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We search for a light Higgs boson A° in the fully reconstructed decay chain of J/¢ — vA°,
A° = putu” using (225.0 & 2.8) x 10° J/¢ events collected by the BESIII experiment. The A°
is a hypothetical CP-odd light Higgs boson predicted by many extensions of the Standard Model
including two spin-0 doublets plus an extra singlet. We find no evidence for A° production and set
90% confidence-level upper limits on the product branching fraction B(J/¢ — yA?)xB(A® — utpu™)
in the range of (2.8 —495.3) x 1078 for 0.212 < m 40 < 3.0 GeV/c®. The new limits are 5 times
below our previous results, and the nature of the A" is constrained to be mostly singlet.

PACS numbers: 14.80.Ec, 14.60.St, 12.60.Fr, 14.60.Ef, 13.20.Fc, 14.65.Dw



The radiative decays of the J/1¢ have long been iden-
tified as a way to search for new particles such as a light
scalar, a pseudo-scalar Higgs boson [1l], or a light spin-1
gauge boson [2]. In particular a light CP-odd pseudo-
scalar may be present in various models of physics beyond
the Standard Model, such as the Next-to-Minimal Super-
symmetric Standard Model (NMSSM) [3]. The NMSSM
appends an additional singlet chiral superfield to the
Minimal Supersymmetric Standard Model (MSSM) [4],
in order to solve or alleviate the so-called “little hierarchy
problem” [5]. It has a rich Higgs sector containing three
CP-even, two CP-odd and two charged Higgs bosons.
The mass of the lightest CP-odd Higgs boson, A°, may
be less than twice the mass of the charmed quark.

The branching fraction of V. — yA° (V = Y, J/¢) is
related to the Yukawa coupling of A° to the down or up
type of quark (gg) through [1, 16, 7],

B(V 1A% _ GrmaggCocp (| mho )
B(V —1+1-) V2ra 2

my

where | = e or u, o is the fine structure constant, m,
the quark mass and Cgcp the combined m 40 depen-
dent QCD and relativistic corrections to B(V — vA°) [1]
and the leptonic width of B(V — [T17) [§]. The correc-
tion of first order in the strong coupling constant (o)
is as large as 30% [7] but comparable to the theoreti-
cal uncertainties [9]. In the NMSSM, g. = cosf4/tan g
for the c-quark and g, = cosftan( for the b-quark,
where tan 8 is the ratio of the expectation values of the
up and down types of the Higgs doublets and cosf 4 the
fraction of the non-singlet component in the A° [10, [11];
cos 64 takes into account the doublet-singlet mixing and
would be small for a mostly-singlet pseudoscalar [2]. The
branching fraction of .J/1 — vA° could be in the range
of 1072-1077 [12], making it accessible at high intensity
ete™ collider experiments.

The BABAR [1316], CLEO [17], and CMS [1§] ex-
periments have performed searches for A? in various de-
cay processes and placed very strong exclusion limits on
g 10,115,116, 18]. The BESIII experiment, on the other
hand, is sensitive to g.. Existing constraints on g, give
B(J/yp — A% x B(A° — ptup=) < 5 x 1077 cot? 3,
ie. £3x 1078 for tan 3 2 2 [11]. The search for the A°
in J/v¢ experiments is particularly important at lower
values of tan 3, typically for tan3 < 2.

The BESIII experiment has previously searched for
di-muon decays of light pseudoscalars, in the radiative
decays of J/v using ¢ (2S5) data, where the pion pair
from (2S) — 7wtn~J/¢ was used to tag the J/v
events [19]. No candidates were found and exclusion
limits on B(J/¢¥ — vA%) x B(A® — utu~) were set
in the range of (0.4 — 21.0) x 107° for 0.212 < m o <
3.0 GeV/c? [19)].

This paper describes the search for a narrow A° sig-
nal in the fully reconstructed process J/v — yA°, A% —
™ using (225.0 £ 2.8) x 10° J/4) events collected by
the BESIII experiment in 2009 [20]. The same amount

of generic J/1 decays, generated by EvtGen [21] where
branching fractions of all the known decay processes are
taken into account as mentioned in [22], is used for back-
ground studies. The A" is assumed to be a scalar or
pseudo-scalar particle with a very narrow decay width in
comparison to the experimental resolution [23].

BESIII is a general purpose spectrometer as described
in [24]. Tt comsists of four detector sub-components
and has a geometrical acceptance of 93% of the total
solid angle. A helium based (40% He, 60% Cs5Hg) 43
layer main drift chamber (MDC), operating in a 1.0 T
solenoidal magnetic field, is used to measure the momen-
tum of charged particles. Charged particle identification
(PID) is based on the time-of-flight (TOF) measured by
a scintillation based TOF system, which has one barrel
portion and two end-caps, and the energy loss (dE/dz)
in the tracking system. Photon and electron energies
are measured in a CsI(Tl) electromagnetic calorimeter
(EMC), while muons are identified using a muon counter
(MUC) system containing nine (eight) layers of resistive
plate chamber counters interleaved with steel in the bar-
rel (end-cap) region.

We use simulated signal events with 23 different A°
mass hypotheses ranging from 0.212 to 3.0 GeV/c? to
study the detector acceptance and optimize the event se-
lection procedure. The decay of signal events is simulated
by the EVTGEN event generator [21], and a phase-space
model is used for the A° — utp~ decay and a P-Wave
model for the decay J/¢ — vA°. BABAYAGA 3.5 |25]
is used to simulate the radiative Bhabha events, and
PHOKHARA 7.0 |26] to simulate initial state radia-
tion (ISR) processes of ete™ — yuTp~, eTe™ = yrtn~
and eTe™ — yr T~ 7% A Monte Carlo (MC) simulation
based on the GEANT4 package [27] is used to determine
the detector response and reconstruction efficiencies.

We select events with exactly two oppositely charged
tracks and at least one good photon. The minimum en-
ergy of this photon is required to be 25 MeV in the barrel
region (| cosf| < 0.8) and 50 MeV in the end-cap region
(0.86 < |cosf| < 0.92). The EMC time is also required
to be in the range of [0, 14](x50) ns to suppress electronic
noise and energy deposits unrelated to the signal events.
Additional photons are allowed to be in the events. In
order to reduce the beam related backgrounds, charged
tracks are required to have their points of closest ap-
proach to the beam-line within +10.0 cm from the inter-
action point in the beam direction and within 1.0 cm in
the plane perpendicular to the beam. In order to have a
reliable measurement in the MDC, they must be in the
polar angle region |cosf| < 0.93. We suppress contam-
ination by electrons by requiring E* /p < 0.9 ¢, where

E" , is the energy deposited in the El\/EIlC by the showering
particles and p is the incident momentum of the charged
particles entering the calorimeter. The angle between a
photon and the nearest extrapolated track in the EMC
is required to be greater than 20 degrees (10 degrees)
for mo < 0.3 GeV/c? (m4o > 0.3 GeV/c?) to remove

bremsstrahlung photons.



We assign a muon mass hypothesis to the two charged
tracks and require that one of the charged tracks must be
identified as a muon using the muon PID system, which is
based on the selection criteria: (1) 0.1 < E’,; < 0.3 GeV,
(2) the absolute value of the time difference between
TOF and expected muon time (AtTOF) must be less
than 0.26 ns and (3) the penetration depth in MUC
must be greater than (—40.0 + 70 x p/(GeV/c)) cm for
0.5 < p < 1.1 GeV/c and 40 cm for p > 1.1 GeV/e.
The two muon candidates are required to meet at a com-
mon vertex to form the Higgs candidate. To improve the
mass resolution of the A° candidates, a four-constraint
(4C) kinematic fit is performed with two charged tracks
and each of the photons. If there is more than one
yptp~ candidate, the one with the minimum 4C x? is
selected, and the x? is required to be less than 40 to
suppress background contributions from J/i¢ — pm and
ete™ = yntm~ 70 Fake photons are eliminated by re-
quiring the di-muon invariant mass, obtained from the
4C kinematic fit, to be less than 3.04 GeV/c?. We fur-
ther require that one of the tracks must have the cosine
of the muon helicity angle (cos 0/;¢'), defined as the angle
between the direction of one of the muons and the direc-
tion of J/1 in the A° rest frame, to be less than 0.92 to
suppress the backgrounds peaking at | cos GZel| ~ 1.

The above selection criteria select a total of 210,850
events in J/1 data. Fig. [l shows the distribution of the

reduced di-muon mass, myeq = /m?, . —4m?, of data

utp
together with the background predictions from various
simulated MC samples. myeq is equal to twice the muon
momentum in the A° rest frame, and is easier to model
near threshold than the di-muon invariant mass. The
background is dominated by the “non-peaking” compo-
nent of ete™ — yuTu~ and the “peaking” components
of J/1p — pm, vf2(1270), and ~f(1710).

We perform a series of one dimensional unbinned ex-
tended maximum likelihood (ML) fits to the myeq dis-
tribution to determine the number of signal candidates
as a function of m o in the interval of 0.212 < m 4o <
3.0 GeV/c?. The likelihood function is a combination of
signal, continuum background and peaking background
contributions from p, f2(1270) and fy(1710) mesons.
To handle the threshold-mass region and peaking back-
grounds smoothly, the ML fit is done in intervals 0.002 <
Mred < 0.5 GeV/c? for 0.212 < myo < 0.4 GeV/c?,
0.3 < Myeq < 0.65 GeV/c? for 0.4 < mo < 0.6 GeV/c?,
0.4 < Myeq < 1.1 GeV/c? for 0.6 < m4o < 1.0 GeV/c?,
0.9 < Myea < 2.5 GeV/c? for 1.0 < myo < 2.4 GeV/c?
and 2.75 < Myeq < 3.032 GeV/c? for 2.93 < myo <
3.0 GeV/c?. We use elsewhere the sliding intervals of
m—0.2 < Mpeq <m+0.1 GeV/c2, where m is the mean
of the myeq distribution.

We develop the probability density function (PDF) of
signal and backgrounds using the simulated MC events.
The signal PDF in the myeq distribution is parametrized
by the sum of two Crystal Ball (CB) functions [28]. The
Myed Tesolution typically varies from 2 to 12 MeV/c?

o i
o 3
> 3
w .
O =
N 3
™ 3
S -
e
2 1ol + J/p data N
c 10 EJMC J/ Y- o yf (1270).f (1710)
o n CIMC e'e —ypy ]

; o b b b e b e by | E
0 0.5 1 1.5 2 25 3

m.4 (GeV/c?)

FIG. 1. Distribution of myeq for data (black points with error
bars), together with the background predictions from the var-
ious MC samples, shown by a solid histogram and a histogram
with horizontal pattern lines for the non-peaking and peaking
backgrounds, respectively. The MC samples are normalized
to the data. Three peaking components, corresponding to the
p, fo(1270) and fo(1710) mesons, are observed in the data.

while the signal efficiency varies from 49% to 33% de-
pending upon the momentum values of two muons at
different Higgs mass points. The signal efficiency and
PDF parameters are interpolated linearly between mass

. . . 4 l
points. We use a polynomial function >, ; pimi4
to model the myeq distribution of non-peaking back-
ground in the threshold mass region of 0.212 < m 40 <
0.40 GeV/c?, where p; are the polynomial coefficients.
This higher order polynomial function passes through
the origin when myeq = 0 and has enough degrees of
freedom to provide a threshold like behavior. We use
a 2" (4" and 5') order Chebyshev polynomial func-
tion to describe the myeq distribution of non-peaking
backgrounds for 0.6 < m40 < 1.0 GreV/c2 and 2.40 <
mao < 2.75 GeV/c? (2.85 < myo < 2.93 GeV/c? and
2.93 < m 4o < 3.0 GeV/c?, respectively) regions. For the
remaining mass regions, we use a 3¢ order Chebyshev
polynomial function.

The myea distribution of p background is described by
a ‘Cruijff” function with a common peak position (u), in-
dependent left and right widths (07 r), and non-Gaussian
tails (ar r), whose parameters are determined from the
MC J/¢¥ — prm event sample. The ‘Cruijff’ function is
defined as

fL,R(mred) = exp[_(mred_ﬂ)z/(20%,R+QL,R(mred_ﬂz2;]'
2

The f2(1270) and fy(1710) peaking backgrounds are de-
scribed by the sum of two CB functions using parameters
determined from MC samples of J/9) — X, X — 7wt~
decays, where X = f5(1270) and fo(1710) mesons.

We search for a narrow resonance in steps of
1.0 MeV/c2 in the mass range of 0.22 < myo <



1.50 GeV/c? and 2.0 MeV/c? for other mass regions,
resulting in a total of 2,035 m 40 points. The shapes of
the signal and the peaking background PDFs are fixed
while the non-peaking background PDF shape, and the
numbers of signal, peaking and non-peaking background
events are left free in the fit. The plots of the fit to the
Myed distribution for selected m 40 points are shown in
Fig.2l Fig.Blshows signal event (Ng) and the statistical
significance, defined as S = sign(Ngig)v/—21n(Lo/Linax),
as a function of myo, where Lyax (Lo) is the maxi-
mum likelihood value for a fit with number of signal
events being floated (fixed at zero). The distribution
of S is expected to follow the normal distribution under
the null hypothesis, consistent with the distribution in
Fig. [ The largest upward local significance is 3.420 at
mo = 2.918 GeV /2.

We repeat the search using a polynomial function
S pimloy for myo < 0.4 GeV/c? and an alternative
higher order Chebyshev polynomial function for other
mass regions to model the non-peaking background. The
difference between the absolute values of two Ng;g is con-
sidered as an additive systematic uncertainty at each
mass point. An additive uncertainty reduces the signifi-
cance of any observed signal and does not scale with the
number of reconstructed signal events.

We study a large ensemble of pseudo-experiments,
based on the aforementioned PDFs, to validate the fit
procedure and compute the bias of the ML fit. The bias
arises due to the imperfections in modeling the signal
PDFs and the low statistics of the ML estimate. The
value of the fit bias is found to be 0.21 events and consid-
ered to be an additive systematic uncertainty. We further
use the pseudo-experiments to estimate the probability
of observing a fluctuation of S > 3.42¢, which is found to
be 26.0%. The corresponding global significance of such
an excess anywhere in the full m o range is 0.640; we
therefore conclude that no evidence of A% production is
found at any mass points.

The uncertainty due to fixed signal and tail PDF pa-
rameters used for the p, f2(1270) and fy(1710) peaking
backgrounds in data, is observed to be (0.0 —1.64) events
after varying each parameter within its statistical uncer-
tainties while taking correlations between the parameters
into account. The mean and sigma values of the peaking
backgrounds are corrected using a high statistics control
sample of the same decay process in which all the selec-
tion criteria, developed in this work, are applied except
that of the penetration depth in MUC. We assign 50%
of the relative difference in resolution values of peaking
backgrounds between data and MC as a systematic un-
certainty, which is considered as a source of multiplica-
tive systematic uncertainty. Multiplicative uncertainties
scale with the number of reconstructed signal events and
do not reduce the significance of any observed signal, but
degrade the upper limit values. They arise due to the re-
construction efficiency, the uncertainty in the number of
J/v mesons (1.3%), muon tracking efficiency (1.0% per
track) and resolution of peaking backgrounds (1.2% for
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FIG. 2. (color online) Plot of the fit to the myeq distribution
for (top) m 4o = 0.212 GeV/c® and (bottom) m 40 = 2.918
GeV/c2. The contribution of non-peaking background is
shown by a red dashed line, the signal PDF by a green dotted
line (seen only in the bottom figure) and total PDF by a blue
solid line. Due to limited statistics in the low-mass region
as shown in the top figure, we allow the signal events to be
floated for positive Ng;y only during the fit. The inlay in the
upper left of Fig. (bottom) displays an enlargement of the
Myed Tegion between 2.88 and 2.94 GeV/c2. The largest up-
ward local significance is observed to be 3.420 at m 40 = 2.918
GeV/c? point.

the p resonance and 6.52% for f2(1270) and fo(1710) res-
onances).

We measure the photon reconstruction systematic un-
certainty to be better than 1.0% using a eTe™ — yutu~
sample in which the ISR photon momentum is estimated
using the four-momenta of two charged tracks [29]. We
use a J/¢ — ptp~ (y) control sample, where one track is
tagged with tight muon PID and photons are produced
via final state radiation, to study the systematic uncer-
tainty associated with the muon PID ((4.0—5.73)%), X3¢
(1.56%) and the cos 6% (0.34%) requirements. The final
muon PID uncertainty also takes into account the frac-
tion of events with one track or two tracks identified as
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FIG. 3. (a) Number of signal events (Nsg) and (b) signal
significance (S) obtained from the fit as a function of m 4o.

107 £ E
o r ]
N k i
o
B 10 =
Q g E
E |- —
c i 1
1e 3

Significance

FIG. 4. Histogram of the statistical significance S obtained
from the fit at 2,035 m 40 points, together with the expected
S distribution in the absence of signal, which is shown by the
solid curve.

muons, which is obtained from the signal MC. The total
multiplicative systematic uncertainty varies in the range
of (5.03 — 9.20)% depending on m 4o.

We compute the 90% confidence-level (C.L.) upper
limits on the product branching fractions of B(J/¢ —
yA%) x B(AY — ptp~) as a function of m 4o using a
Bayesian method [22]. The systematic uncertainty is
incorporated by convolving the negative log likelihood
(NLL) versus branching fraction curve with a Gaussian
distribution having a width equal to the systematic un-
certainty. The limits range between (2.8 —495.3) x 1078
for the Higgs mass region of 0.212 < m 40 < 3.0 GeV/c?
depending on the A° mass points, as shown in Fig.

We also compute a(= getan? ) x

— Observed limits

----- Expected average limit
Expected limit (68%)
Expected limit (95%)
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FIG. 5. (color online) The 90% C.L. upper limits (UL) on
the product branching fractions B(J/1# — vA®) x B(AY —
utu™) as a function of m 4o including all the uncertainties
(solid line), together with expected limits computed using a
large number of pseudo-experiments. The inner and outer
bands include statistical uncertainties only and contain 68%
and 95% of the expected limit values. The average dashed
line in the center of the inner band is the expected average
upper limit of 1600 pseudo-experiments. A better sensitivity
in the mass region of 0.212 < m 40 < 0.22 GeV/c? is achieved
due to almost negligible backgrounds as seen in Fig. 2] (top).

B(AY — putp—) [11] for different values of tanf
using Equation [ to compare our results with the
BABAR measurement [16]. This new result seems to
be better than the BABAR measurement [16] in the
low-mass region for tan § < 0.6 (Fig. [l (a)). Our results
are thus complementary to those obtained by considering
the b-quark [10, [16]. Both types of constraints may then
be combined so as to provide, independently of tan 3, an
upper limit on cosOa(= [\/gvgc|) X /B(AY = ptp~)
computed using the method of Ref. [11], as a function of
m o, as shown in Fig. [0l (b). This combined limit varies
in the range of 0.034 — 0.249 for 0.212 < m4 < 3.0
GeV/c?.

In summary, we find no significant signal for a light
Higgs boson in the radiative decays of J/¢ and set
90% C.L. upper limits on the product branching frac-
tion of B(J/v — vA%) x B(A° — utp~) in the range
of (2.8 —495.3) x 1078 for 0.212 < m o < 3.0 GeV/c?.
This result, a factor of 5 times improvement over the pre-
vious BESIIT measurement [19], is in agreement with the
theoretical expectation < 5 x 1077 cot? 8 from [11], but
better than the BABAR measurement [16] in the low-
mass region for the tan8 < 0.6. The combined limits
on cosfa x \/B(A® — ptpu~) for the BABAR [16] and
BESIII measurements reveal that the A° is constrained
to be mostly singlet.
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FIG. 6. (color online) (a) The 90% C.L. upper limits on

gv(= getan® B) x /B(A® — putpu—) for the BABAR [16]
and BESIII measurements and (b) cosfa(= [\/gvgc|) X

B(A® — putup~) as a function of myo. We compute

getan? B x \/B(A° — pu+p—) for different values of tan 3 to

compare our results with the BABAR measurement [16].

I. ACKNOWLEDGEMENT

The authors wish to thank Pierre Fayet for helpful
discussions of new physics models. The BESIII col-
laboration thanks the staff of BEPCII and the IHEP
computing center for their strong support. This work
is supported in part by National Key Basic Research
Program of China under Contract No. 2015CB856700;
National Natural Science Foundation of China (NSFC)
under Contracts Nos. 11125525, 11235011, 11322544,
11335008, 11425524; the Chinese Academy of Sciences
(CAS) Large-Scale Scientific Facility Program; the CAS
Center for Excellence in Particle Physics (CCEPP); the
Collaborative Innovation Center for Particles and In-
teractions (CICPI); Joint Large-Scale Scientific Facil-
ity Funds of the NSFC and CAS under Contracts Nos.
11179007, U1232201, U1332201; CAS under Contracts
Nos. KJCX2-YW-N29, KJCX2-YW-N45; 100 Talents
Program of CAS; National 1000 Talents Program of
China; INPAC and Shanghai Key Laboratory for Par-
ticle Physics and Cosmology; German Research Foun-
dation DFG under Contract No. Collaborative Re-
search Center CRC-1044; Istituto Nazionale di Fisica
Nucleare, Italy; Joint Funds of the National Science
Foundation of China under Contract No. U1232107;
Ministry of Development of Turkey under Contract
No. DPT2006K-120470; Russian Foundation for Ba-
sic Research under Contract No. 14-07-91152; The
Swedish Resarch Council; U. S. Department of En-
ergy under Contracts Nos. DE-FG02-04ER41291, DE-
FG02-056ER41374, DE-SC0012069, DESC0010118; U.S.
National Science Foundation; University of Groningen
(RuG) and the Helmholtzzentrum fuer Schwerionen-
forschung GmbH (GSI), Darmstadt; WCU Program of
National Research Foundation of Korea under Contract
No. R32-2008-000-10155-0.

[1] F. Wilczek, Phys. Rev. Lett. 39, 1304 (1977); Phys. Rev.
Lett. 40, 279 (1978).

[2] P. Fayet, Nucl. Phys. B 187, 184 (1981); H. B. Li and T.
Luo, Phys. Lett. B 686, 249 (2010).

[3] P. Fayet, Nucl. Phys. B 90, 104 (1975); M. Maniatis, Int.
J. Mod. Phys. A 25, 3505-3602 (2010); U. Ellwanger,
C. Hugonie and A.M. Teixeira, Phys. Reports 496, 1-77
(2010).

[4] H. E. Haber and G. L. Kane, Phys. Rep. 117, 75 (1985).

[5] A. Delgado, C. Kolda, A. D. Puente, Phys. Lett. B 710,
460 (2012).

[6] M. L. Mangano and P. Nason, Mod. Phys. Lett. A 22,
1373 (2007).

[7] P. Nason, Phys. Lett. B 175, 223 (1986).

[8] R. Barbieri, R. Gatto, R. Kogerler, and Z. Kunszt, Phys.
Lett. B 57, 455 (1975).

[9] M. Beneke, A. Signer and V. A. Smirnov, Phys. Rev.
Lett. 80, 2535 (2009)

[10] R. Dermisek and J. F. Gunion, Phys. Rev. D 81, 075003
(2010); F. Domingo, JHEP 1104, 016 (2011).

[11] P. Fayet, Phys. Rev. D 75, 115017 (2007); Phys. Lett. B
675, 267 (2009).

[12] R. Dermisek, J. F. Gunion and B. McElrath, Phys. Rev.
D 76, 051105 (2007).

[13] B. Aubert et al. [BABAR Collaboration], Phys. Rev.
Lett. 103, 081803 (2009); Phys. Rev. Lett. 103, 181801
(2009).

[14] P. del Amo Sanchez et al. [ BABAR Collaboration], Phys.
Rev. Lett. 107, 021804 (2011).

[15] J. P. Lees et al. [ BABAR Collaboration], Phys. Rev. Lett.
107, 221803 (2011); Phys. Rev. D 88, 071102(R) (2013);
Phys. Rev. D 88, 031701(R) (2013); Phys. Rev. D 91,
071102(R) (2015).

[16] J. P. Lees et al. [BABAR Collaboration|, Phys. Rev. D
87, 031102(R) (2013).

[17] W. Love et al. [CLEO Collaboration]|, Phys. Rev. Lett.
101, 151802 (2008).

[18] S. Chatrchyan et al. [CMS collaboration], Phys. Rev.
Lett. 109, 121801 (2012).



[19] M. Ablikim et al. [BESIII collaboration], Phys. Rev. D
85, 092012 (2012).

[20] M. Ablikim et al. (BESIII Collaboration), Chinese Phys.
C (HEP & NP) 36(10), 915 (2012).

[21] D. J. Lange, Nucl. Instrum. Meth. A 462, 152 (2001).

[22] K.A. Olive et al. (Particle Data Group), Chinese Phys.
C 38, 090001 (2014).

[23] E. Fullana and M.A. Sanchis-Lozano, Phys. Lett. B 653,
67 (2007).

[24] M. Ablikim et al. (BESIII Collaboration), Nucl. Instr.
and Methods A 614, 345 (2010).

[25] G. Balossini, C. M. Carloni calame, G. Montagna, O.
Nicrosiniand F. Piccinini, Nucl. Phys. B 758, 227 (2006).

[26] H. Czyz, A. Grzelinska, A. Wapienik, Acta Phys. Polon
B 34, 5219 (2003).

[27] S. Agostinelli et al. [GEANT4 Collaboration], Nucl. In-
strum. Methods Phys. Res., Sect. A 506, 250 (2003).

[28] M. J. Oreglia, Ph.D Thesis, report SLAC-236 (1980); J.E.
Gaiser, Ph.D Thesis, report SLAC-255 (1982); T. Skwar-
nicki, Ph.D Thesis, report DESY F31-86-02 (1986).

[29] V. Prasad, C. X. Liu, X. B. Ji, W. D. Li, H. M. Liu and
X. C. Lou, Springer Proceed. in Phys. 174, 577 (2016).



