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Rare decays are an ideal laboratory to test the predictions of the Standard Model. Moreover,
charm and charmonium rare decays have branching ratios so small that any observation would
immediately lead to a New Physics scenario. The BESIII experiment can study with unprece-
dented precision the charmonium weak decays, owing to the world’s largest charmonium dataset.
Moreover, it can provide complementary information with respect to the B-factories to the Long
Distance (LD) process in charmed meson weak decays studies. In this presentation, we report
some of the most recent searches performed by the BESIII collaboration.
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1. Introduction and motivation

The Standard Model (SM) of particle physics is the best description of our world when it is
looked at on the smallest scales. However, despite more than 70 years of successes, theoretical
arguments and experimental measurements point towards an extension with additional degrees of
freedom. In general, such theories are grouped under the term "Beyond Standard Model" (BSM).
The study of rare processes is an ideal laboratory, since any deviation from the SM prediction
induced by a BSM effect can be helpful to guide our understanding of how those theories may be
built.

Three categories of processes can be considered rare in our searches:

 processes allowed at the tree level in the SM, like charmonium weak decay

» processes forbidden at the tree level in the SM, but allowed at higher orders, like Flavor
Changing Neutral Currents (FCNC)

* processes forbidden at all levels in the SM, like baryon number violation

To have a comparison, the first kind of processes has typical branching ratio of the order 1072,
owing to the large mass of the mediator W boson; the second are more suppressed, where pure
contribution to FCNC in charm sector are of the order 10~ !3; the latter are the rarest, with branching
ratio lower than 1073, Any observation of the latter processes would automatically lead to New
Physics phenomena.

The BESIII experiment is hosted at the BEPCII collider in IHEP, Beijing. The e*e™ collider
is capable of delivering high luminosity collisions in the so-called 7-charm energy region, i.e. the
center-of-mass energy range from 2 to 4.95 GeV, where direct production of the charmonium and
charm hadrons is possible. The BESIII experiment is a central magnetic spectrometer optimized
for flavor physics; it covers 93% of the full solid angle and it is composed of several subsystems,
shown also in Figure 1: a Helium-based main drift chamber (MDC) associated with the 1 Tesla
magnetic field allows to extract position and momentum of charged tracks with a spatial resolution
of oy = 130 um for the transverse direction and a momentum resolution of o, /p = 0.5% for
1 GeV particles; a Time-Of-Flight system capable of timing resolution better than 80(90) ps for
barrel (endcap) regions; an electromagnetic calorimeter (EMC) is capable of measuring the energy
of photon with a resolution of og/E ~ 6% for 1 GeV photons; muon chambers to identify muons
in the return yoke of the superconducting magnet. More details for the detector can be found in
Ref. [1].

The BESIII experiment has several factors that make it an unique place where to search for
charming rare decay: it has recorded large samples of J/i (10B events) ¥ (2S) (~ 2.7B events),
and ¢ (3770) (20fb~1); the leptonic collision environment allows for a very environment without
additional source of backgrounds given by pile-up; the closed kinematics given by charmonium
decays or charmed hadron production at threshold allows to tag only part of the decay searching
for missing mass and increasing the efficiency. To guarantee a reduction of the experimental bias,
all these rare decay searches are performed by means of blind analyses. BESIII has a rich set of
results: for this proceeding, we can follow the three categories described above. Charge conjugate
processes are always implied unless stated otherwise.
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Figure 1: Scheme of the BESIII spectrometer.

2. Charmonium weak decays

Since its discovery in 1974, the J /¢ meson has been a ground for revolutionary measurements.
While most of its decays happen through OZI-suppressed strong and electromagnetic decays, a
weak decay, as shown in Fig. 2, is possible, despite being very suppressed by the large mass of the
W boson and the well-known uncertainty principle.
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Figure 2: Feynman diagram of the J /i weak decay.

The BESIII collaboration has performed a wide set of measurements owing to the large
J/y dataset. This proceeding reports two complementary searches: J/yy — D~ puv, [2] and
J/¥ — Dsn(p) [3].

2.1 Analysis of J/yy — D™ uv,

The semileptonic weak decay J /iy — DIv; is the typical kind of measurement in which BESIII
plays a unique role: the missing mass of the lost neutrino can be used to tag the decay. Theoretical
models [4-8] predict branching ratio for this allowed SM model processes in the order of 10719,
BESIII has already reported the electron final state in 2021 with an upper limit branching ratio
B(J /Yy — Dev,) <7.1x1077@90% C.L. [9]. The work in Ref. [2] is instead the world’s first
search for muon final states.

The ideal signature in the detector is a large missing momentum coming from the missing
neutrino and small extra energy in the EMC. However, pion and muon identification is not perfect
in BESIII due to the inefficiency of the muon detector for particles with momenta below 0.4
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Figure 3: Dalitz plot with kinematic cuts to separate the weak decay signal from the J /i strong multihadron
final states. The selected cuts are shown by black lines.

GeV, so some background arises from J/y decays to multipion final states. To overcome this,
kinematical PID is applied. Examples can be seen in Fig. 3, and this allows keeping under
control the main sources. The number of events is extracted using the m_i§sin§) mass,_(}eﬁned as
Umiss = Emiss — Pmissc, where Epigs = Ejjy — Ep- — E;+ and P56 = |0 — Pp- — P +| in the
J /¥ rest frame. No signal is observed, and an upper limit for the branching ratio is extracted to be
B /Yy — Duv,) < 5.4x 1077 @ 90% C.L.. As it is possible to see from Fig. 4, there are still
several orders of magnitude to reach the SM prediction: this implies that even more data will not
suffice, so new, more advanced techniques shall appear to try to test the SM in these decays.
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Figure 4: Present exclusion region from BESIII and SM predictions from different theoretical models [4-8].
It is possible to see that a different approach to these searches may be necessary to reduce the gap.

2.2 Analysis of J/y — Dgrand J/yy — Dgp

The study of J/¢ hadronic weak decay is possible at BESIII due to the close kinematics
provided by e*e™ collisions. Indeed, the possibility of tagging the Dy through its semileptonic
decay Dy — ¢ev, guarantees a large enough efficiency to try to improve previous measurements.
The upper limits found of B(J/y — Dsp) < 8 x 1077 @90% C.L. and B(J/y — Dyn) <
4.1x 1077 @ 90% C.L. [3] improve one and three orders of magnitude the previous measurements,
respectively. However, as for the case of semileptonic decays, the SM model predictions [4, 7, 10, 11]
are still three orders of magnitude lower, pushing further the need for more advanced techniques to

try to measure these final states.
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Figure 5: J/y weak FCNC to D_O,u’r u. hypothetical leptoquark (LQ) that can contribute to
This process is allowed by SM. J/y — DOutp~.

3. Charm FCNC

The flavor-changing neutral currents are suppressed in the Standard Model since they can only
appear at the first perturbative order. Moreover, the charm quark is strongly suppressed due to the
GIM mechanism. However, as in the 60s, when we anticipated the charm quark in the loop before
its experimental observation as the J /¥ meson, loop diagrams can still be a tool to access energy
ranges for searching for New Physics that are still experimentally inaccessible.

The BESIII experiment can study FCNC processes both in the charmonium and the charmed
hadron decays. A typical example of a charmonium FCNC diagram is depicted in Fig. 5, with a
typical BSM diagram contribution shown in Fig. 6.

3.1 Analysisof J/y — DOutpu~

The process studied by the BESIII collaboration in Ref. [12] is the one shown in Fig. 5, where
one of the ¢ quarks of the J/y meson is transformed into an u quark via a penguin diagram.
The theoretical predictions for this kind of process are of the order of 10™'3 [13], making it
experimentally accessible only if a New Physics phenomenon emerges to enhance the branching
ratio, since there is no expected Long Distance (LD) contribution by vector mesons decaying into
JTay TR

To enhance the statistics, the D meson is reconstructed through three final states (D — K~ n™,
D — K~ n*n°, D — K~ n*a*n~). The main backgrounds, as discussed for the semileptonic weak
decay, are J /i final state into multipions, like J /¥y — 5x, that have a much larger branching ratio.
As expected by preliminary measurements, no signal is found, and an upper limit is extracted to be
B(J /)y — D°utu~) < 1.1 x 1077 @ 90%C.L.. This is the first-ever search for this final state.

3.2 Analysis of J/y — D'y

Most of the considerations made for the previous case are also relevant for the analysis conducted
by the BESIII collaboration in Ref. [14]. The core difference is that the efficiency is larger, and the
photon can be used to tag the events. Also, the expected branching ratio from SM is two orders
of magnitude less suppressed than the previous measurement. However, no signal is found for the
three final states and an upper limit is extracted to be 8(J/y — D%y) < 9.1 x 1078 @ 90% C.L..

3.3 Analysis of Dy — h(h')e*e”

The BESIII collaboration has collected 7.33fb~! at energies from 4.128 GeV and 4.227 GeV,
leading to a yield of the process e*e™ — D*D’ that can be used to study Dy FCNC final states. In
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Figure 7: Measurements of Long Distance contribution in (top) Dy — me*e™ and (bottom) Dy — pe*e™.
A clear signal is observed if the e*e™ is assumed to decay from the ¢ meson.

process like Dg — h(h’)e*e™, where h(h’) can be one or two hadrons, due to the GIM mechanism,
the box diagram is heavily suppressed, but these decays can be studied to measure the long-distance
(LD) contribution (with branching ratios of the order of 107>), to gain knowledge of the mechanism,
and extend it towards other environments.

Using the single tag method, the BESIII collaboration reported two measurements of LD
processes [15], shown in Fig. 7: the first evidence of Dy — p¢, ¢ — e*e™ with a branching ratio
of B(Ds — pg) x B(¢ — e*e™) = (2447082 + 0.16) x 107> with 4.40" significance; and the
observation of the Dy — 7, ¢ — e*e™ with a branching ratio of B(Dg — ) X B(¢p — e*e™) =
(1.17f%'ﬁ +0.3) x 107>, with a statistical significance of 8.7¢" and in good agreement with CLEO-c
measurement [16].

Additional searches for the so-called short-distance (SD) contribution, i.e. the direct box-
penguin diagram, are performed in the same paper. The process Dy — n*n’e*e™ contributes to
the Dy — p¢ final state: by excluding the two resonance regions, it is possible to search for direct SD
contribution. An upper limit is reported, and it is calculated tobe B(Dy — n*n%*e™) < 7.0x1073

@ 90% C.L..

Finally, for the process Dy — Kme*e™, the LD process ¢ — e*e™ is negligible. So processes
like Dy — Kon* or Dy — K*n° have expected SM branching ratios on the order of 1078, In the
same Ref. [15], the BESIII collaboration has searched for those final states, but no evidence has
been reported. The upper limits at 90% C.L. are calculated to be B(Ds — K,ntete™) < 8.1x107°
and B(Dy — K*nle*e™) < 7.1 x 107,
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Figure 8: Summary of the Cabibbo-Favored (CF), Cabibbo Suppressed (CS), and FCNC Charmonium weak
decays, their present upper limits, and the expected SM branching fraction.

4. Summary and perspective

The BESIII experiment profits from its unique window on charmonium and charmed hadrons
to search for rare decays and improve our knowledge of the LD contribution in FCNC processes, to
better pin down any emergence of new physics. A recent review of BESIII weak decay can be found
in Ref. [17]. Despite the huge statistics, most of the weak decays of J/y may remain inaccessible
without the use of more innovative techniques, see Fig. 8. New data with the upgraded detector and
accelerator will be available soon [18] to extend the searches to charmed baryons.
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