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Abstract: The weak decays of charmonium states such as J/y and (2S) are instrumental in probing both nonper-

turbative QCD dynamics and the flavor structure of the Standard Model (SM). The extreme rarity of charmonium

weak decays renders them highly sensitive to physics beyond the SM, particularly in channels that are heavily sup-

pressed in the SM, such as flavor-changing neutral-current (FCNC) decays. This review highlights the critical role of

the BESIII experiment, which leverages an unprecedented data sample of over 10'0 J/y and 2.7 x 10° ¢(25) events

to achieve leading sensitivity in searches for charmonium weak decays. We present the latest and most stringent up-

per limits established by BESIII on various semileptonic, nonleptonic, and FCNC charmonium weak decay channels.
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I. INTRODUCTION

Charmonium, the bound state of a charm quark and
its antiquark (c¢), including the states such as J/y and
W(2S), is an ideal system for studying both quantum chro-
modynamics (QCD) and the electroweak interaction
[1-3]. Since the masses of J/¢ (3.097 GeV/c?) and
Ww(28) (3.686 GeV/c?) lie far below the open-charm
threshold (3.73 GeV/c?), they predominantly decay via
the Okubo-Zweig-lizuka suppressed strong or electro-
magnetic processes, which proceed via the annihilation of
the c¢¢ pair into three gluons or virtual photons. However,
the weak decays of charmonium, where one of the con-
stituent quarks decays via a W boson emission or ex-
change, remain theoretically allowed. Moreover, the nar-
row total widths resulting from this suppression, com-
bined with the clean experimental environment of e*e”
colliders, render the search for such rare weak decays
feasible.

Charmonium weak decays, despite their extremely
small branching fractions (BFs), serve as a unique, clean
laboratory to precisely test the SM and search for new
physics (NP) beyond the standard model (BSM) for sev-
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eral critical reasons.

First, they provide crucial SM tests, as they are sensit-
ive to the nonperturbative dynamics of the ¢¢ bound state.
This requires the precise calculation of transition form
factors and wave functions, which can be constrained via
various methods [3—15].

Second, the highly suppressed nature of these decays
in the SM makes them exquisitely sensitive probes for NP
searches. The BSM scenarios, such as super-symmetry
(SUSY), left-right symmetric model, or models address-
ing the fermion mass hierarchy, could enhance these BFs,
particularly in channels involving FCNC decays [1, 2, 16,
17].

Finally, these searches are driven by a significant ex-
perimental opportunity—the BESIII experiment. The BE-
SIII detector [18] records symmetric e*e” collisions
provided by the BEPCII storage ring [19] in the center-
of-mass energy range from 1.84 to 4.95 GeV, with a peak
luminosity of 1.1x10* cm™s™' achieved at +/s =3.773
GeV. BESIII has accumulated the world's largest samples
of J/y and ¥(2S) events produced at rest in e*e” annihil-
ation, with (10087 +44)x 10° J/y events and (2712.4+
14.3)x 10° (2S) events, providing unprecedented sensit-
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ivity to reach deep into the predicted SM territory and
constrain BSM theories [20-22]. The massive dataset,
particularly the 10 billion J/y events, provides the neces-
sary statistical power to search for the extremely rare pro-
cesses, allowing BESIII to improve upon previous best
limits on charmonium weak decay searches [23].

This review summarizes the theoretical predictions
and the recent experimental results from the BESIII col-
laboration concerning the charmonium weak decays, fo-
cusing on J/y semileptonic, nonleptonic, and FCNC
channels, as well as the results from the ¥(2S) state.

II. MECHANISM OF CHARMONIUM WEAK
DECAYS

The weak decay of a charmonium state, such as J/y
or y(2S), proceeds primarily through the decay of one of
its constituent quarks, c¢— s/d+W*; the W* sub-
sequently decays into a lepton pair or a quark pair, and
the spectator antiquark ¢ combines with the resulting s or
d quark to form a hadron in the final state [10].

A. Charmonium semileptonic decays

The total width T'y..(¥) (where w denotes J/y or
Y(2S)) consists of several components determined by the
final state. These include semileptonic decays, such as
¥ — D) I*v;+c.c. (I denotes e and 1), as shown in Fig. 1.
Throughout this paper, charge-conjugate processes are al-
ways implied.

The charmonium semileptonic decays are governed
by tree-level processes mediated by a virtual W boson,
resulting from the ¢ — (s/d)l*v, transition. The
semileptonic decays of J/¢ and (2S) contain both
Cabibbo-suppressed mode (with a D* meson in the final
state) and Cabibbo-favored mode (with a D? in the final
state).

Numerous theoretical calculations have been conduc-
ted with various QCD frameworks. In 1994, M. A. Sanc-
his-Lozano analyzed the weak decays of heavy quarkoni-
um with the heavy quark spin symmetry model (HQSS)
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Fig. 1.
semileptonic decay J/y — D
ated using JaxoDraw [24].

Tree-level Feynman diagram for the charmonium
I*v;. The diagram was gener-

()

[4]. In 2007, Y. M. Wang et al. studied the transition
form factors for semileptonic weak decays of J/y in the
framework of QCD sum rules (QCDSR) [5]. Y. L. Shen
et al. and Z. J. Sun et al. investigated the semileptonic
and nonleptonic weak decays of charmonium within the
covariant light-front quark model (CLFQM) [6, 7] in
2008 and 2024, respectively. In 2013, R. Dhir employed
the Bauer, Stech and Wirbel (BSW) model to estimate the
weak decays of heavy quarkonium [8]. In 2015, M. A.
Ivanov et al. investigated the exclusive semileptonic de-
cays J/¥ = D{) IV, in a covariant constituent quark
model (CCQM) with infrared confinement [9]. In 2016,
T. H. Wang et al. studied the weak decays of J/y using
the Bethe—Salpeter (BS) method [10]. In 2024, Y. Meng
et al. performed the first Lattice QCD (LQCD) calcula-
tion on the semileptonic decay of J/y [3].

Theoretical predictions for the BFs range from 107!
to 1071° for B(J/y — D I*v;) and from 107 to 10~ for
B(J /Yy — D;I*v;)). In most model-based predictions, the
BFs depend on the Cabibbo-Kobayashi-Maskawa (CKM)
matrix elements |V,| or |V | and on the nonperturbative
transition form factors F(g?), where ¢° is the squared mo-
mentum transfer [4—10]. Detailed theoretical predictions
for J/y semileptonic decays are summarized in Table 1.
The sum of the dominant J/y semileptonic decay modes
is predicted to be of order 10~° [5-7], which may be mar-
ginally observable at BESIII.

Notably, the ratio of Cabibbo-favored to Cabibbo-
suppressed decays can be cleanly extracted from meas-
urements of charmonium semileptonic decays, as many
theoretical uncertainties cancel. This ratio therefore
provides a clean probe of the effects of SU(3) symmetry
breaking. The ratios R. ) =8(y— D;lI*v) /B —
D I*v) and R}, () =8 (¢ - Dy I'v) /By — D I*v) are
expected to be |V,,/V.4* ~ 19.46 in the SU(3) flavor-sym-
metry limit [7]. According to the PDG, the correspond-
ing CKM matrix elements are |V.|=0.975+0.006 and
Vol =0.221+0.004 [25]. The ratios R predicted by
various models are shown below. In CLFQM [7], the pre-
dictions for electrons and muons are consistent within un-
certainties:

Ry (J/0) = 16.74+2.37,
R ,(J/) = 16.59 +2.36,

Rﬁ/d(w(ZS )) =20.87+£4.09,

Rfj/d(l//(ZS)) =20.71+3.62, )]

and the prediction based on the CCQM [9] yields

R, (J/W)~193, R},(J/¥)~16.6, )
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Table 1.

Theoretical predictions for BFs (in units of 1079) of J/y semileptonic weak decays are presented. The transition form

factors for ¢ — DE_’;;'I‘“VI are obtained using the ISGW model within the HQSS framework. For the other predictions, the transition form

factors are computed with the corresponding models. Here, B(J/y —

DE;;’I*V,) is summed over lepton flavors (e and u) in the HQSS

prediction. In BSW, the values based on the flavor-dependent average transverse quark momentum are quoted. For the theoretical pre-

dictions, only central values are reported.

CLFQM
Decay Channel LQCD [3] QCDSR [5] CCQM [9] BSW [8] BS [10] HQSS [4]
(2008) [6] (2024) [7]
J/y — D e, 0.121(11) 0.073 0.51~0.57 0.610 0.171 0.60 0.203
1.4
Iy — D it v, 0.118(11) 0.071 0.47~0.55 0.578 0.166 0.58 0.198
J/y — D;etv, 1.90(8) 1.8 53~5.8 10.21 33 10.4 3.67
26.0
Iy = Dyutv, 1.84(8) 1.7 5.5~5.7 9.59 3.2 9.93 3.54
Iy — D*e*v, - 0.37 - - 0.30 - 0.440
2.3
Iy — Dt - 0.36 - - 0.29 - 0.424
I/ — D e*v, - 5.6 - - 5.0 - 7.08
42.0
I — Dt - 5.4 - - 4.8 - 6.75
Y(28) — De*v, - - - 0.345 - - - -
Y(2S) = Dy, - - - 0.339 - _ _
¥(2S) > Djetv, - - - 7.20 - - - -
Y(28) — Dutvy, - - - 7.02 - - - -
whereas the predictions from QCDSR [5] are U
R (J/g) ~ 247,
(3) + ;
sl w d
R, (J/y) ~ 15.1.

These calculations suggest the presence of SU(3) > >
symmetry-breaking effects in charmonium semileptonic ¢ 5 -
decays. I/ D,

Another notable point is the ratios of BFs for decays )
involving u and e, defined as R,y (D/D,)= e &

B(J |y — D/Dsuv,) since such ratios can serve as probes Fig. 2. The tree-level Feynman diagram for the charmoni-
B(J/y — D/Dsev,)’ P um nonleptonic weak decay J/y — Dyn*.

of lepton-flavor universality. According to lattice-QCD
(LQCD) calculations, Ry, (D) = 0.97002(8) and R;,(D) =
0.97423(15) [3], which await experimental verification
with more precise measurements.

B. Charmonium weak hadronic decays

Another category of charmonium weak decays com-
prises nonleptonic modes such as ¥ — DES; + M where M
denotes a light meson (e.g., 7 or p), as shown in Fig. 2.
These decays are also W-mediated (¢ — s/d +u+d/s) but
additionally involve a nonperturbative component: the
hadronization into the light meson M. Analogous to the
models introduced in the semileptonic decay section, the-
oretical calculations have provided predictions for had-
ronic weak decays using various frameworks, including
the CLFQM [6, 7], QCDSR [13], the BSW model [8], the
BS method [10], HQSS [4], and the factorization approx-
imation [11, 14].

Based on their final states, charmonium nonleptonic
two-body weak decays can be classified as ¢ —
PP/PV/VV, where P and V denote pseudoscalar and vec-
tor mesons, respectively. For the mode ¢ — PP, the
Cabibbo-favored, color-allowed process J/y — D x*
dominates. Table 2 lists the predicted BFs for the y — PP
mode.

For the mode ¢ — PV, Table 3 lists the predicted
BFs. Among all channels, the Cabibbo-favored, color-al-
lowed process ¢ — D, p* is dominant.

For the mode ¢ — VV listed in Table 4, the most ac-
cessible decay is J/y — D:*p~, which has a predicted
branching fraction of 5.26x 10~ from QCDSR [13] and
5.86x 107 from the QCD factorization approach [14].
This decay mode has the highest probability of being ob-
served in the future.

082001-3



Xu-Ze Li, Kai-Xin Fan, Zheng-Yun You et al.

Chin. Phys. C 50, 082001 (2026)

Table 2. Predictions for the branching fractions (in units of 107'°) of J/y — PP decays. In the BSW model, the values based on the
flavor-dependent average transverse quark momentum w are quoted. For the theoretical predictions, only the central values are repor-
ted.
Transition mode Decay channel QCDSR [13] CLFQM (2024) [7] BSW [8] BS[10] HQSS [11] Factorization [14]
JIy — Dir* 2.0 3.64 7.41 4.75 8.74 10.9
AC =AS =+1 o
J/y — DK 0.36 - 1.39 0.803 2.80 1.44
JIy — D;K* 0.16 0.202 0.53 0.312 0.55 0.618
J/W— Dt 0.080 0.190 0.29 0.183 0.55 0.637
AC=+1,AS =0 JI — DOn° - - 0.024 0.0156 0.055 0.0350
J/w — D - - 0.070 0.00263 0.016 0.0103
J/y — D - - 0.004 0.0371 0.003 0.00583
JIW— D™ K* - 0.0116 0.023 0.0131 - 0.0379
AC=+1,AS =1 )
J)y — DOKO - - 0.004 0.00224 - 0.00416

Table 3.

Predictions for BFs (in units of 1071%) of J/y — PV decays. In BSW, values based on the flavor-dependent average trans-

verse quark momentum, o, are quoted. For the theoretical predictions, only the central values are quoted.

Transition mode Decay channel QCDSR [13] CLFQM (2024) [7] BSW [8] BS[10] HQSS [11] Factorization [14]
JIy — D;p* 12.6 29.5 511 26.2 36.30 38.2
AC=AS =+1 o
J/y — DK*0 1.54 - 7.61 4.75 10.27 4.09
J/Iw — D;K** 0.82 1.42 2.82 1.67 2.12 2.00
J/y — D p* 0.42 1.70 2.16 1.13 2.20 2.12
AC =+1,AS =0 J/y — DOp0 - - 0.18 0.0960 0.22 0.108
Jly — DOw - - 0.16 0.0880 0.18 0.0810
Jly — D - - 0.42 0.307 0.65 0.192
J/y — D" K** - 0.0859 0.13 0.0770 - 0.114
AC =+1,AS =-1 B
J/w — DOK*0 - - 0.021 0.0132 - 0.0119

Table 4. Predictions for the BFs (in units of 1071%) of J/y —
VV decays. For the theoretical predictions, only the central
values are quoted.

Decay channel QCDSR [13] BS[10]
JIy — Dy p* 52.6 58.6
JIy — D" K** 2.6 2.62
JIy — D*p* 2.8 3.30
J/y — DR 9.6 11.1

Several BSM scenarios can enhance these branching
fractions. For example, in the decay J/y — D°X, (where
X, denotes a meson containing a u quark, such as 7*, 7%,
or p), an estimate by A. Datta et al. suggests that flavor-
changing processes arising from the TopColor model or
two-Higgs-doublet models (2HDM) could yield branch-
ing fractions in the range (0.1-2.0)x 10~ in the TopCol-
or scenario (for a top-pion mass m; between 100 and
200 GeV/c? with mixing angles ~ 1) and (0.1-1.4)x 10~
in the 2HDM scenario (for a 2HDM Higgs mass my
between 100 and 200 GeV/c? with all couplings ~ 1)

[17].

C. Charmonium FCNC decays

Beyond the aforementioned tree-level SM processes
sensitive to NP, the FCNC decays  — D°I*I~, shown in
Fig. 3, are forbidden at tree level by the Glashow-Ili-
opoulos-Maiani (GIM) mechanism and are highly sup-
pressed at loop level [1]. Theoretical predictions based on
QCDSR [15] are summarized in Table 5. Given the ex-
tremely small BFs of these FCNC decays, any observa-
tion of such processes at BESIII would provide unam-
biguous evidence of NP, potentially arising from TopCol-
or models [26], the minimal supersymmetric standard
model [27], and the 2HDM [28].

1. EXPERIMENTAL SEARCHES AT BESIII

A. Charmonium semileptonic decays

Semileptonic decays are crucial because they involve
both CKM matrix elements and nonperturbative QCD
form factors, providing a unique platform for testing fun-
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Fig. 3.
J/y — DOt

Feynman diagram for the charmonium FCNC decay

Table 5. Predictions for the BFs (in units of 10~'3) of the
FCNC decay J/y — D°I*I-. For the theoretical predictions,
only the central values are quoted.

Decay Channel QCDSR [15]
Iy — DOete 1.14
J/y — D¢t e 6.30
JIy — DOutp~ 1.08
iy — DOut 5.94

damental interactions and bound-state dynamics [7]. The
upper limits presented later are all at the 90% confidence
level (C.L.).

J/¥ — D¢tv, channels: The BESIII Collaboration has
performed dedicated searches for the semileptonic de-
cays of the J/y to light charmed mesons (D) and strange
charmed mesons (Dy). The search for J/y — D e*v,
(Cabibbo-suppressed, with |V.| dependence) used a
sample of 10.1x10° J/y events, with D~ reconstructed
via D~ — K*n~n~. No significant signal was observed, al-
lowing the collaboration to set the most stringent upper
limit on the branching fraction to date

By — D e*v,) <7.1x1078 [23]. 4)

A search for J/y — D u*v, (Cabibbo-suppressed)
was also conducted, marking the first investigation of a
weak charmonium decay involving a muon in the final
state. This search used the same sample of 10.1x 10° J/y
events. As in the electron channel, no significant signal
was observed, and an upper limit was set

B/ — D utv,) <5.6x1077 [29]. 5)

J/y — Ditv, channels: Decays involving the D,
meson are governed by the Cabibbo-favored CKM ele-
ment |V,,|. BESIII searched for J/y — D;e*v, and the
corresponding vector-meson channel J/y — DI e*v,,
collectively denoted as J/y — DW-e*y,. Using the full
data set of 10.1x 10° J/y events, BESIII set upper limits

on these decays

B[y — De*v,) <9.9x 1078 [30]. (6)

By contrast, for the J/¢ — Di"e*v, decay, the published
upper limit was set using only 2.25x 10® J/i events

By — D e*v,) < 1.8x107° [31]. (7)

In these analyses, the D, mesons are reconstructed in
four decay modes: D; — K°K~, D; > K*K n~, D; -
K*K n 7% and D; — K°K-n*n~. The D'~ mesons are re-
constructed via D:~ — D;y. The ongoing analysis with
the full J/y dataset will push the sensitivity of these
semileptonic channels closer to the precise SM predic-
tions, enabling stringent tests of theoretical models for
transition form factors.

B. Charmonium weak hadronic decays

Nonleptonic weak decays, J/¢y — DM, are particu-
larly challenging due to the entirely hadronic nature of
the final state, which introduces large theoretical uncer-
tainties related to the hadronic matrix elements [13]. Bey-
ond these uncertainties, the nonleptonic final-state
mesons D and M both predominantly decay into light
hadrons. Since these light-hadron final states are usually
identical to those from the dominant strong decay modes
of J/y, a full reconstruction of the nonleptonic decay
faces overwhelming backgrounds. Therefore, such meas-
urements are typically performed by tagging the signal
via a semileptonic decay of the D meson.

J/Yy - DiM channels: Decays into a charmed-
strange meson D; and a light meson M are Cabibbo-
favored. BESIII recently conducted searches for J/y —
D;p* and J/y — D;n* using the full J/y data set, in
which the semileptonic decay mode D; — ¢(—
K*K )e v, was used to tag the signal. No significant sig-
nal was observed in either channel. The resulting upper
limits are the most stringent constraints to date:

B(J/w — D;p*) <8.0x 1077 [32], ®)

B/ — D;n) <4.1x 1077 [32]. )

J/Y — DM channels: BESIII has also performed
comprehensive searches for Cabibbo-suppressed two-
body nonleptonic decays that depend on the CKM ele-
ment |V,,|. Using the full J/y data set and tagging D~
with D™ — K% v, and D° with D° — K*e v,, BESIII has
established the following upper limits for final states con-
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taining a nonstrange D meson:

By — D ") <7.0x1078[33], (10)
B(J/y — D p*) <6.0x 1077 [33], (11)
B(J/y — D°n°) <4.7x 1077 [33], (12)
B(J/y — D°n) <6.8x 1077 [33], (13)
By — D°0") <5.2x1077 [33], (14)
B(J/y — D°K®) < 1.9x 1077 [34]. (15)

C. Charmonium FCNC decays

Flavor-changing neutral current decays in the charm
sector are highly suppressed by the GIM mechanism. BE-
SIII has searched for FCNC decays with both muon- and
electron-pair  final states. Using a sample of
(10087 +44)x 10° J/y events, BESIII has set upper lim-
its of

By — Dutu) < 1.1x1077 [35], (16)

B(J/y —yD") <9.1x107° [37]. (17)

Using 1.3x10° J/y events, BESIII set an upper limit
on J/yy — D'ete”

B(J/p — D’*e™) <8.5x 1078 [36]. (18)

In these analyses, the D° candidates are reconstructed
in three decay modes: D° — K-n*, D’ — K-n*z°, and
D’ - K~n*m*n~. An update of the result based on
10.1x 10° J/y events is in progress. These world-leading
limits constrain NP models that allow FCNC transitions
in the heavy quarkonium system.

D. Weak Decays of (25)

Searches for weak decays have been extended to the
W(2S) state, which features a similar hadronic structure
but a larger mass and different decay channels, thereby
offering access to unique final states and sensitivity to
distinct new-physics scenarios.

A search for the FCNC decay ¢(2S) — D%*e™ yiel-
ded an upper limit on the branching fraction.

BW(2S) — D%*e™) < 1.4%x 1077 [36]. (19)

In addition, a search for the decay y(25) — A} pe*e”
was performed, yielding an upper limit of

BW(2S) — Al pete”) < 1.7x107° [38]. (20)

Furthermore, a search has been performed for the
weak, baryonic decay y(25) — A*Y , which is theoretic-
ally predicted to have a branching fraction of approxim-
ately 107'° [29]. This is the first search for a purely ba-
ryonic weak decay of the ¥(25) and yields an upper limit

BW(2S) > AYS) < 1.4%x107 [39]. 1)

At present, all upper limits on ¥(2S) weak decays
have been set using a sample of 448 x 10° y(2S) events,
and new searches using the full data set of 2.7x10°
W(2S) events are in progress.

IV. SUMMARY AND OUTLOOK

Studies of the weak decays of heavy quarkonia such
as J/y and ¢(2S) serve as ideal probes of nonperturbat-
ive QCD effects and SU(3) symmetry breaking effects.

Table 6. Summary of upper limits from charmonium weak-
decay searches at BESIII.
Decay channel 8y Measu.re(? SM prediction
events (x10°) upper limit
J/y — D etv, 10087 <7.1x1078 [23] ~ 1071
JIy — D™t 10087 <5.6x1077 [30] ~ 1071
J/y — Dietv, 10087 <9.9x1078 [31] ~ 10710
JI — D et, 225 <1.8x107° [32] ~ 10710
JIy — D;p* 10087 <8.0x1077 [33] ~107°
JIw — Dyr* 10087 <4.1x1077 [33] ~ 10710
J/w — D™t 10087 <7.0x 1078 [34] ~ 1071
JIy — D p* 10087 <6.0x1077 [34] ~ 10710
J/y — D0 10087 <4.7x1077 [34] ~10712
J/y — D 10087 <6.8x1077 [34] ~ 10712
J/y — DO 10087 <52x1077 [34] ~1071
J/y — DOR*O 10087 <1.9%1077 [35] ~ 10710
JIy— DOut 10087 <1.1x1077 [36] ~10713
J/y — DOe*e™ 1311 <8.5%x1078 [37] ~10713
J/y — yD° 10087 <9.1x1078 [38] ~10713
W(28) — DOe*e™ 448 <1.4x1077 [37] ~10713
W(2S) — Al pete” 448 < 1.7x107° [39] ~ 10710
W(2S) = AFE 448 <1.4x1075 [40] ~10-10
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The BESIII experiment has been extremely successful in
utilizing its large J/y and y(2S) datasets to probe the
weak decay sector of charmonium. The experimental res-
ults, as summarized in Table 6, have provided the most
stringent upper limits on these rare processes to date.

The current upper limits for semileptonic and non-
leptonic decays remain above the highest SM predictions.
For limits derived using only a fraction of the total y/(2S)
or J/y datasets, updates using the full data samples are
underway. Future data collected at BESIII and at pro-
spective higher-luminosity facilities (e.g., the Super Tau-
Charm Facility (STCF) [41]) offer the potential to push
the upper limits down to 10~ or even lower and eventu-

ally observe the SM weak decays of charmonium. The
theoretical community has provided the necessary form
factor calculations using LQCD, QCDSR, and other non-
perturbative methods, setting the stage for direct compar-
ison with future experimental observations.

Crucially, searches for FCNC processes, such as
J/y — Duu~ and J/y — De*e”, have placed strong
constraints on BSM theories, limiting the parameter space
for new particles and interactions that couple to the charm
sector. The pursuit of charmonium weak decays remains
a key component of the BESIII physics program and a
dynamic field full of challenges and opportunities for
both theory and experiment.
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