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1 Introduction

In the Standard Model (SM) of particle physics, the process of flavor-changing neutral
currents (FCNC) [1, 2] is prohibited at the tree level due to Glashow-Iliopoulos-Maiani
mechanism [3]. So FCNC transitions such as ¢ — u manifest solely through loop-level
interactions, which result in low branching fractions (BFs) of the corresponding decays.
Nevertheless, various new physics (NP) models beyond the SM, such as the Top-Color
model [4], the supersymmetric extensions of the SM with or without R-parity violation [5],
and the two-Higgs doublet model [6], suggest these BFs may be enhanced to exceed the
SM prediction. Some dark sector particles, like QCD axion [7] or massless dark photon [8],
with flavor-violating couplings, can also contribute to the FCNC process. Any observation
of such rare FCNC processes beyond the SM prediction will be a clear signal for NP [9].
Experimentally, FCNC processes have been extensively studied in the B meson sector via
b — s transitions [10, 11], and in the D(,) meson sector through ¢ — u transitions [12-18].
In contrast, measurements of the FCNC charmonium decays are relatively limited.

The charmonium such as J/1, primarily decaying via strong and electromagnetic interac-
tions, has been extensively studied for decades. Given its mass below the DODO mass threshold,
J /1 could not decay into DODO pairs. Instead, it can decay weakly into a single D meson
with a minuscule BF, which has been searched for by BES and BESIII collaborations [19-29].
The searching for the FCNC charmonium decays is crucial to study the charmonium weak
decay mechanism, and provides an opportunity to study the non-perturbative QCD effects.
Compared to the studies of the FCNC D decays, the studies of the J/1 FCNC decays benefit
from a larger data sample at BESIII [30]. The FCNC decay J/¢ — D'IT1~ is expected
to have a BF on the order of 107! in the SM [31]. So far, several FCNC processes have
been probed in the charmonium, such as J/v — D%*e™ [28], 1(3686) — D% e~ [28] and
J /1 — 4D [29], but no conclusive signals have been observed, as shown in table 1. The .J/v
FCNC decays involving muons in the final state have not yet been measured.



Experiment | Decay mode Ny or Ny3ese)y UL Year

BESIII J/p — DO%te~ 1310.6 x 10° 8.5 x 1078 2017 [28]
BESIII ¥(3686) — DYete~  447.9 x 10° 1.4 x 1077 2017 [28]
BESIII J/p — yD° 10087 x 106 9.1 x 1078 2024 [29]

Table 1. Experimental results of the charmonium FCNC decays. The decay modes, the total number
of J/v¢ or ¢(3686) events, and the upper limit (UL) on the BF at the 90% confidence level (C.L.)
are listed.

v pt
d/s/b "
C u
J/b W Do
c < C

Figure 1. Feynman diagram for the J/1) — D°utp~ decay in the SM.

In this paper, we report the first search for the FCNC decay J/¢ — D°u*p~ based
on (10087 + 44) x 10% .J/+¢ events. This decay is a typical FCNC process that can occur
through possible Feynman diagrams such as the one shown in figure 1. Throughout this
paper, charge-conjugate processes are implied.

2 BESIII detector and Monte Carlo simulation

The BESIII detector [32] records symmetric ee™ collisions provided by the BEPCII storage
ring [33] in the center-of-mass energy range from 1.84 to 4.95 GeV, with a peak luminosity of
1.1 x 1033 cm™2 57! achieved at /s = 3.773 GeV. BESIII has collected large data samples in
this energy region [19]. The cylindrical core of the BESIII detector covers 93% of the full
solid angle and consists of a helium-based multilayer drift chamber (MDC), a time-of-flight
system (TOF), and a CsI(T1) electromagnetic calorimeter (EMC), which are all enclosed
in a superconducting solenoidal magnet providing a 1.0 T magnetic field. The magnetic
field was 0.9 T in 2012, which affects 11% of the total J/1¢ data. The solenoid is supported
by an octagonal flux-return yoke with resistive plate counter muon identification modules
interleaved with steel. The charged-particle momentum resolution at 1 GeV/c is 0.5%, and
the dE//dx resolution is 6% for electrons from Bhabha scattering. The EMC measures photon
energies with a resolution of 2.5% (5%) at 1 GeV in the barrel (end cap) region. The time
resolution in the plastic scintillator TOF barrel region is 68 ps, while that in the end cap
region was 110 ps. The end cap TOF system was upgraded in 2015 using multigap resistive
plate chamber technology, providing a time resolution of 60 ps, which benefits 87% of the
data used in this analysis [34-36].

The inclusive Monte Carlo (MC) sample and signal MC sample simulated data samples
produced with a GEANT4-based [37] software package, which includes the geometric description
of the BESIII detector [38-40] and the detector response, are used to determine detection



efficiencies and to estimate the background contributions. The simulation models the beam
energy spread and initial state radiation in the eTe™ anmihilations with the generator
KKMC [41, 42]. All particle decays are modeled with EVTGEN [43, 44] using BFs either
taken from the Particle Data Group (PDG) [45], when available, or otherwise estimated
with LUNDCHARM [46, 47]. Final state radiation (FSR) from charged final state particles
is incorporated using the PHOTOS package [48].

3 Event selection and data analysis

The data and simulated MC samples used in this analysis are reconstructed with the BESIII
offline software system [49, 50]. We explore the decay J/v — D°u* =, utilizing three tag
modes to reconstruct D° meson: D° — K7+ (ModeI), D* — K~ 77" with 7° — 4+ (Mode
1), and D° — K—7 7n"x"t (Mode III), which have large BFs.

The charged tracks are expected to be detected within the MDC, confined to a polar
angle () range of | cosf| < 0.93, where 6 is defined with respect to the z-axis, which is the
symmetry axis of the MDC. The closest approach of tracks to the interaction point (IP) is
required to be less than 10 cm along the z-axis and less than 1cm in the transverse plane.
For Modes I, II, and III, the numbers of good charged tracks in each event are required to
be 4, 4, and 6, respectively, with a net charge equal to 0.

Particle identification (PID) is applied by combining the measurements of dF/dx in the
MDC and the flight time in the TOF to calculate the likelihoods L£(h) (h = p, K, ) for each
hadron h hypothesis. For the u hypothesis, information from the EMC is included. The 7
candidates must satisfy £(7) > 0 and £(7) > L(K). The K candidates need to have L(K) > 0
and L(K) > L(m). The p candidates are required to satisfy L£(u) > 0.001, L(u) > L(e),
and L(p) > L(K). The mass of the u lepton is close to that of the 7 meson, causing u/7
separation more difficult. This challenge is further intensified by the low momentum of the p
in the signal events, for which the MUC offers very limited assistance for p/7 identification
due to low efficiency. The p candidate selection is therefore based on the p energy deposit
in the EMC (FE,) by requiring 0.11GeV < E,, < 0.25GeV.

Photon candidates are identified using isolated showers in the EMC. The deposited
energy of each shower E, must satisfy E, > 25MeV in the barrel region (|cosf| < 0.8),
and E, > 50MeV in the end cap region (0.86 < |cosf| < 0.92). To exclude showers that
originate from charged tracks, the angle subtended by the EMC shower and the position of
the closest charged track at the EMC must be greater than 10 degrees as measured from the
IP. To suppress electronic noise and showers unrelated to the event, the difference between
the EMC time and the event start time is required to be within [0, 700] ns. Events with at
least two photon candidates are retained in the selection of the D° — K~ 70 tag mode.
In this case, all good photon candidates are looped over, and the 7% candidate is selected
as the combination with the minimum x2(y7y) in a kinematic fit [51] of the two photons
to the 7° nominal mass [45].

All combinations of final state candidates are subject to a kinematic fit [51] constraining
My, My +0, Mg—_++_— to the nominal D° mass. The D candidate is selected as
the combination with the minimum X%o for each tag mode. Then the invariant mass of D°
before the kinematic fit is required to be in the region [1.84,1.89] GeV/c?, [1.80,1.91] GeV/c?,
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Figure 2. The invariant mass Mpo distributions for D — K-zt (a), D° — K-nt7% (b),
D° — K=atrtx~ (c), along with the corresponding x%, distributions for D° — K7 (d), D" —
K=7t70% (e), D° - K=wTwTx~ (f). The green shaded histogram shows the signal MC sample scaled
to B(J/v — D°utp~) = 4.0 x 1072 for the Mpo distributions and B(J/¢ — D°utpu=) = 1.5 x 1072
for the X%o distributions. The red histogram is the inclusive MC sample, and the black dots with
error bars are data, and the blue arrows indicate the cut region or position. Due to the large amount
of background, the error bars on the data are small.

and [1.84,1.89] GeV/c? for Modes I, II, and III, respectively, as shown in figure 2 (a), (b),
and (c). To further suppress the non-D° background, the X%o after the kinematic fit is
required to be less than 4.5, 3.1, and 3.7 for Modes I, II, and III, respectively, as shown in
figure 2 (d), (e), and (f). The x%, requirements have been optimized by maximizing the

figure of merit (FOM), defined as FOM = — /2<Sk 75 With a =3 [52], where S (B) represents

the number of events in the signal (inclusive) MC sample under the scanned selection of X%o-

After selecting the D candidate, the remaining two charged particles must satisfy the
muon PID criteria described above. To reduce the background with more missing particles, the
missing momentum piss in the center-of-mass frame of J/v is employed, which is defined as

ﬁmiss = ﬁDO +ﬁu+ +ﬁu*7 (31)

where ppo, P+, and p,- are the momenta of DY ut and p~ in the center-of-mass frame,
respectively. The |pmiss| is required to be less than 0.05GeV/c.

After the above selection criteria, several types of hadronic backgrounds survive in the
inclusive MC sample. Most background events pass the selections due to the 7/u, K/u, or
K /7 mis-identification. To reduce the background from K/u or K /7 mis-identification, the
mass of K calculated by recoiling other particles in the final state, denoted as Mﬁjﬁ‘)ﬂ, M Regoil

70

MEecoil for Modes I, 11, and 111, respectively, is required be in the region of [0.43,0.56] GeV /c?.

T (L
Further suppression of the remaining backgrounds for different tag modes are described below.



For Mode I, the remaining dominant backgrounds include J/i¢ — K *KgWJF with Kg —
7ta~ and J/¢p — 7wratr n~. To reduce the background from J/¢ — K~ K3nt, the
invariant mass of any combination of 777 ~, M_+,.—, is required to lie outside the range
[0.45,0.55] GeV/c?. To suppress the backgrounds from J/v — wntata~ 7=, we require
the invariant mass My, to be less than 3.05GeV/c?. The residual backgrounds include
J/Yp = mrate=r=, J/¢ — 7tata 770 and so on.

For Mode II, the remaining dominant backgrounds include J/¢ — K _KgTr+7r0 with
K)—atn=, J/ — KTK-ntn™ with K* — 7%7° and J/¢ — 777t 7~ 7~ 7% To reduce
the background from J/v — K _ngﬂro, the same method as above has been applied with
a slightly different K9 veto window of [0.45,0.54] GeV/c?. To suppress the backgrounds from
J/ — ntatr—m~ 7% we require the invariant mass My, o to be less than 3.03 GeV/c?. To
suppress the backgrounds from J/¢ — Kt K~ nt7~ with K* — 7570, we reject candidates
with M, +.0 € [0.47,0.51] GeV/c?. The residual backgrounds include J/v — 7 ata~ 7~ 7070,
J/Yp — rmrata~n~ 70 and so on.

For Mode III, the remaining dominant backgrounds include J/¢ — Ktrtn~m~ K2
with K§ — 777~ and J/¢p — KTK 777~ with K*¥ — 757F7~. To remove J/¢ —
KTntn~n~ K2, we again apply a similar K2 veto window of [0.44,0.54] GeV/c? as above.
To suppress the backgrounds from J/v — KTK - ntr~ with K* — 7Fa+t7~, we reject
candidates with M+ + .- € [0.47,0.51] GeV/c?. The residual backgrounds include J/v —
atatrtr a7 J/ — KTatata~7r~ 7, and so on.

The invariant mass Mpo,+,- is defined by

wtp

Mpoyt- =\ (Epo + Byt + By )2 — |Fpo + B + P | (3.2)
where Epo, E,+, E,- are calculated by £ = V' M? + [p]?, with M representing the cor-
responding nominal mass [45], ppo is the momentum of DY after the kinematic fit, and
Dyu+, Py~ are the momenta measured by the MDC. The Mpo,+,- distribution of signal
events is expected to peak around the J/i¢ nominal mass, so the signal region is defined
as 3.05GeV/c? < M POt~ < 3.15GeV/ c?. The signal efficiencies, evaluated using signal
MC samples, are (20.23 £ 0.05)%, (7.07 + 0.03)%, and (6.69 & 0.03)% for Modes I, II, and
ITI, respectively.

4 Extraction of signal yields

An unbinned maximum likelihood fit is performed on the Mpo,+,- distribution to extract
the signal yields. The fit function is defined as

Fr = Z (Ns m?l)ﬂig,i ® G(pi,04)

ig fit
P Zj Binter,jesig,j

Nykg,i
+ Npk i —=>PDFk gl 4.1
g tzj kag,j g ( )

where 7,7 denote individual tag modes, Ny ; and Npkg ¢ are the yields of signal and
background events, PDFgig; @ G(1i,0;) is the probability density function derived from the
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Figure 3. The distributions of Mpo,+,- for J/i — Dt~ of the selected candidates in data,
signal MC sample, and inclusive MC sample. The simultaneous fit result is shown in the top left, and
the individual fit result for each mode is shown in the other three sub-figures, respectively. The black
dots with error bars are data, the magenta dotted-dashed line shows the shape of signal MC sample
scaled to B(J/y — D°u*p~) = 1.0 x 107 for the three tags. The blue shaded histogram is the
inclusive MC sample, the red line is the fit result, and the blue solid lines is the fitted background.

signal MC distribution convolved with a Gaussian function G(u;,0;), where u; and o; are
obtained from the control samples. The Gaussian function G(u;,0;) is introduced to account
for the signal resolution difference between data and MC simulation. The PDFy,g ; refers
to the background shape derived from the inclusive MC sample using Meerkat with kernel
density estimation [53]. B(D?); represents the BF for each D tag mode, and egg ; is the signal
efficiency. The distribution of the simultaneous fit is shown in the top left of figure 3, while
the remaining three sub-figures illustrate the fit results for Modes I, II, and III, individually.
The simultaneous fit yields Ngjg = 0.1 & 13.5, indicating that no significant signal is observed.

We then set the UL on B(J/v — D°u*p~) at the 90% C.L. after considering all
systematic uncertainties. The BF is calculated by

_ Nig fit
B(J/¢y — D°utp) = 58, ) 4.2
S ) Ny 22 €sig,iBinteri (42)

where N/, = (10087 4+ 44) x 10 is the total number of J/v events [30], Ngig gt is the number
of signal events obtained from the simultaneous fit, g ; and Binter,; are the signal efficiency
and the BFs of the three D decay channels from the PDG [45], respectively.
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Figure 4. The distributions of normalized likelihoods versus signal yields Ngg or BF of J/¢ —
Dt~ The black dashed curve represents the initial distribution, while the red dashed curve shows
the fitted curve with a Gaussian function. The blue solid line illustrates the result convolved with a
Gaussian function for systematic uncertainties. The blue arrow indicates the UL on its BF at the
90% C.L.

We scan the J/¢ — D°utp~ signal yield 700 times by fixing the number of events from
0 to 70 with the step size of 0.1 to determine a signal-yield dependent likelihood function.
This function is described with a Gaussian distribution
(B - B)Q]

L(B)gy exp[ — 20%

(4.3)

where B is the mean value of BF and op is the standard deviation of the Gaussian distribution.
To include the systematic uncertainties presented in the following section, we adopt the
method in refs. [54, 55] by smearing the likelihood distribution to

1 (eB/e — B)? 1 (e — )2
£(B)smear 0.8 /0 eXp[ — 20_123 :| X \/%0_6 exp |: — w] dE, (44)

where € is the average signal efficiency of the three tag modes, o, = Agys - € is the systematic

uncertainty of efficiency.

The distributions of the likelihood curves are shown in figure 4. The likelihoods on the
B are integrated in the physical region (B > 0), resulting in a UL to B(J/¢ — Dutpu~) <
1.1 x 1077 at the 90% C.L.

5 Systematic uncertainty

The systematic uncertainties in the BF measurement of J/¢ — D°u*p~ include the signal
MC model, the tracking and PID, the D° decay BFs, the total number of .J/1 events, and
the event selection criteria. For the event selection criteria, data-MC discrepancies measured
with control samples are used to evaluate the uncertainties. The systematic uncertainties
from different sources are studied in the following items and summarized in table 2.



Source/Mode I (%) I (%) III (%)
Signal MC model 1.3
Number of J/v events 0.5
E, 2.8
Tracking 4.0 4.0 6.0
PID 4.0 4.0 6.0
X450 5.8 3.8 10.2
70 reconstruction - 2.2 -
Mpo 06 04 1.3
MC Statistics 0.3 0.5 0.5
Intermediate BFs 0.8 3.5 1.8
| Dimiss | 0.3 0.8 0.6
MRecol 4.5 - -
M Recoil } 921 _
w0
MRecor, - - 1.3
My 0.7 - -
My..o - 0.6 -
M+ 0 - 0.4 -
JLV/ E— - - 0.1
M K9 0.3 0.3 0.3
Total 9.9 9.0 13.9
Combinatorial total 9.7

Table 2. The systematic uncertainties for each D° tag mode.

Signal MC model. To estimate the systematic uncertainty of the signal model, we
analyze the effective mass of the virtual vector particle using the signal MC model for
different parameters [56]. The change of the signal efficiency, 1.3%, is taken as the
systematic uncertainty.

Number of J/1 events. The total number of J/1) events in data has been determined to
be N/ = (10087 £ 44) x 10% in ref. [30], and its relative uncertainty of 0.5% is taken
as a systematic uncertainty.

E,, selection. The control sample of J/¢ — pu~ypsr is utilized to estimate the
systematic uncertainty of the E,, requirement, which is assigned as 1.4% per muon.

Tracking and PID efficiencies. For the tracking (PID) efficiency for K and 7, the
efficiency for detecting charged track is determined by analyzing doubly tagged D°D°
events from 1)(3770) [57]. The uncertainties of tracking (PID) are assigned as 1.0% (1.0%)
per track. The tracking (PID) uncertainty for p is investigated by using a control



sample of ete™ — yutp~ [58], and is assigned to be 1.0% (1.0%) per track. The
systematic uncertainty of 7° reconstruction is assigned as 2.2% [59]. The total systematic

uncertainty of tracking (PID) are 4.0%, 4.0%, and 6.0% (4.0%, 4.0%, and 6.0%),
respectively.

e Mpo and X2D0 selections. To estimate the systematic uncertainties due to Mpo and
X%o selections, the control samples of ¥ (3770) — DYDY are chosen, with D® — K~ 7,
DY —» K—nt7% and D° — K—ntnTr~ for Modes I, II, and III, respectively. The
systematic uncertainties for the Mpo (X%o) requirements are estimated to be 0.6%,
0.4%, and 1.3% (5.8%, 3.8%, and 10.2%), respectively.

o Limited signal MC sample. The signal efficiencies are estimated from signal MC events,
and the uncertainties of MC statistics are 0.3%, 0.5%, and 0.5% for Modes I, II, and
III, respectively.

e The DY decay BFs. The BFs of D - K—nt, D° - K—n7% and D° - K—ntntn—
are taken from the PDG [45]. The uncertainties are 0.8%, 3.5%, and 1.8% for Modes I,
II, and III, respectively.

« The event selection criteria of [fniss|, Mpccol, Mfﬁg/jg s MEECO Mz, Mygpo, Mo,

and M +.+.-. To estimate the systematic uncertainties due to |Piss|, ijﬁ"ﬂ, Mg’?gﬁi,

M,E‘,f,‘;‘ij}“ Muyz, Myzro, Mpsro, and M+ .+, selections, the control samples of J/¢ —
Ktntn=rn=, J/v — Krata~r 7% and J/vp — Ktntatr~ a7~ are chosen for
Modes I, II, and III, respectively. For Mode I, the systematic uncertainties of the |pmiss|,
ijﬁon and My, requirements are estimated to be 0.3%, 4.5%, and 0.7%, respectively.

For Mode II, the systematic uncertainties of the |Pmiss|, MRS, M,y o and M, <0

0’
requirements are estimated to be 0.8%, 2.1%, 0.6%, and 0.4%, respectively. For Mode III,
the systematic uncertainties of the |piss|, ME;;(;,L, and M +,+,- requirements are

estimated to be 0.6%, 1.3%, and 0.1%, respectively.

« M K9 veto. The systematic uncertainty of the M K9 veto is estimated using a control
sample of J/¢ — KTK w7, Due to strangeness conservation, this sample cannot
include events from the decay Kg — w7~ . The systematic uncertainty is estimated to
be 0.3% for all D° tag modes.

e Background shape. The systematic uncertainty of the background shape is evaluated by
varying the background shape derived from the inclusive MC sample using RooKeysPdf
method, third-order and fourth-order polynomial function, and the most conservative
result is adopted as the final UL.

The square root of the quadratic sum of all the uncertainties is taken as the systematic
uncertainty for each D tag mode. For Mode I, II, and III, the total systematic uncertainties
are 9.9%, 9.0%, and 13.9%, respectively.

The system uncertainties in table 2 are all multiplicative uncertainties, while the uncer-
tainty for the background shape is additive uncertainty. The combinatorial total multiplicative



uncertainty for J/¢ — D°u* = is calculated by the error propagation:

1 oB 0B
AB,sys = B$ mzmpmn%ai%(Axmfm)(Axnxn)a (51)

where B is the BF of J/¢ — DuTu™, Apgys is the systematic uncertainty of the BF, @y, z,,

are defined as all the variables for the three tags, A, , A, are the systematic uncertainties

Tm
of these variables, and p,,, represents the correlation coefficient between the variables x,, and
ZTyn. If m = n, or if the two variables are correlated, then p,,, = 1. In other cases, py, = 0.
In this paper, the uncertainty of signal MC models, number of J/1 events, E,, tracking,
PID, and X2Do between different modes are assigned as correlated.

The combinatorial total multiplicative systematic uncertainty is 9.7%, which has been

used to calculate the UL in section 4.

6 Summary

The FCNC decay J/v — D°u™ ™ is searched for the first time based on (100874:44) x 10 J /4
events collected with the BESIII detector. No significant signal is observed. The UL on the BF
is set to be B(J/1) — Dutp~) < 1.1 x 1077 at the 90% C.L. Due to the challenging selection
of muons, this research does not achieve a better UL on the BF of J/¢ — D%%e~ [28].
However, this is the first search for a charmonium FCNC process involving muons in the final
state, and the result is compatible with the SM prediction on its BF of 10713 [31].
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