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Abstract

We report a measurement of the branching fraction of (3770)— cl and
search for the transition (3770)— ¢2 based on 2.92~fb—1 of e+e—
data accumulated at s=3.773~GeV with the BESIII detector at the
BEPCII collider.  The measured branching fraction of (3770)— cl is
B( (3770)— ¢1)=(2.48+0.15+£0.23)x10—3, which is the most precise mea-
surement to date. The upper limit on the branching fraction of (3770)— c¢2
at a 90% confidence level is B( (3770)— ¢2)<0.64x10—3.  The corre-
sponding partial widths are TI'( (3770)— c¢1)=(67.5£4.146.7)~keV and
T( (3770)— ¢2)<17.4~keV.
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(Dated: June 2, 2015)

We report a measurement of the branching fraction for ¢(3770) — ~yx,,; and
search for the transition ¥(3770) — 7X., based on 2.92 fb~! of eTe~ data
accumulated at /s = 3.773 GeV with the BESIII detector at the BEPCII
collider. We measure B()(3770) — yx,.1) = (2.48 £ 0.13 £ 0.23) x 1073, which
is the most precise measurement to date. The upper limit on the branching
fraction of (3770) — vx .2 at a 90% confidence level is B(1(3770) — yx.2) <
0.64 x 10~3. The corresponding partial widths are T'(1/(3770) — vx.;) = (67.5+
3.54+6.7) keV and I'(¢(3770) — yx,.2) < 17.4 keV.

PACS numbers: 14.40.Pq, 13.20.Gd

Introduction

The ¥(3770) resonance is the lowest-mass cc state lying above the open charm-
pair threshold (3.73 GeV/c?). Since its width is two orders of magnitude larger
than that of the 1(3686) resonance, it is traditionally expected to decay to DD
meson pairs with a branching fraction of more than 99% [?]. This would be
consistent with other conventional mesons lying in the energy region between
the open-charm and open-bottom thresholds. However, if a meson in this region
contains not only a c¢ pair but also constituent gluons or additional light quarks
and antiquarks, it may more easily decay to non-DD final states (such as a lower-
mass cc pair plus pions [?] or light hadrons [?]) than conventional mesons. In
addition, if some unknown conventional or unconventional mesons exist near
the cc state under study, the measured non-open-charm-pair decay branching
fraction of the cc state could also be large [?]. For this reason, searching for
non-open-charm-pair decays of mesons in this region has become a way to search
for unconventional mesons.

In 2003, the BES Collaboration found the first non-open-charm-pair final state
J/yrtn— [?7, 7] in data taken at 3.773 GeV. Since the final state J/¢mtn—
cannot be directly produced in ete™ annihilation, this process is interpreted as
a hadronic transition 1(3770) — J/¢nt7~, although it has not been excluded
that this final state may be a decay product of some other possible structures
[?] which may exist in this energy region. Following this observation, the CLEO
Collaboration found that (3770) can also decay into J/¥7’7°, J/vm [?], vX w0
[?], vX.1 [?] and ¢n [?]. In the CLEO-c measurements, the x,., and x,; were
reconstructed with x,q — vJ /¢ and x. — vJ /9, respectively.

These observations stimulated strong interest in studying other non-DD decays
of the ¥(3770), as well as searching for non-open-charm-pair decays of other
mesons lying in the energy region between the open charm-pair and open bottom-
pair thresholds, particularly searching for J/¢¥X or ¢¢X (where X denotes any
other particle, or nm, nK, and 7, where n = 1,2,3...) decays of these mesons in
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this energy region.

Within an S-D mixing model, the ¥ (3770) resonance is assumed to be predom-
inantly the 13D, cc state with a small admixture of the 235, state. Based on
this assumption, Refs. [?] predict the partial widths of ¥(3770) E1 radiative
transitions, but with large uncertainties. For example, the partial widths for
Y(3770) — 7yx,o range from 59 to 183 keV and for ¥(3770) — vy, from 3
to 24 keV, respectively. In addition, the transition (3770) — vx., has yet
to be observed. Therefore, precision measurements of partial widths of the
Y(3770) — X712 Processes are critical to test the above-mentioned models,
to better understand the nature of the ¥(3770), and to find the origin of the
non-DD decays of the 1(3770).

In this paper, we report a measurement of the branching fraction for the tran-
sition 9(3770) — vx,; and search for the transition (3770) — vx., based on
2.92 fb~! of eTe™ data [?] taken at /s = 3.773 GeV with the BESIII detector
[?] operated at the BEPCII collider.

BESIII Detector

The BESIII [?] detector is a cylindrical detector with a solid-angle coverage
of 93% of 47 that operates at the BEPCII [?] ete™ collider. It consists of
several main components. A 43-layer main drift chamber (MDC) surrounding
the beam pipe performs precise determinations of charged particle trajectories
and provides ionization energy loss (dF/dx) measurements that are used for
charged-particle identification. An array of time-of-flight counters (TOF) is
located radially outside of the MDC and provides additional charged particle
identification information. The time resolution of the TOF system is 80 ps
(110 ps) in the barrel (end-cap) regions, corresponding to better than 20 K /m
separation for momenta below about 1 GeV/c. The solid angle coverage of the
barrel TOF is |cosf| < 0.83, while that of the end cap is 0.85 < |cosf| <
0.95, where 6 is the polar angle. A CsI(T1) electromagnetic calorimeter (EMC)
surrounds the TOF and is used to measure the energies of photons and electrons.
The angular coverage of the barrel EMC is | cosf| < 0.82. The two end caps
cover 0.83 < |cosf| < 0.93. A solenoidal superconducting magnet located
outside the EMC provides a 1 T magnetic field in the central tracking region
of the detector. The iron flux return of the magnet is instrumented with about
1200 m? of resistive plate muon counters (MUC) arranged in nine layers in the
barrel and eight layers in the end caps that are used to identify muons with
momentum greater than 500 MeV/c.

The BESIII detector response is studied using samples of Monte Carlo (MC)
simulated events which are simulated with a GEANT4-based [?] detector simu-
lation software package, BOOST [?]. The production of the ¢ (3770) resonance
is simulated with the Monte Carlo event generator KKMC [?]. The decays of
Y(3770) = vx.s (J =0,1,2) are generated with EvtGen [?] according to the ex-
pected angular distributions [?]. In order to study possible backgrounds, Monte
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Carlo samples of inclusive 1(3770) decays, ee™ — (v)1¥(3686), and ete™ — qq
(¢ = u,d,s) are also generated. For inclusive decays of 1(3770), ¥ (3686) and
J /1, the known decay modes are generated by EvtGen with branching fractions
taken from the PDG [?], while the remaining unknown decay modes are mod-
eled by LundCharm [?]. In addition, the background process 777~ is generated
with KKMC, while the backgrounds from ete™ — (y)utu~, efe” — (y)ete”
and ete™ — (y)J /¢ are generated with the generator BabaYaga [?].

Analysis

In this analysis, the process ¥(3770) — vyx.; (J = 1,2) is reconstructed using
the decay chain x.; — vJ /¥, J /¢ — £~ (£ = e or p).

Event Selection

Events that contain two good photon candidates and exactly two oppositely
charged tracks are selected for further analysis. For the selection of photons,
the deposited energy of a neutral cluster in the EMC is required to be greater
than 50 MeV. Time information from the EMC is used to suppress electronic
noise and energy deposits unrelated to the event. To exclude false photons
originating from charged tracks, the angle between the photon candidate and
the nearest charged track is required to be greater than 10°. Charged tracks are
reconstructed from hit patterns in the MDC. For each charged track, the polar
angle 0 is required to satisfy |cosd| < 0.93. All charged tracks are required to
have a distance of closest approach to the average e*e™ interaction point that is
less than 1.0 cm in the plane perpendicular to the beam and less than 15.0 cm
along the beam direction. Electron and muon candidates can be well separated
with the ratio E//p, where E is the energy deposited in the EMC and p is the
momentum measured in the MDC. If the ratio E/p is greater than 0.7, the
charged track is identified as an electron or positron. Otherwise, if the energy
deposited in the EMC is in the range from 0.05 to 0.35 GeV, the charged track
is identified as a muon. The J/¢ candidates are reconstructed from pairs of
leptons with momenta in a range from 1.2 to 1.9 GeV/c.

In the selection of the yyete™ mode, we further require that the cosine of the
polar angle of the positron and electron, 6., and 6, , satisfy cosf,. < 0.5 and
cos @, > 0.5 to reduce the number of background events from radiative Bhabha
scattering. To exclude background events from J/¢7® and J /yn with 70 — v
and 7 — <7y, the invariant mass of the two photons is required to be outside
of the 7% mass window (0.124, 0.146) GeV/c? and the n mass window (0.537,
0.558) GeV/c2.

Kinematic Fit and Mass Spectrum of vJ /¢

In order to both reduce background and improve the mass resolution, a kine-
matic fit is performed under the yy£*¢~ hypothesis. We constrain the total
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energy and the components of the total momentum to the expected center-
of-mass energy and the three-momentum, taking into account the small beam
crossing angle. In addition to these, we constrain the invariant mass of the £t ¢~
pair to the J/t¢ mass. If the x? of the 5-constraint (5C) kinematic fit is less
than 25, the event is kept for further analysis.

The energy of the v from the transition (3770) — ~vyx,; for J = 1,2 is lower
than that of the + from the subsequent transition x,.; — v.J /1, while the energy
of the 7 from the transition (3770) — ~x,, is usually higher than that of the
~ from the subsequent transition x., — vJ/¢. To reconstruct the x. and
Xoo from the radiative decay of the 1(3770), we examine the invariant mass
of vy J /¥, where vy refers to the higher energetic photon in the final state
~y€t¢~. Figure 1 Figure 1: see original paper shows the distribution of the
invariant masses of vy .J /1 from the Monte Carlo events of ¥(3770) — yy¢* ¢,
which were generated at /s = 3.773 GeV. Due to the wrong combination of the
photon and J /4, the transition 1(3770) — yx.o produces a broad distribution
on the lower side; the events shown in the peak located at 3.51 GeV/c? are
from the (3770) — vx,; decay; while the events from the peak located at 3.56
GeV/c? are from the ¥(3770) — X, o decay.

Figure 2 [Figure 2: see original paper] shows the invariant-mass distribution of
Y /1 from the data. There are two clear peaks corresponding to the x,; (left)
and the x., (right) signals. Due to the small branching fraction ($ $1%) and
the wrong combination of the photon and J/v, the events from x.,, — vJ /¢
decays are not clearly observed in Fig. 2.

Background Studies

In the selected candidate events, there are both signal (3770) — vx.; —
~vvJ /¢ events and background events. These background events originate from
several sources, including (1) decays of the ¢)(3770) other than the signal modes
in question, (2) ete™ — (y)ete, ete™ = (y)uTu™, ete — (y)777~, where
the 7 in parentheses denotes the inclusion of photons from initial state radiation
(ISR) and final state radiation (FSR), (3) continuum light hadron production, (4)
ISR J /4 events, (5) cross contamination between the ete™ and pu~ modes of
the signal events, and (6) ee™ — (v )1 (3686) events produced at /s = 3.773
GeV, where the notation “yigg” denotes the inclusion of 1(3686) produced due
to radiative photon in the initial state.

Figure 1(b) shows different components of the selected yvy.J /v events misiden-
tified from the Monte Carlo simulated background events for ete™ — (y)ut ™,
ete” — (y)ete, and continuum light hadron production, which are generated
at /s = 3.773 GeV. The shape of the invariant-mass distribution for these back-
ground events can be well described with a polynomial function. Using MC
simulation, the contributions from decays of the ¥(3770) other than the signal
mode, eTe” — (y)7777, ISR J /9 events, and cross contamination between the
ete” and ptp~ modes of the signal events are found to be negligible.
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In addition to the backgrounds described above, the background events from
efe” = (1gr)Y(3686) with 1(3686) — YXey (Xey = VJ/¥, /Y — £707)
decays can also satisfy the event selection criteria. This kind of background pro-
duced near /s = 3.773 GeV has the same event topology as that of ¥(3770) —
vX.; decays and are indistinguishable from the signal events. The number of
background events from 1 (3686) decays can be estimated using

YXes  _ P(3686)7x, vJ /b I YXe
Ny 5686) = Tobs XL X BT X By X Ty 3686
P(3686)YXcs : +,—
where o, is the observed cross section of ete™ — Ygr¥(3686) — VX,

at /s = 3.773 GeV, £ is the integrated luminosity of the data used in the

analysis, B;‘Zw is the decay branching fraction of x.; — v.J /%, Béj/uj is the sum

of branching fractions of J/¢ — efe™ and J/v — pp~ decays, and 77;?(:30586)
represents the rate of misidentifying ¢(3686) — yx.; events as ¥(3770) — yx.s

signal events.

The observed cross section for ete™ — ygr ¥ (3686) — vx.; at /s is obtained
with

obs

0_1/1(3686)“/Xc1(\/g) _ /U%@GSG)’YXCJ (s’)f(s/)F(x, S)G(S, s”)ds”dm,

where 0%(3686)%(@](8/) is the dressed cross section for eTe™ — 1(3686) — vx.;

decay, s” = s(1—u) is the square of the actual center-of-mass energy of the ete™
system after radiating the photons, x is the fraction of the radiative energy to
the beam energy, f(s’) is a phase space factor, F/(z, s) is the sampling function
for the radiative energy fraction x at /s [?], and G(s, s”) is a Gaussian function
describing the distribution of the e*e™ collision energy with an energy spread

o = 1.37 MeV at BEPCIL ¢'%%%67%es (/) is calculated with

1270 B(4(3686) — yx.y)

’ $(3686)\ o
(s" = Mi(3686))2 + (Mw(3686)rto(t ))2

0.%(3686)"/XCJ (S/>

where Ffe(gﬁgﬁ) and FEZ}O(E' 686) are, respectively, the leptonic and total width of the

P(3686), M, (36s6) is the mass of the ¥(3686), and B(1)(3686) — vx,s) denotes
the decay branching fraction of 1(3686) — vx,.; (J = 0,1,2). The phase space
factor is equal to [?]
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where E. (s") and Eg are the energies of the photon from (3686) — ~vyx,.; de-

cay at eTe” energies of v/s' and My 3686), respectively. The rates 77%306]86) for

misidentifying ¥(3686) — ~x,.; generated at /s = 3.773 GeV as (3770) —
vX.; are estimated with Monte Carlo simulated events to be 3.6%, 6.88%
and 8.86% for Xy, X.1 and X, respectively. With the parameters of the
(3686) (M,y5656) = 3686.109*3:912 MeV, I1P%*% = 209 4 8 keV and I'ly** =
2.36 4 0.04 keV), the luminosity of the data, the decay branching fractions and
the misidentification rates, we obtain the numbers of background events from
¥(3686) — yy£T ¢~ decays to be 5.3+ 0.3 for x.q, 11.7+0.6 for x,., and 8.5+0.5
for x4, where the errors are mainly due to the uncertainties of the 1(3686) res-

onance parameters, the luminosity, the branching fractions of 1(3686) — vyx.s
and J /¢ — €70 decays.

Using the cross section o 5770) = (9.93 £ 0.77) nb for ¢(3770) production at
Vs = 3.773 GeV, which is calculated using 1(3770) resonance parameters [?],
together with the luminosity of the data [?], we obtain the total number of
¥(3770) produced in the data sample to be Ny 3779) = (20.86 £ 1.13) x 109,
where the error is due to the uncertainties of the total cross section for (3770)
production and the luminosity of the data.

Signal Events for ¢(3770) — vx.,

To extract the number of signal events, we fit the invariant-mass spectrum
of vy J /1 shown in Fig. 2 with a function describing the shape of the mass
spectrum. The function is constructed with the Monte Carlo simulated signal
shape as shown in Fig. 1(a) to describe the signal, a fourth-order polynomial
for the smooth background, and the Monte Carlo simulated mass shape for the
ete” — (vgr)¥(3686) process with a yield fixed to the predicted size of the
corresponding peaking background. The expected number of 1(3770) — vx,o
events is fixed at 60.1+8.6 events, which is estimated with the branching fraction
for ¥(3770) — vx.o decay [?] and the total number of ¢(3770) as well as the
reconstruction efficiency. The error in the estimated number of events is from
the uncertainties of the branching fractions for x., — vJ/¢ and J/¢ — €70~
[?], the total number of ¢(3770) and the reconstruction efficiency.

In the fit the expected number of 1(3770) — yx .o events is fixed at 40.345.7 and
the fit returns 654.2 + 25.7 signal events for (3770) — yx., and 34.7 4+ 29.4
signal events for ¥ (3770) — vx., decays, respectively. The red solid line in
Fig. 2 shows the best fit. To estimate the statistical significance of observing
P(3770) — X,y signal events, we perform a fit with the x., signal amplitude
fixed at zero. Transforming the ratio of the fit likelihoods into the number
of standard deviations at which the null hypothesis can be excluded gives a
statistical signal significance of 1.2 standard deviations.
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Results
Total Number of ¢(3770)

The total number of ¥(3770) produced in the data sample is given by Nysr70) =

Z’éiwo) x £, where a(ﬁggwm is the total cross section for ¢(3770) production at

3.773 GeV in eTe™ annihilation, which includes tree-level and both ISR and vac-
uum polarization contributions. The BES-IT Collaboration previously measured
the cross section O'Ob2770 | 5=3.773 Gev = (7.1540.27) nb [?], which was obtained
by weighting two independent measurements of this cross section [?, ?].

Branching Fraction

The branching fractions for ¢(3770) — X, o decays are determined with

YXe1,2
N 3770)

B((3770) — ’YXcl,z) =

Y/ pete Xet .2 )
N (3770) Bxr zﬁl/w $(3770)

where N, é‘%& is the observed number of signal events for ¥(3770) — X, »

decays, BY" 1/ ;’b is the branching fraction for x.; o — 7J /%, B?ﬁ; is the branching

fraction for J /¢ — £70~ decay, and €| 37’72()) is the efficiency for reconstructing
this decay chain. The reconstruction efﬁmencies for observing ¥(3770) — vx.1
and ¥ (3770) — yx,o decays are determined with Monte Carlo simulated events
for these decays. With large Monte Carlo samples, the efficiencies are found to

be €517 = (31.25 £ 0.10)% and €552, = (28.77 4 0.10)%, where the errors

are statistical. Inserting the corresponding numbers into Eq. (6) yields the
branching fractions

B(Y(3TT0) = Yxoy) = (2.48 4 0.13 £ 0.23) x 1073,

B(Y(3TT0) — YxXup) = (0.25 4 0.21 £ 0.18) x 1073,

where the first errors are statistical and the second systematic.

The systematic uncertainty in the measured branching fractions of 1(3770) —
YXc1,2 includes eight contributions: (1) the uncertainty in the total number of
¥(3770) (5.4%), which contains the uncertainty in the observed cross section for
¥(3770) production at y/s = 3.773 GeV [?] and the uncertainty in the luminosity
measurement [?], (2) the uncertainty in the particle identification (0.1%) deter-
mined by comparing the lepton identification efficiencies for data and Monte
Carlo events, which are measured using the lepton samples selected from the
¥(3686) — wta J /¢, J/p — €1~ process, (3) the uncertainty in the extra
cos .. requirement (0.1%) estimated by comparing the acceptances of this re-
quirement for data and Monte Carlo events, which are determined using the
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electron samples selected from the ¥(3686) — wtn~J /v, J/1b — eTe™ process,
(4) the uncertainty due to photon selection (1.0% per photon [?]), (5) the un-
certainty associated with the kinematic fit (2.1%) determined by comparing the
x? distributions and the efficiencies of the x? < 25 requirement for data and
Monte Carlo simulation, which are obtained using the ¥(3686) — yy£™ £~ events
selected from data taken at /s = 3.686 GeV and the corresponding Monte Carlo
samples, (6) the uncertainty in the reconstruction efficiency (0.3%) arising from
the Monte Carlo statistics, (7) the uncertainties in the branching fractions of
Xe1,2 = VJ /¢ decays (3.6% for x,;, 3.7% for x5 [?]), and (8) the uncertainty
associated with the fit to the mass spectrum (6.1% for (3770) — vyx.1, 73-2%
for ¢(3770) — vx.o) determined by changing the fitting range, changing the
order of the polynomial, varying the magnitude of the peaking background
from the radiative 1)(3686) tail by 1o and using an alternative signal function
(Monte Carlo shape convoluted with a Gaussian function). These systematic
uncertainties are summarized in Table 1. Adding these systematic uncertain-
ties in quadrature yields total systematic uncertainties of 9.4% and 73.6% for
Y(3770) — vx,.q and ¥(3770) — vx.o decays, respectively.

Partial Width

Using the total width Fﬁ)(f ) = (27.241.0) MeV [?], we transform the measured

branching fractions to the transition widths. This yields

T(4(3770) = YxXoy) = (67.5 4+ 3.5+ 6.7) keV

and the upper limit at the 90% C.L.

L(1H(3770) — X o) < 17.4 keV.

The measured partial widths for these two transitions are compared to several
theoretical predictions in Table II.

To obtain an upper limit on B((3770) — ~yx.2), we integrate a likelihood
function from zero to the value of B(y(3770) — 7x.2) corresponding to 90%
of the integral from zero to infinity. The likelihood function is a Gaussian
function constructed with the mean value of B(¢(3770) — yx.o) and a standard
deviation which includes both the statistical and systematic errors. Using this
method, an upper limit on the branching fraction of ¢¥(3770) — vx.q is set to
B((3770) — yXe2) < 0.64 x 1073 at the 90% confidence level (C.L.).

Partial Cross Section

Using the cross section o 5770) = (9.93 £ 0.77) nb for ¢(3770) production at

Vs = 3.773 GeV, which is calculated using ¢ (3770) resonance parameters [?],
together with the measured branching fractions for these two decays, we obtain
the partial cross section for the 1(3770) — yx,; transition to be o(¥(3770) —
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YXo1) = (24.64+2.3+3.0) pb and the upper limit at the 90% C.L. on the partial
cross section for the ¥(3770) — 7y, transition to be o(¥(3770) = yx.o) < 6.4
pb.

Summary

By analyzing 2.92 fb~! of data collected at /s = 3.773 GeV with the BESIII
detector operated at BEPCII, we measure B(¢(3770) — vyx,.;) = (2.48+£0.13 £+
0.23) x 1073 and set a 90% C.L. upper limit B(¥)(3770) — yx,2) < 0.64 x 1073.
This measured branching fraction for 1(3770) — ~yx.; is consistent within error
with B(¥(3770) — vx.1) = (2.8 40.5) x 1073 measured by CLEO-c [?], but the
precision of this measurement is improved by more than a factor of 2.
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