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Abstract. We report measurements of the observed cross sections for eTe™ —» wrn™n ™, wKTK ™, wpp,
KTK=p%% KYK=ptr~ 4ce, KK nta+ce., K*" K nTn™ +cc., ¢grTn 70 and AAx° at /s =
3.773 and 3.650 GeV. Upper limits (90% C.L.) are given for observed cross sections and for ¢(3770) decay
branching fractions for production of these final states. These measurements are made by analyzing the data
sets of 17.3 pb™! collected at /s = 3.773 GeV and 6.5 pb ! collected at /s = 3.650 GeV with the BES-II

detector at the BEPC collider.
1 Introduction

During the past thirty years, the (3770) resonance was
expected to decay almost entirely into pure DD [1]. How-
ever, previous data suggest that the ¢ (3770) is not sat-
urated by DD decays [2]. Recently, the BES Collabora-
tion measured the branching fraction for ¢(3770) — non-
DD decay to be about (1545)% [3-5] with two different
data samples and analysis methods. This indicates that
the ¥ (3770) may substantially decay into charmless final
states. In the last two years, many efforts have been un-
dertaken by the BES [6-11] and CLEO [12—-17] collabora-
tions to search for charmless decays of ¥(3770) but only
upper limits were derived for most decay modes. So far,
the results can not explain the discrepancy between the
observed cross sections for DD and (3770) production.
To understand this discrepancy, a comparison of observed
cross sections for exclusive light-hadron final states at the
center-of-mass energies of 3.773 GeV and below 3.660 GeV
excluding the contributions from J/, ¥(3686) and DD
decays could be helpful. A measurement of exclusive cross
sections at these two or at more energy points can also pro-
vide valuable information to understand the mechanism of
the continuum light-hadron production.

In this paper, we report measurements of the observed
cross sections for the exclusive light-hadron final states,
of wntn™, wKTK~, wpp, KTKp’n°, KtK—ptn— +
cc., K*K-ntr% +cec.,, K**K~ntn~ +cc., ¢rtn 70
and AAx?, produced in ete~ annihilation, and derive up-
per limits for 1(3770) decays into these final states. The
data sets used in the analysis were collected at /s = 3.773
and 3.650 GeV with the BES-II detector at the BEPC col-
lider, which correspond to the integrated luminosities of
17.3pb~! and 6.5 pb~ 1, respectively. For convenience, we
call these two data sets the ¢(3770) resonance data and the
continuum data in the paper, respectively.

2 BES-II detector

The BES-II is a conventional cylindrical magnetic detec-
tor that is described in detail in [18,19]. A 12-layer vertex
chamber(VC) surrounding a beryllium beam pipe provides
input to event trigger, as well as coordinate information.
A forty-layer main drift chamber (MDC) located just out-
side the VC yields precise measurements of charged par-
ticle trajectories with a solid angle coverage of 85% of 4;
it also provides ionization energy loss (dF/dxz) measure-
ments for particle identification. Momentum resolution of
1.7%+/14p? (pin GeV/¢c) and dE/dx resolution of 8.5%
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for Bhabha scattering electrons are obtained for the data
taken at /s = 3.773 GeV. An array of 48 scintillation coun-
ters surrounding the MDC measures time of flight (TOF)
of charged particles with a resolution of about 180 ps for
electrons. Outside the TOF counters, a 12 radiation length,
lead-gas, six-readout-layer barrel shower counter (BSC),
operating in limited streamer mode, measures the energies
of electrons and photons over 80% of the total solid angle
with an energy resolution of o /E = 0.22/vE (E in GeV)
and spatial resolutions of 04 = 7.9 mrad and 0z = 2.3 cm
for electrons. A solenoidal magnet outside the BSC pro-
vides a 0.4 T magnetic field in the central tracking region
of the detector. Three double-layer muon counters instru-
ment the magnet flux return and serve to identify muons
with momentum greater than 500 MeV /¢, with a solid
angle coverage of 68%.

3 Event Selection

In selection of the above processes, the possible interme-
diate resonances are searched by analyzing the final states
rtr atn yy, Kt K—ntr~~y and pprtn—7y. The 7°,
w, p°, pt, K*O K*T ¢ and A particles are reconstructed
by the decays 7° — vy, w — 7t 7770, p* = 7tr, pt —
7t KO - Kt K*t 5 K™%, ¢ -+ K*K~ and A —
pr—, respectively. Throughout this paper, charge conjuga-
tion is implied.

To select the candidate events, we require the number
of charged tracks to be four with total charge zero. Each
charged track should be well reconstructed in the MDC
with good helix fits and satisfy | cos 6| < 0.85, where 6 is
the polar angle. All tracks, save those from A decays, must
originate from the interaction region by requiring that the
closest approaches of a charged track are less than 2.0 cm in
the xy-plane and 20.0 cm in the z direction.

The TOF and dE/dx measurements for each charged
track are used to calculate the confidence levels CL,,
CLg or CLy, for the pion, kaon or proton hypotheses. The
pion candidate is required to have a confidence level C'L
greater than 0.1%. In order to reduce the misidentification,
the kaon candidate is required to have the confidence level
C L greater than C' L. For proton identification, the ratio

CL
CL 7O, 70T,

The BSC measurements are used to select photons. The
energy of each good photon deposited in the BSC should
be greater than 0.05 GeV, and the electromagnetic shower
should start in the first five readout layers. The angle be-
tween the cluster development direction and the photon
emission direction is required to be within 37° [20—22].
In order to reduce the radiative photons from charge

is required to be greater than 0.6.
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particles, the angle between the photon and the nearest
charged track is greater than 22° [20-22].

In order to improve mass resolution and suppress
combinatorial background, an energy-momentum conser-
vation kinematic fit is imposed on the wtr~wT7 vy,
KVYK-ntn~~~ or ppnTn~ Yy combination. In addition,
we constrain the invariant mass of the two photons to
the 7 nominal mass. The candidates with a kinematic fit
probability greater than 1% are accepted. If more than one
combination remains after the above selection criteria, the
combination with the largest fit probability is retained.

For the K™K ntn 7" final state, we exclude the
events from DD decays by rejecting the events in which
the D° and D° mesons can be reconstructed in the decay
modes of D° — K~n+ and D° — KTn~ 7% [23].

4 Data analysis

We search for possible intermediate resonances by exam-
ining the invariant mass spectra of the 777~ 7% 77—,

0 K*rF, K*n° KTK~ and pr~/prT combina-
tions from the selected 7t~ 7t 7~ 7%, K+ K~ nt7— 7% and
pprtn~ w0 events. The invariant masses of these combi-
nations are calculated with the fitted momentum vectors
from the kinematic fit. In the paper, they are denoted
byM +r— 70, M M i7r07MKi7r:F7MKi7TO7MK+K_
and My, — /5.+, respectlvely

4.1 Candidates for ete™ — wntn—,
ete” > wKTK~ and ete™ — wpp

To investigate the processes ete™ — wrntn™, ete™ —
wKTK™, and ete™ — wpp, we analyze the invariant
masses of the 77~ 7% combinations from the selected
atr ntr 7, KtYK - ntn 70 and pprtn—7n° events.
Figure 1 shows the invariant mass distributions from the
selected final states. The mass window of 440 MeV/c?
(accounting for the w width [24] and its mass resolution
determined by Monte Carlo simulation) around the w nom-

inal mass is taken as the w signal region. Counting the
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Fig. 1. The distributions of the invariant masses of the
atn 70 combinations from the selected a 7r+7777r+777770, b
KtK nta 70 and ¢ ppr 7~ 70 events from the ¥(3770) res-
onance data (left) and the continuum data (right)

events with M_+_— o in the w signal regions, we obtain the
numbers of the events in the signal region for searching for
the signal events ete™ — wntr™, ete”™ - wKTK~ and
ete™ — wpp observed from the 1(3770) resonance data
(left) and the continuum data (right), respectively. The
numbers of the events observed in the w signal regions are
listed in the second columns in Tables 1 and 2.

4.2 Further analyses of the KT K~ nt7n~n°
final state

Figure 2 shows the invariant masses of the K*7F and
K*79 combinations from the selected KtK~ 7m0
events. In each figure, the K* signal is clearly observed.
Fitting to these invariant mass spectra with a Breit—
Wigner convoluted with a Gaussian resolution function for
the K* signal and a second polynomial for the background,

Table 1. The observed cross sections for eTe™ — f at /s = 3.773 GeV, where N ©bs js the number of events observed from the
1(3770) resonance data, N' b is the number of total background events, N™°* is the number of the signal events, NP is the upper
limit on the number of the signal events, € is the detection efficiency, Asys is the relative systematic error in the measurement, o
is the observed cross section and o"P is the upper limit on the observed cross section at 90% C.L.

efe” — Nebs N* N™* (or N"P) e[%] Asys o (or o"P) [pb]
wrtr™ 9 0 <15.30 3.06 £ 0.08 0.116 <37.1
wKtK~ 5 0 <9.99 1.6740.06 0.118 <44.5

wpp 5 0 <9.99 3.69+0.09 0.124 <20.3
KK~ p0x0 0 0 <2.44 2.90+0.05 0.114 <56
KYK ptn~ 4cec. 48.6+15.4 2.740.9 45.94+15.4 2.8540.10 0.124 94.2431.64+11.7
KK nt7% +cec. 41.2411.2 1.340.7 39.9411.2 3.0140.08 0.172 116.3 4 32.7420.0
KK ntr” 4cec. 22.349.1 0.7+0.2 21.649.1 2.1840.07 0.150 173.9473.34+26.1
dnta a0 2 0 <5.91 3.1140.06 0.115 <255
AArO 0 0 <2.44 5.02+0.07 0.123 <79
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Table 2. The observed cross sections for eTe™ — f at /s = 3.650 GeV, where N °bs ig the number of events observed from the
continuum data. The definitions of the other symbols are the same as those in Table 1

ete” - Nobs N® NEet (or NUP) €[%)] Asys o (or ¢UP) [pb]
wrtr™ 4 0 < 8.60 3.34+0.09 0.116 < 50.9
wKtK~ 1 0 < 4.36 1.62+0.06 0.119 <534
wpp 2 0 <591 3.814+0.09 0.124 < 30.9
KTK™p7x0 11.4+6.4 2.340.9 9.1+6.4 2.98+0.05 0.224 47.6+33.4+10.7
KtK ptr +cec. 27.0+£10.0 04+0.3 26.6+10.0 2.9240.10 0.139 141.94+53.3+19.7
KO9K a7+ cc. 17.5+7.9 0.5+0.4 17.0+£7.9 3.104+0.08 0.140 128.14+59.5+17.9
K"K rtr +ce. 9.7+5.6 0.6+0.6 9.1+5.6 2.2540.07 0.149 189.04+116.3+28.2
dnta a0 2 0 <591 3.1740.06 0.115 < 66.7
AAxO 0 0 <2.44 4.95+0.07 0.123 <214
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FiE. 2. The distributions of the invariant masses for the a
K*7F and b KT7° combinations from the selected
KTK a7~ 7% events from the (3770) resonance data (left)
and the continuum data (right)
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Fig. 4. The distributions of the invariant masses of the K ™K~
combinations from the selected K+ K~ 77~ 7¥ events from
the ¥(3770) resonance data (left) and the continuum data
(right), where the pairs of arrows represent the ¢ signal regions
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Fig. 3. The distributions of the invariant masses of the a 77~

and b 7¥7° combinations from the selected K+ K~ 7+ 7 70

events from the 1 (3770) resonance data (left) and the con-
tinuum data (right)

we obtain the numbers N°P® of the signal events for
ete” - K**K—ntn%+c.c. and ete” - K*TKntn™ +
c.c. observed from the ¢(3770) resonance data (left) and
the continuum data (right). These numbers are summa-
rized in the second columns of Tables 1 and 2. In the
fits, the mass and width of K* are fixed to the PDG
values [24].

Figure 3 shows the invariant mass spectra of the 77~
and 770 combinations from the selected K+ K~ 7wt m— 70

Fig. 5. The scatter plots of M, versus M.+ from the se-
lected ppr T~ 70 events from the 1(3770) resonance data (left)
and the continuum data (right), where the rectangle regions
show the A and A signal regions

events. Fitting to these invariant mass spectra with a Breit-
Wigner convoluted with a Gaussian resolution function for
the p signal and a second order polynomial for the back-
ground, we obtain the numbers N°P of the signal events
for ete™ — KTK~p°7° and ete” - KtKptr~ +c.c.
from the (3770) data (left) and the continuum data
(right), which are shown in the second columns of Tables 1
and 2. In the fits, the mass and width of p are fixed to the
PDG values [24].



The BES Collaboration: Experimental studies of (777~ K+K_,pp7)7r+7r_7r0 .

Figure 4 shows the distributions of the invariant
masses of the K™K~ combinations from the selected
K+*K-nt7~ 70 events. The mass window of 420 MeV /c?
around the ¢ nominal mass is taken as the ¢ signal re-
gion [10]. Selecting the events with My + i— in the ¢ signal
regions, we obtain 2 events in the signal region for search-
ing for the ¢rt 7~ n° final state observed from both the
¥(3770) resonance data (left) and the continuum data
(right).

4.3 Further analyses of the pprrt 7~ x? final state

The scatter plots of M, - versus M, + from the selected
ppr T~ 70 events are shown in Fig. 5. The mass window
of £10 MeV /¢? around the A nominal mass is taken as the
A signal region, determined by Monte Carlo simulation. In
the AAn° signal region in each figure, no signal event for
the AA7° final state is observed from the two data sets.

5 Background subtraction

For the selected candidate events, there are the contribu-
tions from J/4 and ¥ (3686) decays due to ISR (initial state
radiation) process. In addition, there are the contamina-
tions from the other final states due to misidentification
between charged pions and kaons, or due to missing pho-
ton(s), etc.. Above the DD threshold, there are also the
contributions from DD decays. The number N® of these
contributions should be subtracted from the number N°bs
of the selected events. These can be estimated by Monte
Carlo simulation, which has been discribed in [10] in detail.

In the following analyses, we ignore the interference
effects between the continuum and resonance ampli-
tudes, since we don’t know the details about the two
amplitudes. In this case, subtracting N° from N°P%, the
numbers N%¢® of the signal events for the final states
ete” > KTK p'n% ete” = Kt K ptn~ +c.c,efe” —
KK-ntm%+cc. and ete” - K** K77~ +c.c. are
obtained.

For the other final states, only a few events are ob-
served from the data sets. We set the upper limits NP on
these numbers of the signal events by using the Feldman—
Cousins method [25] in the absence of background at
90% confidence level (C.L.). These numbers are listed in
Tables 1 and 2.

6 Results

6.1 Monte Carlo efficiency

The detection efliciencies for reconstruction of the events
of eTe™ — exclusive light hadrons are estimated by Monte
Carlo simulation with a phase space generator for the BES-
IT detector [26], including initial state radiation and photon
vacuum polarization corrections [27] with 1/s cross section
energy dependence. Final state radiation [28] decreases
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the detection efficiency by not more than 0.5%. Detailed
Monte Carlo analysis gives the detection efficiency for each
final state at /s = 3.773 and 3.650 GeV. They are summa-
rized in Tables 1 and 2. For the final states containing 7°,
w, p°, pT, K*°, K**, ¢ and A particles, the branching frac-
tions for the decays 7° — vy, w — 77~ 7%, p0 — 7tn—,
pt =t K 5 Ktn—, K** - Kt70, ¢ - KtK~
and A — pr~ are set to be 100% in the generator. They
are corrected with their branching fractions quoted from
PDG [24], see (1) and (2).

6.2 Systematic error

The systematic errors in the measurement of the observed
cross section for ete™ — exclusive light hadrons arise
mainly from the uncertainties in luminosity (~ 2.1% [3, 4]),
photon selection (~ 2.0% per photon), tracking efficiency
(~ 2.0% per track), charged particle identification (~ 0.5%
per pion or kaon, ~ 2.0% per proton), kinematic fit (~
1.5%), Monte Carlo statistics [~ (1.2 ~ 3.9)%)], branching
fractions quoted from PDG [24] [~ 0.03% for B(7® — ),
~0.79% for B(w — T 7~ 70), ~ 1.22% for B(¢p - KT K™)
and ~ 0.78% for B(A — pn~)], background subtraction
[~ (0.0 ~ 13.4)%], fit to mass spectrum [~ (1.9 ~ 16.5)%)],
and Monte Carlo modeling (~ 6.0% [10]). The total sys-
tematic errors Agys for each final state at /s = 3.773 and
3.650 GeV are obtained by adding these uncertainties in
quadrature, respectively, which are shown in Tables 1
and 2.

6.3 Observed cross section or its upper limit
forete” — f

The observed cross section for eTe™ — f is determined by

Nnet
Ue+e*—>f:—na (1)
L xex ][} Bi]

where L is the integrated luminosity of the data set,
N™¢t is the number of the signal events for ete™ — f,
€ is the detection efficiency for the final state. Here,
n=1 or 2 or 3, is the number of the intermediate res-
onances in the final state, B; denotes the branching
fraction [24] for the intermediate resonance decay, such
as B(r® — vy), B(w— 7Tn7%), B(¢ - KT*K~) and
B(A — pr~) etc. Inserting the corresponding numbers in
(1), we obtain the observed cross sections for the final
states ete™ — KT K~ p%7%, efe™ = KTK ptn~ +c.c.,
ete” - K*K-ntn%+c.c.and ete™ - K*"K - ntr™ +
c.c. at /s =3.773 and 3.650 GeV, respectively. They are
summarized in Tables 1 and 2, where the first error is sta-
tistical and the second systematic.

For the other final states for which only a few events are
observed from the data, the upper limits on their observed
cross section are set by

NvP

up _ 2
U€+€7ﬁf ﬁXeX(l—AsyS)[x H?Bi] ’ ( )
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Table 3. The upper limits on the observed cross section 0'2);()3770) f and the

3770) > f for (3770) — f are set at 90% C.L.. The
Oy (3770)—s ¢ in the second column is calculated with (3), where the first error is
the statistical, the second is the mode-dependent systematic, and the third is
the common systematic error. Here, the uppert denotes that we treat the upper
limit on the observed cross section for eTe™ — f at 3.773 GeV as 021(’3770) L
the upper” denotes that we neglect the contribution from the continuum pro-
duction, and the upper® denotes that we treat the central value of ,,(3770)
as zero if it is less than zero

branching fraction B;;I(’

Decay mode Op(3770)— f g 1111?3770)4 f 8112?3770)—> f
[pb] [pb) [x107]
wrtr™ < 37.1t" <37.1 <5.5
wKTK™ < 44 5t <445 <6.6
wpp < 20.3t" <20.3 <3.0
KTK=p%x° < 5.6t <5.6 <0.8
KTK ptn~ +cec.  —38.6%£59.0+11.944.47 < 99.0 <14.6
KO9K 7t7%4+ce.  —3.6+64.6+18.2+0.47 < 110.0 < 16.2
K*TK ntr  4cc. —3.0+131.2+24.5+0.3% <2189 <323
prta 0 < 255" <255 <38
AARO <797 <79 <1.2

where NP is the upper limit on the number of the signal
events for e"e™ — f, and Agys is the systematic error in
the measurement of the observed cross section. Inserting
the corresponding numbers in (2), we obtain the upper lim-
its on the observed cross sections for these final states at
/s =3.773 and 3.650 GeV, respectively, which are shown
in Tables 1 and 2.

6.4 Upper limits on the observed cross section
and the branching fraction for ¢ (3770) — f

The upper limits 011/1?3770) _pon the observed cross sections
for 1(3770) decay to the final states wrtn™, WKTK™,
wpp, KTK~p°7°, ¢ntn~ 70 and AAn® are directly set
based on the upper limits on their observed cross sections
at 3.773 GeV.

For the other final states, the observed cross section for
¥(3770) — f is determined by

_ 3.773 GeV 3.650 GeV
Oyp(3770)—=f — 0'e+e,_>f - fco X O—e+ef_>f ) (3)

where f¢, is the normalization factor in which we take into
account the 1/s dependence of the cross section and neglect
the difference in the corrections for the ISR and vaccum
polarization effects between the two energy points. Insert-
ing the values of ag’f ZE ie}/ and ogfsg if}v listed in Tables 1
and 2, and fe, in (3), we obtain the oy 3770)— s for each
mode, as shown in the second column of Table 3, where
the first error is the statistical, the second is the indepen-
dent systematic error (arising from the uncertainties in the
Monte Carlo statistics, in fitting to the mass spectrum and
in the background subtraction), and the third is the com-
mon systematic error (arising from the other uncertainties
as discussed in the Sect. 6.2). The upper limits 021()3770) Ly
on the observed cross sections for ¥(3770) decay to these

final states are set by shifting the cross sections by 1.640,
where the o is the total error of the measured cross section.
We treat oy (3770)— s With minus value as zero, and then
set its upper limit. The third column of Table 3 shows the
results on 011/1?3770) Ly

The upper limit on the branching fraction for ¢(3770) —
f is set by

up

g
Bup _ 1[)(3770)*)]“ , (4)

Y(3770)—f obs obs
O (3770) = [1 — Aoy 3770

where 017)?3770) is the observed cross section for the ¢(3770)

production, Acgps. . is the relative error in o5,

Here, 09,70, = 7.15£0.2740.27nb [10], is obtained by
weighting two measurements [4,29] from BES Collabora-
tion. Inserting the numbers of 01121(’3770) L 03}33770) and

obs : . u
Aoyi57m0) in (4), we obtain B 700, ¢

shown in the fourth column of Table 3.

for each mode, as

7 Summary

In summary, by analyzing the data sets taken at /s =
3.773 and 3.650 GeV with the BES-II detector at the BEPC
collider, we have measured the observed cross sections
for wrtn™, WKTK~, wpp, KT K= p°n°, KtK ptn— +
cc., K°K—ntn%+cc., K**K-ntn~™ +cec., ¢prtn n°
and AA7® produced in ete~ annihilation at the two en-
ergy points. Upper limits with 90% confidence level were
derived for the observed cross sections and branching frac-
tions for ¢(3770) decay to these final states. We do not ob-
serve significant difference between the observed cross sec-
tions for most exclusive light hadron final states at the two
energy points. However, this does not mean that (3770)
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does not decay into these final states, since we neglect the
interference effects between the continuum and resonance
amplitudes. A better way to extract the branching frac-
tions for ¥ (3770) — exclusive light hadrons would be to
analyze their energy-dependent observed cross sections at
more energy points covering both ¢ (3770) and 1 (3686) [30]
with the coming BES-III detector at the BEPC-II collider.
However, the observed cross sections reported in this paper
and those reported in [10,11,14,15] provide constraints
which could help to understand both the mechanism of the
continuum light hadron production and the discrepancy
between the observed cross sections for DD and v(3770)
production.
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