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(Dated: October 19, 2017)

Using a data set with an integrated luminosity of 2.93 fb~! collected at /s = 3.773 GeV with the
BESIII detector operating at the BEPCII storage rings, we search for the rare decay DT — D% ..
No signal events are observed. We set the upper limit on the branching fraction for D¥ — D%,

to be 1.0 x 10~* at the 90% confidence level.

PACS numbers: 14.40.Lb, 13.20.Fc
I. INTRODUCTION

Experimental study of the rare decay DT — D% T,
is useful to test standard model predictions [1-5]. The
heavy quark flavor (¢) remains unchanged in the semilep-
tonic decay process Dt — D%t v,, and the weak decay
proceeds within the light quark sectors. In the limit of
flavor SU(3) symmetry of the light quarks, the matrix
elements of the weak current can be constrained and the
form factors describing the strong interaction in this de-
cay can be obtained. Hence, the decay branching fraction
of Dt — D", is predicted to be about 2.78 x 10713 [6].
The experimental sensitivity for this decay at BESIII is
discussed in Ref. [6] based on the threshold production of
DT D~ pairs at the (3770) peak. The reference suggests
to search for a neutral D meson in the decay of DT when
the other D™ in the event is reconstructed in one of six
tag modes of KTn—n~, Ktr 7% Kln—, Kir— 7",
Kyrtn~ 7, and K*K 7. Here, the positron e* is
not required to be reconstructed, since it is very soft in
the BESIII detector.

In this paper, the search for D¥ — DYy, is car-
ried out using a data set with integrated luminosity
of 2.93 fb~" [7] collected at the center-of-mass energy
/s = 3.773 GeV with the BESIII detector. At this en-
ergy, DT D™ pairs are produced without any additional
hadrons. In the analysis, the D° is reconstructed through
the three decay modes K~ 7t, K~ ntntr™ or K~ 7t x0,
while the tagged D~ is reconstructed using the six modes
as suggested in Ref. [6]. Throughout the paper, charge-
conjugate modes are implicitly assumed, unless otherwise
noted.

The structure of this paper is as follows. In Sec. II,
the BESIII detector and Monte Carlo (MC) simulations
are described. In Sec. III, the event selection and the de-
termination of the upper limit on the branching fraction
for DT — D%y, are described. Sec. IV describes the
systematic uncertainties in the measurement. A short
summary of the result is given in Sec. V.

II. BESIII DETECTOR AND MC SAMPLES

The BESIII detector is described in detail else-
where [8]. It has an effective geometrical acceptance of
93% of 4. Tt consists of a small-cell, helium-based (40%

He, 60% C3Hsg) main drift chamber (MDC), a plastic
scintillator time-of-flight system (TOF), a CsI(Tl) elec-
tromagnetic calorimeter (EMC) and a muon system con-
taining resistive plate chambers in the iron return yoke
of the 1 T superconducting solenoid. The momentum
resolution for charged tracks is 0.5% at 1 GeV/c. The
photon energy resolution at 1 GeV is 2.5% in the barrel
and 5% in the endcaps.

A GEANT4-based [9, 10] MC simulation software
BOOST [11], which includes the geometric description
and a simulation of the response of the detector, is
used to determine the detection efficiency and to esti-
mate the potential backgrounds. An ‘inclusive’ MC sam-
ple, which includes generic 1(3770) decays, initial state
radiation (ISR) production of 1(3686) and J/v, QED
(ete™ —wete ,puTpu~,7v77) and ¢q (¢ = u,d, s) contin-
uum process, is produced at /s = 3.773 GeV with more
than 10 times statistics of the data. The MC events of
1¥(3770) decays are produced by a combination of the MC
generators KKMC [12] and PHOTOS [13], in which the
effects of ISR [14], final state radiation (FSR) and beam
energy spread are considered. The known decays modes
are generated using EvtGen [15] with the branching frac-
tions taken from the Particle Data Group (PDG) [16].
The remaining unknown decay modes of the charmoinum
states are generated using LundCharm [17]. The sig-
nal MC samples include a D~ decaying into the six tag
modes and a D%t decaying into D%t v,, where the D°
decays into three specific reconstruction modes.

IIT. EVENT SELECTION AND DATA
ANALYSIS

Charged tracks are required to be well measured and
to satisfy criteria based on the track fit quality; the an-
gular range is restricted to |cosf| < 0.93, where 6 is the
polar angle with respect to the direction of the positron
beam. Tracks (except for those from K§ decays) are also
required to have a point of closest approach to the in-
teraction point (IP) satisfying |V,| < 10 c¢cm in the beam
direction and |V,.| < 1 ¢m in the plane perpendicular to
the beam direction. Information from the dE/dx in the
MDC and the flight time obtained from the TOF is used
to identify charged kaons and pions: for each hypothesis
1, a probability P(7) is derived, and the probability is re-
quired to be P(K) > P(m), P(K) > 0.001 for kaons and
vice-versa for pions. As suggested in Ref. [6], positrons



are not reconstructed since their momentum in the decay
Dt — D"y, is less than 5 MeV/c. Electromagnetic
showers are reconstructed by clustering hits in the EMC
crystals, and the energy resolution is improved by in-
cluding the energy deposited in nearby TOF counters.
To identify photon candidates, showers must have mini-
mum energies of 25 MeV in the barrel (| cos @] < 0.80) or
50 MeV in the endcap (0.86 < |cosf| < 0.92). The angle
between the shower direction and all track extrapolations
to the EMC must be larger than 10°. The time informa-
tion from the EMC is also required to be in the range
0-700 ns to suppress electronic noise and energy deposits
unrelated to the event. The 7° candidates are select-
ed by requiring the diphoton invariant mass to be with-
in M,, € (0.110,0.155) GeV/c?. Candidates with both
photons being detected in the endcap regions are reject-
ed due to poor resolution. To improve resolution and re-
duce background, the invariant mass of each photon pair
is constrained to the nominal 7° mass by one-constraint
(1C) kinematic fit with the requirement y%, < 20 im-
posed. The K¢ candidates are reconstructed from the
combinations of two tracks with opposite charge which
satisfy |cosf| < 0.93 and |V;| < 20 cm, but without re-
quirements on V. and particle identification (PID). The
K? candidates must have an invariant mass in the range
0.486 < M.+~ < 0.510 GeV/c%. To suppress the ran-
dom combinational backgrounds and reject the wrong
combinations of pion pairs, the ratio of the flight distance
of K9 (L) over its uncertainty (o), L/op, is required to
be larger than 2.

The single tag (ST) D~ candidate events are select-
ed by reconstructing a D~ in the following hadronic
final states: Ktr—n~, Ktr a7 K2n—, Kn 7°
Kyrtn~ 7, and KK 7, comprising appr0x1mately
28.0% [16] of all D~ decays.

To count the reconstructed D~ candidates in the tag
modes, we use two variables: the beam energy con-
strained mass, Mpc, and the energy difference, AF,
which are defined as

MBC = \/Egcam/c4 -

where pp- and Ep- are the reconstructed momentum
and energy of the D~ candidate in the eTe™ center-of-
mass system, and Eyeanm s the beam energy. For the true
D~ candidates, AF is consistent with zero, and Mpc is
consistent with the D™ mass. We accept D~ candidates
with Mpc greater than 1.83 GreV/c2 and with mode-
dependent A F requirements of approximately three stan-
dard deviations around the AE peaks. For the ST modes,
we accept at most one candidate per mode per event if
there are multi-candidates; the candidate one with the
smallest |AFE]| is chosen [18].

To obtain the ST yields, we fit the Mpc distri-
butions of the accepted D~ candidates, as shown in
Fig. 1. The signal shape is modeled by a MC-determined
shape convoluted with a Gaussian function. The signal

|]5’D’ |2/027 AE = ED* - Ebcamv(l)
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FIG. 1. (Color online) Fits to the Mpc dlstrlbutlons of the

ST modes of (a ) K+7r 7=, (b) Ktn~ 7= 7%, (c) K2n~, (d)
K2n~ 70 (e) K¢n ntn™ and (f) KT K7~ Data are shown
as pomts the blue sohd lines are the total fits, the green
dashed lines are the background shapes, and the red dotted
lines are the signal shapes.

line shape includes the effects of beam energy spread,
ISR, the v(3770) line shape, and detector resolution.
Combinatorial background is modeled by an ARGUS
function [19]. The tag efficiency is studied using inclu-
sive MC samples following the same procedure. The AE
requirements, ST yields in data and the corresponding
ST efficiencies are listed in Table I. The total ST yield
is N§J¥ = 1555039 + 1471 events.

TABLE I. The summary of AFE requirements, ST yields in
data (NéT) and ST efficiencies (e}r). Branching fractions of
the K2 and 7° decays are not included in the efficiencies. j
denotes the ST mode. The uncertainties are statistical only.

Mode j AE (MeV) Nir el (%)

K¥r—n~  (—30,30) 826795+ 973 53.23 + 0.02
Ktr—n=n% (—52,39) 241618 + 696 24.83 4 0.02
K3~ (—32,32) 96306 + 324 53.11 +0.05
Kgm—n° (—57,40) 203358 4 555 26.02 4 0.02
Kn—ntn™ (—34,34) 115223 4+ 436 28.93 +0.03
KYK~7~  (-30,30) 71739 4 360 42.61 4+ 0.05

On the recoil side of the D~ mesons, we search for
the rare decay DT — D%*u,, in which the D° meson
is reconstructed using D° — K—nt, K—rtatnx—, and
K—7t7% If a DY meson can be found, we label the
events to be a double tag (DT) event.

With the DT technique, the continuum background



eTe™ — qq is highly suppressed. The remaining back-
ground dominantly comes from DD events with a cor-
rectly reconstructed signal DY or tag D~ while the op-
posite side is misreconstructed. These background can
be suppressed by studying the two uncorrelated vari-
ables, D° momentum and observed D™D energy dis-
tributions in signal MC and inclusive MC simulation. A
probability is constructed by multiplying the normalized
D momentum distribution and the normalized observed
D~ D° energy distribution. To obtain reliable event se-
lection criteria and improve the ratio of signal over back-
ground, an optimization is performed using the inclusive
MC samples, in which the branching fraction of this rare
decay is set to be 107 that is predicted in Ref. [6]. The
background yields from the inclusive MC samples are ob-
tained from two-dimensional (2D) fits to the beam-energy

constrained mass for the D~ candidates (ML ) and the
distributions of the invariant mass for the DY candidates
(ME”). In the 2D fits, the signal shape of M, is mod-
eled using a MC-determined shape and the background
shape is modeled with an ARGUS function [19]; the sig-

nal shape of MIISS,. is modeled using a Gaussian function
and the background shape is modeled with a polynomial
function. Based on the optimization, the probability is
required to be larger than 0.37, 0.34, and 0.54 for the
signal modes D° - K—7n+, K- ntatn~, and K~ 770,
respectively. The events satisfying these requirements
are kept for further analysis. The DT efficiencies for the
individual tag modes and D° reconstruction modes, as
well as the ST yield weighted efficiencies of reconstruct-
ing DY — DCty, are listed in Table II. 2D fits are
performed on the accepted events for each signal mode
in data, as shown in Fig. 2. We obtain the fit yields NSPs:
to be 0.242.8,5.9+2.9, and 10.0£4.3 for the signal modes
D’ - K—nt, DY - K—ntrtn—, and D° - K7t 70,
respectively. In the fit, the analogous functions as those
fits to the inclusive MC sample are imposed. To con-
sider the detector resolution difference between data and
MC simulation, the Mé’(; signal shape is convoluted with
a Gaussian function with parameters obtained by fitting
the Mé)(; distribution of the ST candidate events and the

MIE]’; signal shape is convoluted with another Gaussian
function with parameters determined by studying the as-
sociated DT hadronic D°D? events.

Peaking backgrounds are obtained by fitting the distri-
butions of inclusive MC samples as done in the optimiza-
tion process. The normalized background numbers Nékg
are obtained to be 2.8 £ 0.6, 6.0 £ 0.9, and 12.4 £ 1.3 for
the signal modes D° — K—nt, DY - K—ntat7r—, and
D — K—7nt79, respectively. And all the backgrounds
arise from the D°D® and DT D~ events. The uncertain-
ties in Ny, are dominated by the limited MC sample
size, and the uncertainties of the luminosity of data, the
D°D°(D* D) cross sections, the quoted branching frac-
tions of D°H) decays and the data-MC difference of the
efficiencies of the K+ (7 ") tracking (PID) and the 7 re-
construction can be negligible.

TABLE II. The DT efficiencies (¢},") and the efficiency of
reconstructing DT — DTy, weighted by the ST yields (¢),
where j denotes the ST mode and i denotes the signal mode.
Branching fractions of the K% and 7° decays are not included
in the efficiencies. The uncertainties are statistical only.

Mode K7t (%) K rrntn (%) K 7' 7° (%)
Ktn n~ 1943 £0.13 11.69 £0.10  6.39 & 0.08
Ktnn~ 7% 891 +£0.09  4.79 + 0.07 3.17 £ 0.06
K2r~  20.06 £0.13 11.68 +£0.10  6.51 & 0.08
K¥r~ 7% 9.90 £0.09 527 4 0.07 3.24 £ 0.06
KnTn~m™ 1049 £ 0.10  5.45 £ 0.07 3.18 £ 0.06
KYK-n~ 1477 4+0.11 8834 0.09  5.06 + 0.07
€ 36.42 + 0.07 20.95 £ 0.06 12.06 £ 0.04
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FIG. 2. (Color online) Projections of the 2D fits to the distri-
butions of MEx (left column) and M{,{j (right column) of the
candidates in data with the signal modes (a) D* — K~ 7T,
(b) D° — K~ 7tnTn™ and (c) D° — K~ 7t7". The dots
with error bars are data, the red solid lines show the fit re-
sults, the black dashed lines represent the signal shapes, and
the blue dotted lines represent total background shapes.

The expected signal yield in a specific signal mode
(NZ,) can be expressed as

sig
Ny = N§ x € x B' x Bp+, (2)
where i = 0,1,2, represent the signal modes D° —

K—nt, K—ntntr™, and K- 7tnY respectively; N&§'
represents the total ST yield in data; € represents the
efficiency of reconstructing DT — D% v, for the sig-
nal mode ¢, which is weighted by the ST yields; B’ rep-
resents the quoted branching fraction of D® — K7,
K-ntntr™ or K770 quoted from the PDG [16]; Bp+
is the branching fraction of Dt — D%*u,.



The expected signal yield can also be expressed as

. e .

stig = é)atsaz - N‘ékgv (3)
where Ng;)tsj represents the number of events from the
2D fit in data, Ny represents the expected background
event number estimated by fitting the inclusive MC sam-
ple.

Since there is no obvious signal observed in data, an
upper limit on the branching fraction of D* — D%y,
is determined. For each signal mode, the likelihood value
is obtained by treating Bp+ as a free parameter in the
Eq. (2). The resulting likelihood function is labeled as
L;. To combine the three D° signal modes, a joint like-
lihood function is constructed by Leom = L£1 X Lo X L3.
Based on the Bayesian method [20], the upper limit on
the branching fraction for D* — D%y, is determined
to be B(DT — D%%v,) < 9.0 x 107" at the 90% confi-
dence level, by integrating Lcon, from 0 up to 90% of the
area in the physical region.

IV. SYSTEMATIC UNCERTAINTIES

The sources of systematic uncertainty considered in the
determination of the upper limit on B(Dt — D% *u,)
are listed in Table III and described below.

e Signal side: The systematic uncertainties in the
ST selection cancel. Concerning the signal side, the
systematic uncertainties in the tracking and PID
efficiencies, m° reconstruction efficiency, as well as
the quoted branching fractions are assigned relative
to the measured branching fraction.

— Tracking and PID efficiency: The tracking
and PID efficiencies of K* and 7" are investi-
gated by using DT DD hadronic events. The
difference of the tracking and PID efficiencies
between data and MC simulation is assigned
as 1% per track, individually.

— 7% reconstruction: The 7° reconstruc-

tion efficiency is studied by examining the
DT hadronic decays D° — K~-7t and
K-rtata™ versus D° — K 7t7% and
K (nt77)w% The difference of the 7 re-
construction efficiency between data and MC

simulation is estimated to be 2% per 7°.

— Quoted branching fractions: The uncer-
tainties of the quoted branching fractions are
1.0%, 2.9%, and 5.6% for D° — K-mt,
K-ntnt7=, and K~ 770, respectively [16].

The quadratic sums of the systematic uncertain-
ties from Signal side are 3.0%, 6.4%, and 6.6%
for D — K—7nt, K—ntrtn~, and K nta0,
respectively. The combined uncertainty on the

branching fraction from Signal side is estimated
by convoluting the likelihood distribution with a
Gaussian function representing the systematic un-
certainty, and the relative change of the upper limit
on B(DT — D%*v,), 3.3%, is taken as a system-
atic uncertainty.

e Background estimation: The systematic uncer-
tainty associated with the background estimation
is studied by changing the background yield Nﬁ;kg
by 1 standard deviation. The relative change of the
upper limit on B(DT — D%%v,), 13.3%, is taken
as a systematic uncertainty.

e MC statistics: Detailed studies show that the
upper limit on B(D* — D%%v,) is insensitive to
the uncertainties due to the limited MC statistics
(0.5%). So, they are negligible in this analysis.

e Mpc fit (ST): The systematic uncertainty associ-
ated with the ST yields extracted by fitting Mpc
distribution is estimated to be 0.5% by varying
the fit range, signal shape and endpoint of the
ARGUS function. The variation of the upper limit
on B(DT — DY%v,) arising from different Mpc
fits is found to be negligible.

e Probability requirement: The systematic un-
certainty in the probability requirement is investi-
gated by changing the requirement by 4+0.01. The
effect on the upper limit of B(DT — DP*u,),
2.3%, is taken as a systematic uncertainty.

e 2D fit: The systematic uncertainty of the 2D fit
to the DT candidates is investigated by varying the
parameters of the smeared Gaussian functions by 1
standard deviation. The impact on the upper limit
of B(D* — D%"v,), 2.5%, is taken as a systematic
uncertainty.

Assuming that all systematic uncertainties are inde-
pendent, we add them in quadrature and obtain a total
systematic uncertainty of 14.4%

The final upper limit on B(Dt — D%Tv,) is deter-
mined by incorporating the systematic uncertainty. Here,
the systematic uncertainty is considered by convoluting
the likelihood distribution with a Gaussian function with
a relative width of 14.4%. The resulting upper limit on
B(D* — DY%*v,) is estimated to be 1.0 x 10~* at the
90% confidence level.

V. SUMMARY

In summary, we perform a search for the rare decay
Dt — D%Tu,, using 2.93 fb~! data taken at /s =
3.773 GeV with the BESIII detector operating at the
BEPCII collider. A double tag method is used, without



TABLE III. Summary of the relative systematic uncertainties (in %), where the 2nd 5t rows are assigned relative to the
measured branching fraction, while the others are assigned by the effects on the upper limit of B(D" — D% v.)

DP K72t D' 5 K ntntn D> K ntn®

Source
Tracking 2.0 4.0 2.0
PID 2.0 4.0 2.0
Quoted branching fraction 1.0 2.9 5.6
7° reconstruction - - 2.0
Sum of Signal side 3.0 6.4 6.6
Signal side 4.4
Background estimation 13.3
MC statistics negligible
Mgc fit (ST) negligible
Probability requirement 2.3
2D fit 2.5
Total 14.4

reconstructing the electron in the final state. No obvious
signal is observed, and the upper limit on the branching
fraction for Dt — D%, is estimated to be 1.0 x 10~*
at the 90% confidence level. Due to the limited data
sample, the measured upper limit is far above the the-
oretical prediction by Ref. [6]. As the first search for
the Dt — D%™wv,, however, it provides complementary
experimental information for the understanding of the
SU(3) flavor symmetry in D decays [21] and the stan-
dard model predictions for rare semileptonic decays.
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