

B~c2S→gh8!5
Nevts2Nbkg

Nc2S
B~h8→gr!erg

5~1.3660.3760.20!31024. ~2!

Here the first error is statistical, and the second is the s
tematic error due to uncertainties inNc2S

~9%!, the accep-

tance~11%! and theh8→gr branching fraction~4%! added
in quadrature.

B. c„2S…˜gh8˜gp1p2h measurement

For the measurement using theh8→p1p2h mode, we
require two oppositely charged tracks with an opening an
uopen,70° and at least three candidateg’s that are more
than five degrees away from the nearer charged track.
select events with a total energy for the two charged tra
that is less than 1.2 GeV and require them to satisfy a fo
constraint kinematic fit to the hypothesisc(2S)
→p1p2ggg with x2,12. We identifygg pairs with an
invariant mass within 0.03 GeV ofMh as candidateh’s. The
p1p2h mass distribution for the selected events is plot
in Fig. 2. There is a peak in the data at the mass of
h8(958).

The curve in Fig. 2 is the result of a fit to the measur
mass distribution with theh~958! represented as a Gaussi
and a polynomial background function that is forced to z
at thep1p2h threshold. The width of the Gaussian is fixe
at s50.018 GeV, the resolution value determined from t
MC simulation. The fitted Gaussian hasNevts516.864.9
events. The Monte Carlo estimate of backgrounds fr
c(2S)→J/c cascade decays isNbkg50.3560.03. The MC-
determined acceptance for this mode is 0.1460.015, and the

FIG. 2. Thep1p2h invariant mass distribution for selecte
events.
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correspondingc(2S)→gh8 branching fraction is

B~c2S→gh8!5~2.0060.5960.29!31024. ~3!

The agreement with the result determined for theh8→gr0

mode is reasonable.

IV. c„2S…˜gh MEASUREMENT

For the c(2S)→gh measurement, we use theh
→p1p2p0 decay mode. This corresponds to the sa
c(2S)→p1p2ggg reaction as for theh8→p1p2h mea-
surement.

We require two oppositely charged tracks with total e
ergy less than 1.7 GeV and at least three candidateg’s that
are more than five degrees away from the nearer cha
track. The events are required to satisfy a four-constra
kinematic fit to the hypothesisc(2S)→p1p2ggg with
x2,12. We identifygg pairs with an invariant mass within
0.025 GeV ofmp0 as candidatep0’s. The p1p2p0 mass
distribution is plotted in Fig. 3. Here small clusters of even
appear at the mass of theh~547! and thev~780!.

The curve in Fig. 3 is the result of a fit to the measur
mass distribution with theh represented as a Gaussian and
polynomial background function. The width of the Gaussi
is fixed at s50.013 GeV, the value determined from th
MC simulation. Thev~780! mass region is excluded from
the fit. The fitted Gaussian has a peak position atMp1p2p0

50.5660.01, which is one standard deviation aboveMh ,
and an area ofNevts

h 54.162.4 events.
As a check, we used the events in thep0 sidebands of the

gg invariant mass distribution as an experimental estimate
our background. Here we find no events within63s of Mh
and a fit to the sideband-subtractedMp1p2p0 distribution
yields 6.062.5 h events.

The c(2S)→gh signal has a statistical significance co
responding to a little less than 2s @14#. If we treat the 4.1
observed events as a real signal, thec(2S)→gh branching
fraction is determined to be

B~c2S→gh!5~0.5360.3160.08!31024. ~4!

FIG. 3. Thep1p2p0 invariant mass distribution for selecte
events. The region near thev~785! is excluded from the fit.
1-3
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BRIEF REPORTS PHYSICAL REVIEW D 58 097101
~The MC-determined acceptance for this channel is 0
60.012.) The 4.1 events from the fit imply a 90% con
dence level~C.L.! upper limit of 7.2 events; this correspond
to a 90% C.L. limit on thec(2S)→gh branching fraction of
0.931024.

V. DISCUSSION

Combining the two results forB(c(2S)→gh8) from the
different h8 decay modes gives@15#

B~c2S→gh8!5~1.5460.3160.20!31024, ~5!

which is within the range expected for the case wh
h82hc(2S) mixing is important@7#. To compare withJ/c
decays, we use the ratio

Qgh85
B~c2S→gh8!

B~J/c→gh8!
50.03660.009. ~6!

This low value for Qgh8 indicates that thisc(2S) decay
mode is suppressed relative toe1e2 decays, where the cor
responding ratioQe1e250.14660.022 @1#, but not as se-
verely as in the case ofrp, whereQrp,0.002, orK* 1K2,
whereQK* 1K2,0.006@3#. Pinsky@16# relates the processe
c(2S)→gh8 to the hinderedM1 transitionc(2S)→ghc .
He predictsQgh850.002, which is well below our measure
value.
n

aw

.

09710
0

e

The suppression ofJ/c→gh relative toJ/c→gh8 de-
cays appears to also occur for thec(2S):

B~J/c→gh!

B~J/c→gh8!
50.20060.023~PDG!, ~7!

B„c~2S!→gh…

B„c~2S!→gh8…
50.3460.22~ this expt!. ~8!

Our results provide an independent evaluation of the mix
angle ofuupu528°210°

17° , which is consistent with other deter
minations, albeit with larger errors.
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