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We report on a study of exclusive radiative decays of theYs1Sd resonance collected with the

CLEO II detector operating at the Cornell Electron Storage Ring. We present the first observatio
the radiative decaysYs1Sd ! gp1p2 and Ys1Sd ! gp0p0. For the dipion mass regimempp .

1.0 GeV, we obtainB sYs1Sd ! gp1p2d ­ s6.3 6 1.2 6 1.3d 3 1025 andB sYs1Sd ! gp0p0d ­
s1.7 6 0.6 6 0.3d 3 1025. [S0031-9007(98)08171-X]

PACS numbers: 13.40.Hq, 13.25.Gv, 13.87.Fh, 14.40.Gx
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Although several modes of radiative and hadron
Ys1Sd decays with multiparticle final states have previ
ously been observed, no radiative decays of theYs1Sd
into a photon and two hadrons have yet been reporte
Such final states have provided the most direct eviden
for two-body radiativeJyc decays, which are well es-
tablished [1] at the1023 level. To extrapolate these to
the Y, the charge coupling to the photon and the ma
of the quark propagator predict a suppression of ord
fsqbyqcd smcymbdg2 , 1y40. More sophisticated calcula-
tions can be found in the literature [2].

The radiative decays of theYs1Sd can provide in-
formation on exotic states, including weakly interactin
massive particles (WIMP’s) and axions [3,4]. Radiativ
decays of theYs1Sd with charged final state hadrons have
been studied by many experimental groups, includin
ARGUS [5], CLEO [6], and MD-1 [7]. In the CLEO
analysis, the decay modesYs1Sd ! gX; X ! p1p2,
K1K2, andpp were investigated. As noted in that study
[6], the only region of the dipion invariant mass distri-
bution suggestive of an excess above background was
the interval 1.2–1.6 GeV, where ten signal events we
counted; the scaled background in the same region c
responded to two events. In this Letter, we extend th
previous CLEO analysis, using a new data set and e
ploiting many improvements in the performance of th
CLEO II detector [8]. We also present first results for th
all-neutral final stateYs1Sd ! gp0p0.

The Ys1Sd signal datasEcm ­ 9.46 GeVd correspond
to an integrated luminosity of78.9 pb21, collected at
the Cornell Electron Storage Ring (CESR). Data take
at Ecm > 10.52 GeV, just below theYs4Sd resonance,
were used to subtract thee1e2 ! gX events due to
non-Ys1Sd production under the resonantYs1Sd peak;
this sample corresponds to an integrated luminosity
500.4 pb21. We search for events in both ourYs1Sd
(signal) and continuum (background) datasets compatib
with the kinematics for the processYs1Sd ! gpp.
Separate event selection criteria are applied for the ca
Ys1Sd ! gp1p2 andYs1Sd ! gp0p0.

Candidate events for thegp1p2 final state are se-
lected as follows. There must be exactly two opposite
charged tracks observed in the detector. If the ratio
a track’s associated calorimeter energy to its momentu
measured in the drift chambers is greater than 0.85, t
track is identified as an electron and the event veto
from further consideration. At least one of the charge
tracks must satisfy the kinematic requirements for muo
ic
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identification, defined in terms of a track’s polar ang
sud and its momentumspd as jcosuj , 0.7 and p .

1.0 GeVyc. Any track satisfying these criteria and als
producing associated hits in the muon chambers is ide
fied as a muon, and the event is similarly vetoed. Th
must be exactly one electromagnetic shower in the g
barrel region of the calorimetersjcosuj , 0.71d with en-
ergy exceeding0.4 3 Ecm. This shower must have a
energy deposition profile consistent with that of a ph
ton, and also not match, within 15±, the position of any
charged track extrapolated into the calorimeter. Additio
showers, presumed to be either noise or split-offs fr
charged tracks propagating into the detection volume
the calorimeter, are allowed provided their measured e
gies are each less than 500 MeV. The sum of the ene
of the highest energy photon candidate plus the energie
the drift chamber tracks must, under thep1p2 hypothe-
sis, lie within three standard deviations in energy re
lution ssEd of Ecm. Typically, we findsE > 80 MeV.
The radiative decaysYs1Sd ! gK1K2 and Ys1Sd !
gpp, if misinterpreted asYs1Sd ! gp1p2, are more
likely to fail this energy-conservation requirement th
trueYs1Sd ! gp1p2 events. The magnitude of the n
momentum vector of the event must be within three st
dard deviationssspd of zero; sp takes into account the
resolutions on the two tracks and the high energy pho
and is typically80 MeVyc. We require that the openin
anglef between the two charged tracks satisfy the con
tion cosf . 20.95.

The momentum of each charged track recoiling aga
the high energy photon is typicallyø 2 GeVyc, beyond
the momentum range for which the CLEO detec
can cleanly separate pions from kaons or proto
We therefore require only that the availabledEydx par-
ticle identification information be consistent with the pio
hypothesis. [We have, nevertheless, performed d
cated searches forYs1Sd ! gK1K2 and Ys1Sd !
gpp. In neither case was a signal observed abo
background.]

Candidategp0p0 events must have no charged track
The requirements on the high-energy photon in the ev
are identical to the case ofgp1p2. Neutral pions are
defined as combinations of two showers in the elec
magnetic calorimeter with an invariant mass within fi
standard deviations of the nominalp0 mass. All photons
used inp0 reconstruction must also satisfy a minimu
energy requirementsEg . 50 MeVd, and have an en
ergy deposition pattern consistent with true photons. T
287
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four-momentum conservation requirements are identica
the charged pion case.

We use aGEANT-based [9] detector simulation to deter
mine the efficiency for reconstructing a radiativeYs1Sd
event, as a function of dipion mass, for each final sta
studied. CandidateYs1Sd ! gX events are generated
with a flat distribution over the entire kinematically al
lowed mX regime. The recoilX system is decayed
isotropically to two pions, which are then propagate
through the detector. The overall event selection ef
ciency sed for the gp1p2 final state varies smoothly
from e > 33% at thresholdsmp1p2 ­ 2mp d to a maxi-
mum of e > 41% at mp1p2 > 2 GeV. By comparison,
the event reconstruction efficiency for thegp0p0 final
state grows rapidly from zero at threshold toe > 30% at
mp0p0 > 1 GeV and then falls smoothly toe > 28% at
mp0p0 > 2 GeV.

The invariant mass of the recoiling hadrons for cand
date events is presented in Fig. 1(a) (charged pions) a
Fig. 1(b) (neutral pions), for both theYs1Sd resonance
data and the continuum data. The continuum data ha
been properly scaled to theYs1Sd data, taking into ac-
count the difference in the luminosity of our signal an
background event samples, the expected1yE2

cm energy
dependence of the QED cross section, and the relat
event selection efficiencies for theYs1Sd and the continu-
um data.

Prominent in Fig. 1(a) is a larger0 signal as verified
experimentally [5–7] by other analyses. Backgroun
due toe1e2 ! gr0, r0 ! p1p2 are expected to domi-
nate thegp1p2 analysis. Comparing the acceptance an
luminosity-corrected signals observed in both theYs1Sd
and continuum data, we note that thegr0 rate observed
on theYs1Sd is consistent with the yield from the con-
tinuum data. Subtracting the scaled continuum dipio
mass distribution from the resonantYs1Sd mass distri-
bution in the “r-rich region” smpp , 1.0 GeVd, we ob-
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FIG. 1. Dipion invariant mass for theYs1Sd data, with scaled
continuum data (shaded) overlaid, for the final statesgp1p2

(a) andgp0p0 (b).
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tain 1.4 6 21.0 events, consistent with zero. Also evi-
dent is a small enhancement atmpp ø 400 MeV which
is largely from misidentifiede1e2 ! gf; f ! K1K2

events.
At higher dipion invariant mass, we note a signifi

cant excess of events in theYs1Sd data sample over
background in both thegp1p2 and thegp0p0 final
states. Performing a bin-by-bin continuum subtractio
we obtain an excess of47.0 6 9.3 s9.0 6 3.0d events for
the p1p2 sp0p0d data, integrated overmpp $ 1 GeV.
We attribute these excesses to the decaysYs1Sd !
gp1p2 and Ys1Sd ! gp0p0, respectively. Based on
the total number ofYs1Sd events in our samples1.86 3

106d, and correcting for the efficiencies as a function of in
variant mass, we obtainB sssYs1Sd ! gp1p2ddd ­ 6.3 6

1.2 6 1.3d 3 1025 and B sssYs1Sd ! gp0p0ddd ­ s1.7 6

0.6 6 0.3d 3 1025, for mpp $ 1 GeV, in which the sec-
ond error is systematic (to be discussed later).

Whereas the statistics in the background-subtract
mp0p0 mass distribution are too poor to show any obviou
structure, the excess in the charged dipion mode is a
parent in the regionmp1p2 ø 1.0 1.4 GeV. The most
prominent resonance in this mass range observed in rad
tive Jyc decays is thef2s1270d [1], for which B fJyc !
gf2s1270dg ­ s1.38 6 0.14d 3 1023. If we assume that
the excess in this interval is due toYs1Sd ! gf2s1270d,
and neglecting any possible interference effects wi
other processes producing thegp1p2 final state, we
can perform a fit to the background-subtracted on
resonance dipion invariant mass spectrum and there
determine the possible level ofYs1Sd ! gf2s1270d, as
shown in Fig. 2. In performing this fit, we use a spin-2
Breit-Wigner signal function with the mean and width pa
rameters fixed to the established [1]f2s1270d values, over
the interval 0.6–1.8 GeV. Such a fit yields34.8 6

9.7 events with a x2 per degree of freedom of
12.8y23. If, instead, we allow the mass and width

16

0

16
0 1 2 3

E
ve

nt
s 

/ 5
0 

M
eV

I

I
I

m ( ) (GeV)+

8

8

3350798-008

FIG. 2. The dashed line shows a fit of the continuum
subtractedYs1Sd dipion invariant mass spectrum to a single
f2s1270d only. The solid line (and the shaded region) repre
sents a fit to thef2s1270d plus a possible second resonance a
mp1p2 ø 1.05 GeV. Note that thef2s1270d yield is relatively
insensitive to the addition of the second resonance.
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to float, we obtain a yield of30.119.9
29.3 events, with

a fitted mass ofs1.28 6 0.02d GeV and a width of
s100180

240d MeV. Assuming no other contributions to
the spectrum in Fig. 2, the corresponding efficiency
corrected product of branching fractions would b
B sssYs1Sd ! gf2s1270dddd 3 B sssf2s1270d ! p1p2ddd ­
s4.6 6 1.311.6

21.5d 3 1025, which gives [1] B sssYs1Sd !

gf2s1270dddd ­ s8.1 6 2.312.9
22.7d 3 1025. The likelihood

that the excess in this region is due to an upwa
fluctuation of the background is determined to be le
than 0.01%.

If this excess is due toYs1Sd ! gf2s1270d, then, by
isospin, we expect to also observeYs1Sd ! gf2s1270d,
f2s1270d ! p0p0 at half the charged rate. Despite th
lack of pronouncedf2s1270d ! p0p0 signal, we can
compare thep0p0 yield with the p1p2 yield under
the assumption thatgf2s1270d production saturates the
gp0p0 final state. When compared to the fitted result i
the charged dipion case, the excess of10.8 6 3.3 events
observed is consistent, after the mass-dependent efficie
correction, with the isospin expectation. The probabilit
of the continuum background fluctuating up to thep0p0

signal is negligible. Non-f2 contributions, if any, are
difficult to assess given the limited statistics of the sign
sample.

Although there is no resonance withm ø 1.05 GeV
expected in our sample, we nevertheless note an appa
enhancement in this mass region in Fig. 2. To investiga
this further, we have allowed for a second Breit-Wigne
in our fit, with the values of mass and width for this
second Breit-Wigner allowed to float, but with thef2
parameters again constrained to the established val
(indicated by the solid line in Fig. 2). We then obtain
20.5 6 12.3 events for this second Breit-Wigner, at a
mass ofs1.05 6 0.02d GeV and a fitted width ofs100 6

90d MeV; the putativef2s1270d yield correspondingly
drops to29.7 6 11.0 events. The overallx2 per degree
of freedom in this second fit improves to6.2y20. We
note that although the level of the excess at 1.05 Ge
is at the 1.7 standard deviation level, the likelihoo
that the excess in the 1.28 GeV mass region is
upward fluctuation of background is still small (les
than 0.1%).

We have considered possible contamination to o
signal from the processYs1Sd ! gm1m2. This is evalu-
ated by selecting, rather than vetoing, events having a h
energy photon and two charged tracks, in which there a
hits in the muon chambers matched to at least one
the charged tracks. For such a search, the continuu
subtractedYs1Sd data yields18 6 19 Ys1Sd ! gm1m2

event candidates. Knowing that the maximal inefficienc
for gm1m2 events is 30%, we determine that th
contribution from thegm1m2 final state to our signal
Ys1Sd ! gp1p2 sample has a central value less tha
5.4 events, and is consistent with zero; we include this
our systematic uncertainty.
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The decayYs1Sd ! p0p1p2, although not yet ob-
served, could produce background to thegp1p2 final
state in those cases in which thep0 decays either very
asymmetrically (resulting in one very high energy show
with energy almost equal to the energy of the parentp0),
or produces ap0 in which both daughter photons are ap
proximately collinear, and cannot be distinguished. In t
latter case, the photon showers overlap and merge int
single detected calorimeter shower. Using requireme
identical to those used in thegpp analysis for thep0

candidate, the two charged pion candidates, and ove
event four-momentum conservation, we have conduc
a dedicated search for the decayYs1Sd ! p0p1p2.
The resulting upper limit isB sssYs1Sd ! p0p1p2ddd ,

1.84 3 1025 at 90% confidence level. Based on th
null result and the probability to misinterpret a “merged
p0 as a single photon, we expect fewer than 3.4 eve
contamination from the decayYs1Sd ! p0p1p2 in our
gp1p2 event sample over the entire kinematically a
lowed dipion invariant mass range. The net contrib
tion from Ys1Sd ! p0p1p2 events in which thep0

decays asymmetrically is determined to be less th
0.7 events.

We note that the two pions produced inYs1Sd !
gf2s1270d, f2s1270d ! p1p2 will have a characteristic
angular distribution, due to the tensor nature of th
f2s1270d. We have correspondingly fit the helicity angl
distribution (defined as the angle between one of the pio
and the dipion parent measured in the dipion rest fram
over the mass interval 1.2–1.4 GeV, after subtracting o
the contribution from thegr final state. Such a fit gives
confidence levels of 48%, 35%, 0.0%, and 0.1% und
the tensor, scalar, vector, or axial vector assumptio
for the system recoiling against the photon, respective
Although inconclusive on its own, this spin-parity analys
of the dipion system strongly favors a tensor or sca
assignment for the dipion system, and rules out a vec
or axial vector interpretation.

For the measurementYs1Sd ! gp1p2, systematic
uncertainties are due primarily to the muon veto used
suppress thegm1m2 final state (12% relative error), un-
certainties in our total efficiency (5%, arising mainly from
event triggering uncertainties), and our uncertainty in t
total number ofYs1Sd events (3%). Because we have a
sumed that the photon angular distribution is isotropic
our Monte Carlo event generator, there is an addition
uncertainty (16%) from our extrapolation to the regio
jcosugj . 0.71. For the possibleYs1Sd ! gf2s1270d
signal, we have an additional systematic error (20%) d
to the fitting procedure used to extract the signal, inclu
ing the possible effect of the apparent enhancement
the regionmp1p2 ø 1.05 GeV, and asymmetric uncer-
tainties due to the possible interference between eve
from the Ys1Sd ! gf2s1270d excess andp1p2 pairs
not associated with either ther0 or the resonant enhance
ments120

215%d.
289
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n,
n-

9,
For thegp0p0 final state, primary uncertainties in our
integrated measurementB sssYs1Sd ! gp0p0ddd are due to
the possible anisotropy of theYs1Sd ! gp0p0 decay
(16%),p0 finding (8%) [10], trigger efficiency (4%), and
the number ofYs1Sd events (3%).

In summary, we have made the first observation o
the radiative decayYs1Sd ! gpp in both the charged
and neutral modes. Restricted tompp $ 1.0 GeV, we
obtain B sssYs1Sd ! gp1p2ddd ­ s6.3 6 1.2 6 1.3d 3

1025 , andB sssYs1Sd ! gp0p0ddd ­ s1.7 6 0.6 6 0.3d 3

1025.
The p1p2 mass and helicity angle distributions are

suggestive off2s1270d production as a source. Under the
Ys1Sd ! gf2s1270d assumption, the efficiency-corrected
product of branching fractions of this enhancement co
responds toB sssYs1Sd ! gf2s1270dddd 3 B sssf2s1270d !

p1p2ddd ­ s4.6 6 1.311.6
21.5d 3 1025. In the p0p0 mode,

the net yield relative to the charged mode and the sha
of the p0p0 mass spectrum are also consistent wit
Ys1Sd ! gf2s1270d. This is approximately twice the
rate that would be expected by thefsqbyqcd smcymbdg2

scaling fromB fJyc ! gf2s1270dg.
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