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A search for radiative decays of the P-wave spin singlet charmonium resonance h. is performed
based on 4.48 x 10% ¢’ events collected with the BESIII detector operating at the BEPCII storage
ring. Events of the reaction channels h. — 1’ and 1 are observed with a statistical significance of
8.40 and 4.00, respectively, for the first time. The branching fractions of h. — 1" and h. — 1 are
measured to be B(he — v1') = (1.5240.2740.29) x 1072 and B(h. — vn) = (4.7+£1.54+1.4) x 1074,
respectively, where the first errors are statistical and the second are systematic uncertainties.

PACS numbers: 13.20.Gd, 14.40.Pq

Charmonium, the bound state of a charmed quark
and anticharmed quark (c¢), has played an important
role for our understanding of quantum chromodynamics
(QCD), which is the fundamental theory that describes
the strong interactions between quarks and gluons. At
low energies, QCD remains of high interest both exper-
imentally and theoretically. All charmonium states be-
low the open-charm DD threshold have been observed
experimentally and can be well described by potential
models [1]. However, knowledge is still sparse on the P-
wave spin-singlet state, h.(! P1). So far, only a few decay
modes of h. have been observed, in particular, the ra-
diative transition h. — 7. (with a branching fraction
B ~ 50%) [2] and one hadronic decay h, — 2(7+ 7~ )n°
(B =~ 2%) [3]. Searches for the new h. decay modes, such
as he — vn(n'), are useful for providing constraints to
theoretical models in the charmonium region. The ratio
of the branching fraction B(h. — 1) over B(h. — v1)
can also be used to study the n — n’ mixing angle [4],
which is important to test SU(3)-flavor symmetries in

QCD.

First evidence for the decay mode h. — 7. was seen
by the E835 experiment in pp collisions [5] with a sig-
nificance of about 30. This was subsequently confirmed
by CLEO-c [2] in the decay chain v' — 7%h., he — 7.,
where ¢ is shorthand for 1(3686). Recently, the BESIII

experiment improved accuracy of the h. decay properties
with 1.06 x 10% ¢/ events in ¢’ — 7he, he — e [6, 7).
The spin-singlet state h. cannot be produced direct-
ly in eTe™ collisions, but it can be produced through
' — 7%, with a production rate of the order of 1073,
Since the h, has negative C-parity, it very likely decays
into a photon plus a pseudoscalar meson, such as 1’ and
7.

In this paper, we report the observation (evidence) of
the h. radiative decay h. — vn'(n), where h.. is produced
in the decay v’ — 7°h.. The h. — v7 is reconstructed
by using ' — wt7 n with n — vy and o/ — yntn—.
The h. — 71 is reconstructed from decays n — vy and
n — wtr 7Y with 70 — ~v. The analyses are based on
a data sample of 4.48 x 108 ¢/ events collected with the
BESIII detector [8] in 2009 and 2012. The number of ¢’
events is (1.06940.075) x 108 for 2009 and (3.41140.021)
%108 for 2012 from counting inclusive hadronic events [9].
A data sample of 44 pb~! integrated luminosity, taken
at center-of-mass energy /s = 3.65 GeV, is used to esti-
mate the background contribution from continuum pro-
cesses. Samples of Monte Carlo (MC) simulated events
for the signal decay v’ — 7%he, h. — 1'(n) are gen-
erated using the HELAMP model in EVTGEN [10]. A
Monte Carlo (MC) sample of generic ¢’ events ( “inclusive
MC?”) is used for background studies. The v’ resonance



is produced by the event generator KKMC [11], and the
decays are generated by EVTGEN [10] with known branch-
ing fractions [12], while unmeasured decays are generated
according to the LUNDCHARM model [13].

The BESIII detector has a geometrical acceptance of
93% of 4w. A small cell helium-based main drift chamber
(MDC) provides momentum measurements of charged
particles; in a 1 T magnetic field, the momentum res-
olution is 0.5% at 1 GeV/e. It also supplies an energy
loss (dE/dx) measurement with a resolution better than
6% for electrons from Bhabha scattering. The electro-
magnetic calorimeter (EMC) measures photon energies
with a resolution of 2.5% (5%) at 1 GeV in the barrel
(endcaps). The time-of-flight system (TOF) is composed
of plastic scintillators with a time resolution of 80 ps (110
ps) in the barrel (endcap) and is used for charged particle
identification.

Each charged track is required to have a point of closest
approach to the beamline within 1 cm in the radial di-
rection and within 10 em from the interaction point (IP)
along the beam direction. The polar angle of the tracks
must be well contained within the fiducial volume of the
MDC, |cosf| < 0.93 in the laboratory frame. Photons
are reconstructed from isolated showers in the EMC that
are at least 10° away from the nearest charged track.
The photon energy deposition is required to be at least
25 MeV in the barrel region of the EMC (] cosf| < 0.8) or
50 MeV in the EMC endcaps (0.86 < |cosf| < 0.92). In
order to suppress electronic noise and energy depositions
that are unrelated to the event, the EMC time ¢ of the
photon candidates must be in coincidence with collision
events within the range 0 < ¢ < 700 ns. This criterion is
applied only when there are charged particles in the final
state.

For the decay chains v’ — 7%h,, where h. — yn'(n' —
atra~n) or he — yn(n — 77~ 7)), both final states
have five photons and a 77~ pair. A vertex fit is per-
formed on the two charged tracks to ensure that the
tracks originate from the IP. In order to reduce back-
ground events and to improve the mass resolution, a 6C-
kinematic fit is performed imposing overall energy and
momentum conservation and constraining the masses of
the 7° and 1 mesons to their nominal values [12] in the
he = 0’ (7' — 777~ 1) decay and the masses of two 7°’s
to the nominal mass in the h, — yn(n — 777~ 7°) de-
cay. We loop over all possible combinations of photons,
and select the one with the least xZ, of the kinematic
fit. The x2, of a candidate event is required to be less
than 120. For the h, — v1/(n) — y7T7~) decay chain,
the final state has four photons and a 777~ pair. A
vertex fit is applied on the two charged tracks and a 5C-
kinematic fit is performed imposing conservation of the
initial four-momentum and constraining the mass of the
7 meson to its nominal value. We loop over all possible
combinations of photons, selecting the combination with
the least x2. of the kinematic fit. The xZ. of candidate

events is required to be less than 50. Of the two photons,
the one with the larger energy is selected as the radiative
photon from h.. For the h. — yn(n — ~7) analysis the
final state has only five photons. A 6C-kinematic fit is
performed to the total initial four-momentum of the col-
liding beams, while the masses of the 7% and 7 mesons
are constrained to their nominal values. We loop over
all possible combinations of photons and select the ones
with the least x2. of the kinematic fit. In order to be
able to use the 7 sideband to verify signals, for the select-
ed five photons a 5C-kinematic is performed constraining
the four-momentum of the final state to the total initial
four-momentum of the ete™ beams and the mass of the
7¥ meson to its nominal value. The xZ. of candidate
events is required to be less than 35. All the selection
criteria have been optimized by maximizing the figure
of merit S/v/S + B, where S(B) is the number of signal
(background) events in the signal region.

With the above selection requirements applied, scatter
plots for the decay h. — 1’ are shown in Fig. 1 as plot
(a) for  — 77~ n and plot (b) for n’ — yrT7~. Clear
enhancements are seen in the 7’ and h. signal regions.
The 7’ signal region is defined as [M, —12, M, +12]
MeV/c?. The regions [M, —60, M, —36] MeV/c* and
[M,y+36, M, +60] MeV /c? are taken as the i’ sidebands,
which are twice as wide as the signal region, where M, is
the nominal mass of the n’ [12]. The scatter plots for the
decay h. — n are shown in plot (c) for n — vy and plot
(d) for n — 77~ 7. An accumulation of events can be
seen in the n and h. signal regions. For the n — v~ decay
mode, where the mass resolution is about 8 MeV/c?, the
n signal region is defined as [M,—25, M,+25] MeV /c?,
and the regions [M, —100, M, —50] MeV /c? and [M,+50,
M,+100] MeV/c? are taken as the 7 sidebands. For
the n — 7nt7~ 7% decay mode, where the mass resolu-
tion is about 3 MeV/c?, the n signal region is defined
as [M,—12, M,+12] MeV/c?, and the regions [M,—48,
M, —24] MeV /c* and [M, 424, M,+48] MeV /c? are tak-
en as the 7 sideband, where M,, is the nominal mass of
7.

Possible background contributions are studied with the
" inclusive MC sample and with the continuum data set
collected at a center-of-mass energy of /s = 3.65 GeV.
From the latter, none of the continuum events survive
the event selection requirement. The study with the 1’
inclusive MC sample shows that the main background
processes are w070/ (yn’) and w(yn®)n' for the n’ —
7tr~n decay mode; w(ym®)n’ and yxeo(ptp~) for the
n' — yntr~ decay mode; and vx.2(nn) for the n — vy
and n — 777~ 70 decay modes. None of the background
channels shows a peaking behaviour in the signal region,
and their overall contribution is found to be smooth.

Figure 2 shows the distributions of the invariant masses
M(yn') and M (vyn) for the selected events. Signals of
the h. meson are observed. In order to extract the signal
yield a simultaneous maximum likelihood fit is performed
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FIG. 1. Scatter plots of the selected events from the 1’
data set. (a) M(n — w'n n) versus M(yrtn n) for

he = y'(n — =mTx ). (b) M(y' — ~xtx~) versus
M(yyntn™) for he = yn'(n — yn777). (c) M(n — ~v7)
versus M (yyy) for he — yn(n — ). (d) M(n — a7~ 7°)
versus M (ynTrn~7°) for he — yn(n — 777~ 7°). The blue
dashed lines mark the signal region of 1’ (n) and the red
dashed lines mark the nominal A, mass.

onn — wfr nand n — vy~ events for the h, —
1’ decay, and on n — vy and n — 77~ 7° events for
the h. — ~n decay, respectively. The signal shape is
modelled using signal MC events. The background is
described with the ARGUS function [14]:

m - (1~ (m/mo)*)P - exp(k(1 — (m/mo)?)) - 6(m < mo),

(1)
where p and k are free parameters in the fit, and mg
is fixed at /s — Mo, Mo is the nominal 7% mass. In
the fit, the ratio of the number of 7’ — 77 1 signal
events to the number of 7/ — 77~ signal events is

tan)- €4 _

fixed at MBI sty — () 515 + 0,013,

By —rtn
B = ymtm=) €, b
where €,/ .-, and €, .+ - are the global effi-

ciencies for the reconstruction of events of the chan-
nel ¥/ — 7%, he = 1',n' = wFan and ¢
he, he = 1,0’ — yrt 7~ decay modes, respective-
ly, determined from MC simulations. The 77(/) branch-
ing fractions are taken from the Particle Data Group
(PDG) [12]. Similarly the ratio of the number of n —
~v events to the number of n — 7aT7 70 is fixed at
Bl e = 2.597 + 0.006. The

B(n—rtr=n0)-B(r0—yy)e,  + .

fit results are shown as the solid curves in Fig. 2. For the
he — 1’ decay, the total h. signal yield is Np, vy =
44.3 + 7.8. The statistical significance of the h. sig-
nal is 8.40 as found by comparing the likelihood values
(A(In £) = 35.4) for the fits with or without h, signal and
taking the change of the number of degrees-of-freedom
(Andf = 1) into account. The goodness of the fit is
x%/ndf = 12.9/14 = 0.9. For the h. — ~yn decay, the
signal yield is Np, ., = 18.1 & 5.8 with a statistical

significance of 4.00(A(In£) = 8.0, Andf = 1), and the
goodness of the fit is xy?/ndf = 14.0/10 = 1.4.
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FIG. 2. Results of the simultaneous fits to the two invariant
mass distributions of (top) M (yn') and (below) M (yn) for da-
ta. (a) M(vyn') distribution for he — yn'(n’ — 7T 7~ n). (b)
M (yn') distribution for he — y0'(n’ — vy 7). (c) M(yn)
distribution for he — vyn(n — ~vvy). (d) M(yn) distribution
for he — yn(n — 7w~ x"). The red solid curves are the fit
results, the blue dashed curves are the background distribu-
tions, and the green hatched histograms are events from the
n'(n) sidebands.

The branching fractions B(h. — vn’) and B(h. — vn)
are calculated using the following formulae:

N}Lc*)'y7](l) (2)
Nyr - B! — 70he) - B(n0 = yv) - W, ) ’
where W, is the sum of B(n' — «tx~n) - B(n — ) -
€ msmtn—n and B(n' =1t w7) - € ypin—, Wy is the
sum of B(n — 77) - €354y and B(n— 7ta - 70) -
B(7® = v7) - €gsntn-r0s Nheosymy (Nho—syn) is the ob-
served number of h. — v’ (h. — 7) signal events, and
Ny is the observed number of ¢ events in the data set.
The corresponding branching fractions of h. — 1’ and
he — ~n are measured to be (1.52 4 0.27) x 102 and
(4.7 4 1.5) x 10~*, where the errors are statistical. The
results for h. — vn'(n) are listed in Table I.

Systematic uncertainties in the branching fractions
measurement for h. — v1n'(n) originate mainly from the
data/MC difference in the tracking efficiency, photon de-
tection, 7°/n reconstruction, and the kinematic fit, as
well as from MC statistics, the branching fractions taken
from world averages [12], the total number of ¢’ events
in the data set, the fit range, the signal and background
shapes.

The difference between data and MC in tracking effi-
ciency for each charged track is estimated to be 1% [15],
and so a 2% systematic uncertainty is given to all chan-
nels with charged tracks. The uncertainty due to photon
detection efficiency is determined by using events of the
control sample J/¢» — p°7% and found to be 1.0% per
photon [16].

Bhe — ) =



TABLE I. Results on he — yn'(n).

The table shows the decay mode, total number of events Ny _,n/(y), the daughter

branching fraction W,y = B(n' — w7 n) - B(n = 77) - €y sntnny + B =7 77 ) €y, Wy =B = 77) - €gsyy +
B(n — 7~ 7%) - B(x® — v7) - €, s+ -0, measured branching fractions B(h. — v/ (n)), statistical significance, and the ratio

of the branching fractions B(h. — vn) over B(h. — yn’).

Mode Nie sy’ () Wiy () (x1072)

B(he — 1’ (n))

B(he—vm) (%)

Significance BlheSa0)

he — vy’ 44.3 £ 7.8(stat.) 7.67 £ 0.38(sys.) (1.52 & 0.27(stat.) & 0.29(sys.))x 103
(4.7 £ 1.5(stat.) £ 1.4(sys.))x107*

he — yn 18.1 £ 5.8(stat.) 10.22 + 0.55(sys.)

8.40

400 30.7 £ 11.3(stat.) £8.7(sys.)

TABLE II. Summary of systematic uncertainties (in units of %).

Source W —>nr oy syrTr np—=yyn =T 7

Tracking 2.0 2.0 - 2.0

Photon 5.0 4.0 5.0 5.0

7° and 7 reconstruction 2.0 1.0 2.0 2.0

Kinematic fit 1.0 1.5 1.1 1.0

MC statistics 0.3 0.3 0.3 0.3

By 0 1.7 1.7 0.5 1.2
Number of 1)’ 0.7 0.7
Fit range 1.1 7.2
Signal shape 3.8 3.9
Background shape 9.7 24.9
B — 7°he) - B(n® — 47) 15.1 15.1
Sum 19.1 30.7

The uncertainty due to 7° reconstruction is determined
by using a high purity control sample of J/¢ — 7%pp
decays [17]. The efficiency for the 7° reconstruction is
obtained from the 7° yields determined from the 7° mass
spectrum with or without the 70 selection requirements.
The difference of the 7° reconstruction efficiency between
data and MC simulation is found to be 1% per 7°. The
uncertainty of the 7 reconstruction from v final states is
1% per 7, which is determined from a high purity control
sample of J/¢¥ — npp in a similar way [17].

For the uncertainty caused by the kinematic fit to the
charged decay modes, we correct the track helix param-
eters in the MC so that the MC can better describe the
momentum spectra of the data. In the analysis, we use
the efficiency after the helix correction for the nominal
results. The correction factors for pions are obtained by
using the control sample ¢/ — KTK - 7t7~ [18]. The
difference in the global efficiency between MC simula-
tions performed before and after the correction is taken
as the systematic uncertainty due to the kinematic fit.
For the mode with only neutral particles in the final state
the systematic uncertainty of the kinematic fit was stud-
ied with the non-resonant decay channel J/tv — ynr¥,
as they have the same final state.

The statistical uncertainty of the global efficiency de-
termined from MC simulations is 0.3%. The systematic
uncertainties of the branching fractions are taken from
the PDG [12]. The total number of ¢’ decay events is
estimated by measuring inclusive hadronic events, as de-
scribed in Ref. [9]. The uncertainty of the total number

of 1)’ events is estimated to be 0.7%.

The uncertainty due to the fit procedure includes the
fit range, signal shape and background shape. The un-
certainty due to the fit range is obtained by varying the
limits of the fit range by £0.01 GeV/c?, and the change
in the final result is taken as the uncertainty. The uncer-
tainty due to the signal shape is derived from the differ-
ence in the mass resolution between data and MC simula-
tion, and from the errors of the h,. resonance parameters.
To study the differences in the mass resolution between
data and MC simulation the J/¢ distribution of the re-
action ¢ — nJ/P(J/ — ') is fitted with the MC
shape of the J/1 convoluted with a Gaussian function.
The parameters (mean m and sigma o) of the Gaussian
function are determined to be m = 0.1 £ 0.1MeV, o =
0.6 + 0.3MeV for o/ — 77w~ n, and m = 0.0 + 0.2MeV,
o = 0.1 +0.4MeV for ' — ~yntn~, so the difference
between data and MC simulation is small. To be conser-
vative, we construct Gaussian smearing functions with
the above measured mean and sigma varied by +10, and
convolve the MC-determined h. shape with them and
refit the data. We take the largest difference as the sys-
tematic uncertainty. To consider the uncertainties of the
h. resonance parameters, the MC-determined shape con-
volved by a Gaussian with the mean and sigma given by
the errors of the h. parameters [12], is used as the signal
shape for a refit of the data, and the difference is assigned
as the systematic uncertainty. These two systematic un-
certainties are added in quadrature, assuming they are
independent, to obtain the systematic uncertainty on the



signal shape. The uncertainty caused by the background
shape is estimated by changing the background shape
from an ARGUS function to a linear function. The differ-
ence between the two methods is taken as the systematic
uncertainty on the background shape.

Table IT summarizes all the systematic uncertainties of
the different decay modes. The overall systematic errors
are obtained by adding all systematic uncertainties in
quadrature by assuming they are independent.

In summary, using the data sample of 4.48 x10% ¢
events collected with the BESIII detector operating at
the BEPCII storage ring, the radiative decay process
he — 1’ is observed with a statistical significance of
8.40 for the first time, and we have evidence for the
process h. — ~yn with a statistical significance of 4.00.
The corresponding branching fractions of h. — vn’ and
he — yn are measured to be (1.5240.2740.29) x 10~3 and
(4.741.541.4) x 10~%, respectively, where the first errors
are statistical and the second are systematic. The ratio
of the branching fraction B(h. — 1) over B(h. — 1)

B = (30.7 + 11.3(stat.) +8.7(sys.))%,
where the common systematic errors between B(h. —
~vn) and B(h. — 1) cancel out. Although the uncer-
tainty is large, the n — 7’ mixing angle can be extracted
from Ry, to test SU(3)-flavor symmetries in QCD [4],
following the methods used for equivalent decays of the

J/v and " mesons [17, 19, 20].
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