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The combined symmetry of charge conjugation and parity (CP) is tested in the hadronic transition
w(3686) — ntx~J/w, using a dataset of (2712.4 + 14.3) x 10° y(3686) events collected by the BESIII
detector at the BEPCII collider. The resulting asymmetry observable is Acp = (0.6 &= 1.8 £0.1) x 1074,
which is determined by combining the two channels J/y — eTe™ and J/y — u*p~. Additionally, by
considering the relationship between the chromoelectric dipole moment (CEDM) and the Ap observable
derived from the quantum chromodynamics multipole expansion theory based on the Chen-Kuang model
and the Cornell potential model, we obtain the results of charm quark’s CEDM with
d.=(26+78+04+06)x107"% ¢ecm, and d. = (3.5+£10.5+£0.640.5) x 107'% ecm, respec-
tively. The uncertainties are statistical, systematic, and theoretical, respectively. These results correspond
to an upper limit of |d.| < 2.1 x 10713 e cm at 90% confidence level, representing an order of magnitude

improvement in sensitivity compared to the previous direct bound using the same decay process.

DOI: 10.1103/ycwh-3gy8

The existence of a nonzero permanent electric dipole
moment (EDM), d, via the energy shift U = —d - E, implies

a violation of time-reversal symmetry [1,2]. Here, d=

2ds/ h for anondegenerate particle, E is the effective electric
field, § is the spin, and 7 is the reduced Planck constant.
Investigations of EDMs enrich our understanding of natural
symmetries and open up new avenues for research into the
behavior of particles at a fundamental level. According to the
CPT theorem for quantum field theories, any violation of
the time-reversal indicates a corresponding violation of CP
symmetry [3,4]. Although CP violation has been well
established in strange, beauty, and charm meson decays
[5-8], all measurements to date are consistent with the
standard model (SM). and are insufficient to fully account
for the observed matter-antimatter asymmetry in the uni-
verse. This motivates the search for new sources of CP
violation, particularly through precise measurements of the
EDM of elementary particles and nucleons [2,9,10].

In experiments, the measured neutron EDM is found to
be remarkably small [11]. The resulting stringent upper
limit for the CP violation in QCD processes is known as the
strong CP problem. It has given rise to searches for a
Goldstone boson, the axion [12,13], which also serves as an
attractive candidate for dark matter [14]. The neutron EDM
could originate from the contributions of quark EDMs and
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chromoelectric dipole moments (CEDMs) [15,16], includ-
ing those from the second-generation strange and charm
quarks [17]. More precise determinations of the EDMs and
CEDMs of quarks are essential to understand the neutron
EDM and to look for new physics beyond the SM [18].

The CEDM arises from the anomalous coupling between
quarks and gluons, which is described by the effective
Lagrangian [19]

Lcppm = —i/2dy.0"ysh, /2y Gy, (1)

where d., is the strength of the CEDM, o = i/2[y*,¥"], 4,
are the Gell-Mann matrices of the color SU(3), group, and
Gy, is the gluon field strength tensor. In the charmonium
system (cc¢), hadronic transitions such as w(3686) —
xtn~J/y are characterized by the electric form factors
corresponding to S- and D-wave CP-even states [20,21]. A
nonzero CEDM induces a magnetic form factor through
mixing with the CP-odd P-wave contribution [19].
Consequently, the y(3686) — z"z~J/y transition (see
Fig. 1) provides a unique probe of CP symmetry via the
mixing of CP-even and CP-odd charmonium states in the
quantum chromodynamics multipole expansion (QCDME)
[19,22,23].

Within the QCDME framework, d.. is proportional to the
CP-odd observable A -p, which can be parameterized as [ 19]

Acp = (9.33 £2.34) x 103d.m, [CK model],  (2)
Acp = (693 £0.97) x 1073d.m, [Cornell model], (3)

where Eq. (2) is based on the Chen-Kuang (CK) model for
the heavy quark potential [24], and Eq. (3) corresponds to
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FIG. 1. Diagram of y(3686) — zn"z~J/w decay process. The
E indicates the color-electric dipole interaction, whereas the M
indicates the magnetic dipole interaction that implies the con-
tribution from CEDM.

the simpler Cornell potential model [25]. Here, m,. denotes
the mass of the charm quark [26].

A nonzero Acp value in this hadronic transition process
would signal physics beyond the SM and could constitute
the first observation of a nonvanishing CEDM. An indirect
upper limit on the charm CEDM, |d.| < 1 x 10722 ecm,
has been inferred from neutron EDM measurements [17]. A
directly obtained upper limit of d. < 3 x 107'* ecm was
reported in a phenomenological study of hadronic tran-
sition w(3686) — n*x~J/y using data from the BESII
experiment [19,27]. Among quarks, the top quark remains
the other one for which a direct experimental bound on its
CEDM has been established by the CMS Collaboration
[28]. To date, there has been no precise experimental
measurement of the charm quark’s CEDM. The world’s
largest yw(3686) data sample collected by the BESIII
detector [29], together with the large branching fraction
BR[y(3686) — n" 7~ J/y] = (34.64 £ 0.34)% [26], ena-
bles a direct measurement of the CEDM and a sensitive test
of strong CP symmetry.

In this Letter, we conduct a comprehensive investigation
of CP violation in charm quark-antiquark bound states via
the hadronic transition y(3686) — 7"z~ J/y, using a data
sample of (2712.4 4 14.3) x 10° y(3686) events collected
by the BESIII detector at the BEPCII collider. The leptonic
decay modes J/y — [TI~, where [ = e, u, are used. These
constitute the largest J/y decay channels, with branching
fractions of approximately 6% each [26]. The design and
performance of the BESII detector are described in
Refs. [30-32].

A signal Monte Carlo (MC) simulation of the decay
process w(3686) - ntz~J/y, containing 42.8 million
events for each J/y decay channel J/y — [TI™, is gen-
erated to determine the detection efficiency and optimize
event selection criteria. The simulation is carried out using
a GEANT4-based [33] MC package, which includes the
geometric description of the BESIII detector and the
detector response. The simulation models the beam energy

spread and initial state radiation (ISR) in e™e™ annihilation
with the KKMC generator [34]. Particularly, the decay
process w(3686) - ztz~J/y is modeled using a 7z
transition amplitude approach, incorporating chiral pertur-
bation theory and final state interactions [35-38]. To
improve the consistency between data and MC simulation,
a tracking efficiency correction for the two pions is applied
to the signal MC samples. The efficiencies are determined
from two-dimensional distributions of transverse momen-
tum versus polar angle using the sample of w(3686) —
xtn~J/w with J/yw — eTe™. An additional inclusive MC
sample—including the production of the y(3686) reso-
nance, the ISR production of the J/y, and the continuum
processes incorporated in KKMC—is used to estimate the
possible backgrounds. All particle decays are modeled with
EVTGEN [39,40] using branching fractions either taken from
the Particle Data Group [26], when available, or otherwise
estimated with LUNDCHARM [41,42]. Final state radiation
from charged final state particles is incorporated using the
PHOTOS package [43].

Charged tracks detected in the multilayer drift chamber
(MDC) are required to be within a polar angle (¢) range of
| cos 8| < 0.93, where 0 is defined with respect to the z axis,
which is the symmetry axis of the MDC. The distance of
closest approach of the charged tracks to the e " e~ interaction
point (IP) must be less than 10 cm along the z axis, and less
than 1 cm in the transverse plane. Pions and leptons (electrons
and muons) are distinguished based on momentum (p)
criteria derived from the MDC: two high-momentum tracks
(p > 1.0 GeV/c) are identified as leptons, and two low-
momentum tracks (p < 1.0 GeV/c¢) are identified as pions.
To further separate electrons and muons, leptons or anti-
leptons with deposited energies in the electromagnetic
calorimeter (EMC) greater than 1.0 GeV are categorized as
electrons or positrons, while those with energies less than
0.45 GeV are classified as muons. Given that the final state for
our signal process corresponds to either ztz~eTe™ or
xta~utu~, we require four charged tracks per candidate
event having zero net charge comprising one z™, one 7™, one
et (uh),andone e™ (u™) forJ/y — ete”orJ/w — upu .
To ensure that all final states originate from the IP, a primary
vertex fit is performed on the four charged tracks correspond-
ing to 772~ [*[~. Following the above requirements, a four-
constraint (4C) kinematic fit is applied to combinations of the
final states, enforcing energy-momentum conservation. The
X3c of the kinematic fit is required to be less than 200 to
improve mass resolution and suppress potential background
contributions. The selection criterion for y%. is validated
using a figure of merit (FOM) defined as S/+/S + B, where S
represents the number of signal events estimated from the MC
simulation, and B denotes the background contribution. The
quantity S + B is derived from data events. An optimized
mass window on the [T/~ invariant mass distribution,
lmys - — My, | <0.01 GeV/c?, is imposed to select J/y
candidates based on the FOM method. The m;- is the
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invariant mass of leptons, and M, is the nominal mass of
J/w [26].

To study background contributions from continuum
processes, we analyze eTe™ — n"x~J /y events collected
at /s =3.65 GeV with an integrated luminosity of
401 pb~! [29]. To suppress such backgrounds, we require
|cos 0| > 0.95 and m,+,- < 0.32 GeV/c?, where cos 8,
represents the opening angle between z* and [~, and m .+ -
denotes the invariant mass of the ztz~ system. The
remaining continuum events in the signal region are nor-
malized according to the CM energy and luminosity. The
normalization factor is (L, (3es6)/L3650) X (53650/ Sy (3686) )
where L, 3636) (L3650) is the integrated luminosity of the
w(3686) (continuum) data sample at the CM energy of
V/Sy(36s6) (1/S3650). After applying the same event selection
criteria to the inclusive MC sample [44], a comprehensive
study of potential background contributions indicates that all
remaining backgrounds in the signal region are negligible.
The final signal yields are (2.160 4 0.001) x 107 and
(2.937 £0.001) x 107, with estimated continuum back-
ground fractions of 0.04% and 0.01% for J/y — eTe™
and J/w — uTp~ channels, respectively.

To characterize the CP asymmetry, a CP observable g5 is
defined as [19]

By ﬁﬂ+ S 1_571:’
> = 3
‘ |p,[+ X plt_|

-

q3 = ﬁe* : (ﬁﬂ+ - ﬁn‘) (4)

where p,+, p,+ and p,- represent the momentum vectors of
beam e and the final states z+ and 7~ in the e e™ center-
of-mass frame. The observable g5 is CP-odd, satisfying the

CP transformation condition CP(g3) = —g;3. The effective
CP asymmetry observable is defined as

ACP _ Nevents(QS > 0) B Nevents(Q3 < 0)
Nevents(Q?) > 0) + Nevents(Q3 < O)

(5)

The Ap value directly quantifies the CP-odd asymmetry in
the distribution of the observable ¢5. The signal yields for
each bin Ni,, in the g5 distribution, with the bins ranging
over i = [1, 100], which account for the effects of detector
and reconstruction biases, are calculated from the efficiency
obtained from the simulations. This can be expressed as
Niyens = NI /€;. Here NI _is the number of signal events
observed for each bin, the efficiency for each bin i, denoted
as €; = Nie./Ni . is defined as the ratio of reconstructed
to generated MC events. Figure 2 illustrates the g3
distributions of the generated MC sample and the
reweighted data for both J/y decay channels. To extract
the signal yields in the two regions of g3 < 0 and g3 > O as
shown in Fig. 2, a counting method is used, which allows
the determination of the asymmetry A.p using Eq. (5). The
numerical results for the asymmetries Acp are then sum-
marized in Table I for decays J/y — [T[~. Additionally, an
average value (Acp) is calculated by combining the two
channels, while the correlations are treated according
to Ref. [45].

The sources of systematic uncertainties associated with
the A-p measurements arise from discrepancies between
data and MC simulation, including tracking, 4C kinematic
fit, the J/y mass window, and background contributions.
The systematic uncertainties related to e*e™ and p'u~
tracking are investigated using control samples from the
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FIG. 2. Distributions of CP-odd observable g;. The black dots with error bars are the effective data events reweighted by efficiency

curves; the green bar chart region denotes the MC truth. The left and right figures correspond to J/y — ¢

Te~ and J/y — putu~ decay

channels, respectively. The ratio in the bottom subplot is defined as 1 — Ny /Neyenss- The events in the range of |g;| < 0.24 (GeV/c)?

are kept.
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radiative Bhabha process J/y — yeTe™ [46] and
J/w — ntn~ 2 [47]. The muon tracking efficiency is
taken from that of pions due to their similar mass character-
istics. The difference between results corrected for effi-
ciencies and those without corrections is considered a
systematic uncertainty. To evaluate the contribution of
the 4C kinematic fit, we modify the helix track parameters
for all final state particles following the methodology
outlined in Ref. [48]. In our nominal analysis, we apply
this correction; however, to evaluate its impact, we also
analyze results obtained without this correction and take
their difference as a source of systematic uncertainty.
Because of the bremsstrahlung of electrons, the kinematic
systematic uncertainty of electrons is relatively large
(0.3 x 107*), while the error of muons in this regard is
negligible. The systematic uncertainties arising from the
J/w selection have been investigated by varying the
selection regions [49]. The J/w mass window is adjusted
within a range of 7 to 14 MeV /c?, while the g5 requirement
is varied from 0.21 to 0.28 (GeV/c)>. It was observed that
the Acp values remain unaffected within a threshold of 2.
Consequently, the systematic uncertainties associated with
the J/yw mass window and the g3 requirement are negli-
gible. To examine effects originating from backgrounds, we
focus on continuum processes in the signal region; thus, the
differences in Acp measurements with and without back-
ground are taken as systematic uncertainties. A detailed
analysis of systematic uncertainties and the list of these
systematic uncertainties are presented in the End Matter.
Assuming independence among all sources, the total
systematic uncertainties are derived, by summing the
individual contributions in quadrature, to be 0.4 x 10~
and 0.1 x10™* for J/w = ete” and J/y — utu-,
respectively.

In conclusion, using a data sample of (2712.4 & 14.3) x
10° y(3686) events collected with the BESIII detector, we
perform a comprehensive investigation for CP violation in
the hadronic transition w(3686) — 7"z~ J/w with sub-
sequent decays J/w — [TI~ (£ = e, u). The numerical
results are summarized in Table I. A CP-odd observable,

TABLE 1. The measured CP observables and CEDM meas-
urement. The second line represents the average value of Acp.
The CEDM d. results from two assumptions of potential
functions [24,25]. The first uncertainties are statistical, the second
systematic, and the third from the theoretical model [19]. The
upper limit of d. is determined at a 90% confidence level.

Parameter J/y — ete” J/y =ty
Acp (x107%) 33+£29+04 -12+244+0.1
(Acp) (x107%) 0.6+ 1.8+0.1

d.. [CK] (ecm)
d.. [Cornell] (e cm)
|| (e cm)

(26+7.84+0.440.6)x 107'°
(3.54+10.5+0.6+0.5) x 10716
<21x1071

constructed from independent momentum directions of the
accelerator beam positrons and the pion final state particles,
is used to probe CP asymmetry. The measured Ap values
are consistent with CP symmetry, with statistical and
systematic uncertainties at the 107* and 107> levels,
respectively. The SM continues to provide a good descrip-
tion of particle physics phenomena at this energy scale. The
average CP asymmetry, obtained by combining the results
from J/yw — eTe™ and J/yw — utu~ channels, is deter-
mined to be (0.6 + 1.8 +-0.1) x 107*. Using the relations
in Egs. (2) and (3), the charm CEDM d.. is extracted from
the measured A-p value. The charm CEDMs are measured
tobe d. = (2.6 £ 7.8 £ 0.4 £ 0.6) x 107'% ¢ cm under the
assumption of the CK model [24], and d,. = (3.5 £ 10.5 +
0.6 +0.5) x 107!® ecm under the assumption of the
Cornell model [25]. The uncertainties are statistical, sys-
tematic, and theoretical, respectively. These values are
consistent with zero and can be accommodated within
the SM, further strengthening confidence in our current
understanding of particle physics processes involving
charm quarks.

A comparison between our results and previous phe-
nomenological estimates is illustrated in Fig. 3. The upper
limit on d,, at the 90% confidence level is approximately
one order of magnitude more stringent than the previous
direct phenomenological limit based on the BESII
dataset [19]. This represents the most precise measurement
of the charm quark CEDM to date, enabled by the large
BESIII data sample and clean experimental environment.

Indirect Bound (107%) _’I

_.I

Direct Bound (107'%)
BESIII [Cornell] (107'%)

BESIII [CK] (107')

This Bound (10°'%)

ol b b b b Laadxao™
=30 =20 -10 0 10 20 30
d.. (e-cm)
FIG. 3. The measured charm CEDMs and (phenomenological)

upper limits. The cyan and red dots, along with their associated
error bars, represent the BESIII results under the assumptions of
the CK model [24] and the Cornell model [25], respectively. The
inner, middle, and outer contours represent 68.2%, 95.4%, and
99.7% confidence levels of the d.., respectively. The black arrow
limitation implies the upper limit of d, in this work at a 90%
confidence level. The green and blue arrow limitations show the
indirect constraint inferred from a neutron EDM measurement
[17], and the direct [19] phenomenological bound, respectively.
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The improved constraints on the charm CEDM provide
valuable insight into possible CP-violating interactions
beyond the SM within the QCD framework. This reduction
in theoretical uncertainty strengthens the role of the CEDM
as a key probe of new physics, thereby enhancing our
understanding of the origins of the neutron EDM and its
connection to quark-level CP violation [15]. Although the
measured charm CEDM does not yet reach the indirect
upper limit inferred from neutron EDM measurements [17],
the significant improvement opens new opportunities for
further investigation and analysis, such as examining P-
wave contributions in other charmonium hadronic transi-
tions [50]. The methodology demonstrated here can be
extended to investigate CP violation in other heavy
quarkonium systems, in particular the beauty sector via
decays such as Y(25) - ztz~Y(1S).
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End Matter

This End Matter provides a detailed analysis of the
systematic uncertainties for each source, including the
kinematic fit, J/w selection, g3 range selection, and
background estimation. The contributions from each
source and uncertainty, together with the total systematic
uncertainty, are summarized in Table II.

Kinematic fit: The tracks used in the kinematic fit,
ata~ITI~, are corrected using helix parameters. The
systematic uncertainty associated with the kinematic fit
is evaluated by comparing results obtained with and with-
out these corrections. The observed difference is small,
indicating that the A-p measurements are largely insensi-
tive to the details of the kinematic fit. A larger uncertainty is
observed in the electron channel (0.3 x 10~*) compared to
the muon channel (< 0.1 x 10~*), which can be attributed
to electron bremsstrahlung effects.

The J/y selection: The systematic uncertainty arising
from the J/y selection is studied using the Barlow test,
by varying the mass window cut between 7 and
14 MeV/c?. The significance is evaluated via { = Aa/c,,

TABLE II. The systematic uncertainties in unit of 10™* of the
Acp measurements.

Source (x107%) J)w — ete” Jy — utu
Tracking for [~ 0.1 <0.1
Tracking for [+ <0.1 <0.1
Tracking for 7zt z~ <0.1 <0.1
Kinematic fit 0.3 <0.1
Background 0.2 0.1
Summary 0.4 0.1

where Ada = |dyom — G| denotes the absolute difference
in the parameter a between the nominal and varied
selections, with a,,y, and agy representing their respective
central values. The uncorrelated uncertainty is defined as

— 2 2
O0q = |0a,nom - 0a,syst|’ where Oq,nom and O syst aI€ the

corresponding statistical uncertainties, respectively. All
tested variations yield ¢ < 2.0, with most below 1.0,
indicating no significant deviations from the nominal
measurements.

The g3 range selection: The selection criterion g3 is
based on the slope of the efficiency curve, defined
as the ratio of reconstructed to generated events in each
bin of the MC sample. Slopes are computed between
consecutive g3 points, separated by one data point, and
events in regions with large efficiency slopes are excluded.
As shown in Fig. 2, the maximum bias is approximately
20%, primarily arising from binning effects at the edges of
the distribution where event classification becomes
ambiguous. Various binning schemes and range selections
were tested, but fully eliminating this bias remains chal-
lenging. To assess its impact on the Ac-p measurement, the
Barlow test is performed by varying the range from 0.21 to
0.28 (GeV/c)?. Nearly all results satisfy ¢ < 2.0, with
most below 1.5, confirming that no significant deviation is
introduced by the g5 selection.

Background estimation: The contribution from back-
ground events is incorporated into the Ap measurement as
follows:

(Nﬁata - NIJ?TKG) - (NISata - NIEKG)
(ngata - NgKG) + (NISata -

Acp = . (AD

BKG)
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where Np,, and Ngkg denote the number of events in data
and background samples, respectively. The systematic
uncertainty due to background is taken as the difference
between results with and without background subtraction.

found to be higher in the J/yw — eTe™ channel than
in the J/w — utpu~ channel. Accordingly, the associated
systematic uncertainty is larger for the electron
channel (0.2 x 107) compared to the muon channel

This study focuses on continuum backgrounds, which are (0.1 x 107).
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