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1. Introduction

Forbidden or highly suppressed charm decays in the Standard Model (SM) open a good window
to search for the beyond SM signals, such as processes of Flavor Changing Neutral Currents (FCNC),
baryon number violation (BNV), and lepton number violation (LNV). Processes with a change in
quark falvor without a change in electric charge are forbidden at the lowest order in the SM of
particle physics. FCNC processes are additionally suppressed by the Glashow-lliopoulos-Maiani
(GIM) mechanism [1]. Complementary to the down-type quark studies in the K and B sectors, the
GIM mechanism is suppressed more strongly in charm sector. In addition, as demonstrated by the
stability of ordinary matter, a baryon number (B) is empirically known to be conserved to a very
high degree. However, the absolute conservation of B has been questioned for many years. For
example, the fact that there is an excess of baryons over anti-baryons in the Universe implies the
existence of BNV processes. Therefore, various extensions of the SM with BNV processes have
been proposed. Thus, a study for BNV processes also can search for the new physics signals.

The large data samples collected by the BESIII, Belle, and LHCb detectors provide a good
opportunity to search for new physics signals through rare charm decays. In this proceeding, we
review the recent experimental results at BESIII, Belle, and LHCb collaboration.

2. FCNC processes

21 DO — 70y

For D FCNC decays into final states involving di-neutrinos, such as D® — vv, long-distance
contributions become insignificant and the short-distance contributions from Z penguin and box
diagrams dominate, resulting in the branching fraction at the level of 10! in SM [2]. That makes
D FCNC decay involving di-neutrinos a unique and clean probe to study the CP violation in the
charm sector [3] and search for new physics beyond SM [4].

In 2022, BESIII present the first experimental search for the FCNC process ¢ — uvv through
D — 7%% decay with 10.6 x 10° pairs of D°D° mesons produced by e*e~ collisions near
threshold [5]. Figure 1 presents the Egyc distribution in data, on which the result of an extended
maximum likelihood fit is overlaid. The fit determines the signal yield N, to be 14 + 30, which is
consistent with zero. No obvious signal is observed and an upper limit (UL) on its decay branching
fraction is set to be 2.1 x 10~* at 90% confidence level (CL). This is the world-first experimental
constraint in charmed hadron decays to a dineutrino final state.

22 Al - py’

Models of new physics beyond the SM may have a dark sector containing an extra Abelian
gauge group, U(1)p, under which all the SM fields are singlets. If U(1)p remains unbroken, then
there is always a linear combination of the dark and SM Abelian gauge fields which does not have
renormalizable couplings to SM members and which can be identified with the massless dark photon
(y") [6, 7]. While it has no direct interactions with SM fermions, the y’ can still exert influence on
the SM via higher-dimensional operators generated by loop diagrams involving particles that are
charged under U(1)p and also coupled to SM fields.
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Figure 1: Fit to the Egyc distribution in data. The black dots with uncertainties represent data and the red
solid line shows the total fit. The background components of D — K? 7°X decays, wrong D" tags and other
DO decays are marked as green long-dashed line, purple dotted line, and blue dashed line, respectively. The
gray filled area shows the signal shape, normalized to 20 times the central value of the fit result for visibility.
The bottom panel shows the fit residuals.

With a sample of 4.5 tb~! collected at center-of-mass energies between 4.600 and 4.699 GeV
with the BESIII detector, the first investigation for a massless dark photon in A7 — py’ decay
is carried out [8]. The distribution of Mrzec (Azp) in the signal region is shown in Fig. (b) 2. No
significant signal is observed with respect to the expected background. The UL on the branching
fraction of A* — py’ is measured to be B(A — py’) < 8.0 x 107 at 90% CL. It is below the
sensitivity of theory prediction in Ref. [9], which predicts the branching fraction to be 1.6 x 1073

or 9.1 x 1076 with different inputs of form factors.

23 DO — ptus

The D° — u*u~ decay is among the most interesting charm-hadrons decays, being fully
leptonic and additionally suppressed by helicity reason. Its SM short-distance contribution is
extremely suppressed, yielding a branching fraction on the order of 107'® [10]. Long-distance
contributions dominate through an intermediate two-photon state, and can be estimated to be
B(D° — ptp~) ~2.7x107°8(D° — yy), leading to a D° — u*u~ branching fraction of at
least 3 x 10713 [10]. The D® — u*u~ decay rate can be enhanced in many NP models [11]. Being
one of the most sensitive FCNC processes in the charm sector, its branching fraction is used as
a primary building block of different models, constraining the relevant couplings saturating the
branching fraction limit.

In 2023, a search for the D° — u*u~ decay [12] has been reported based on data collected
by the LHCb experiment in pp collisions corresponding to 9 fb~! of integrated luminosity. The
data have been collected in 2011, 2012 (Run 1), and 2015-2018 (Run 2) at /s = 7, 8, and 13 TeV,
respectively. The distributions projected onto m(u*u~) and Am = m(D** — m(D°)) are shown in
Fig. 3. No evidence for an excess of events over the expected background is observed. An UL on the
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Figure 2: (a) The full spectrum of M: 2 of the accepted DT candidate events from the combined seven

ec(A7p)

data samples. (b) The spectrum of M 2 ec(Azp) of the accepted DT candidate events from the combined data
in the signal region. The black points W1th error bars are data; no events have been observed in the last bin.
The red hatched histogram indicates pK 2 background. The blue hatched histogram is the A7 A background
excluding process A7 — ng. The brown hatched histogram represents the gg background. The yellow
hatched histogram is the A} — py’ signal, which is normalized to data luminosity with the upper limit of
the branching fraction.

v
S

T T T T 50

—~ & _ = =
Q F — Total ] N F —— Total ]
L b LHOb — .. 1 L F LHCG T e
§ 40 3fb Combinatorial = § 40 3fb Combinatorial =
F a ] F ombina ]
S [ 0666<BDT<10 go or ’; 3 S | 0s66sBDT<10 gu > ;7; E
<k I ]
g 2 4 g 2F 3
: WW B E !
I TP .
s T e HJ TORINE I B —
< < -
S i ﬁmwzooﬂ%k e
1300 1850 1900 1950 2000 2050 2100 2150 140 142 144 T4 148 150
m(utpr) [MeV/e?] Am [MeV/c?]
—_ 220 = T T T T T T 3 —_ F T T T T T T B
o = —— Total = o 250 — —— Total —
L LHGh ., L0 L —5,
2 o O™ Combinatorial 3 g 5ob O Combinatorial ]
E o E F orona .
E 140E 0666 <BDT<1.0 PO = F 0666 <BDT<10 Lo ]
“wo120E 4 S 150F =
Z 100§ e E ]
@ g E| P r E
8 sof 4 B 100F .
g 60F 3 2 F 3
5 40 44 3 g s0F
B ++*ﬂ¢ &,,HM Mgﬁ#gwe%& R '
= e 0 I3 1 e N L
1800 1850 1900 1950 3000 3050 2100 2150 140 142 144 146 148 150
m(u ) [MeV/e?] Am [MeV/c?]

Figure 3: Distribution of (left) m(u*u~) and (right) Am for the D® — p*u~ candidates in data from (top)
Run 1 and (bottom) Run 2, for the most sensitive BDT interval. The distribution is superimposed with the
fit to data. Each of the two distributions is in the signal region of the other variable; see text for details.
Untagged and tagged decays are included in a single component for signal and D — 7*7~ background.
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branching fraction of this decay is set at B(D° — u*u~) < 3.1x 10~ at a 90% CL. This represents
the world’s most stringent limit, constraining models of physics beyond the standard model.

2.4 D*(2007)° — utu~

In the same year, the very rare D*(2007)° — wu*u~ decay is searched for by analysing
B~ — mtn~u*u~ decays. In contrast to the situation for pseudoscalar mesons, the leptonic decays
of the excited vector D*, B** and B states have no chiral suppression. In an effective field,
these decays involve the same operators as those of the pseudoscalar mesons [13]. Therefore, if
sufficient experimental precision can be obtained, leptonic decays of the vector states provide a
complementary approach to constraining the associated Wilson coefficients [14]. The challenge,
however, is that the vector mesons can also decay via electromagnetic and (for the D** meson)
strong interactions, which have widths many orders of magnitude larger than those for the weak
decays. Therefore, the branching fractions of these weak decays are strongly suppressed to levels
around 10~!" [15, 16], unless there are large enhancements due to physics beyond the SM. For the
leptonic D*? decays, further suppression by the GIM mechanism reduces the SM prediction for the
branching fractions to the 1071 level [15, 16].

a O T ] a T T T T 3
S 1 pLHCD 3 5 6p LHG ]
) E 9fb 3 v uE 9 fb otalmt | E
= 10F = - B oDy m
S E B w o Rg oy e B — mutus E
o 8t i S 10f o BT K E
H A T - Combinatorial 3
a8 6f H 5 b 3
%) [l B B PR 1 (=%
S 4F o 0 S s OF ]
< = B ] L
B oog [T .{. 1 = ¢ L * \
I e e 4 5 2
&} E T ] L
HE L L ! 9 O Lk L L L E
1900 1950 2000 2050 2100 5200 5400 5600 5800 6000
m(utu”) [MeV/e?] m(m ) [MeV/ce?]

Figure 4: Reconstructed (left) u*u~ and (right) 7~ u*u~ invariant-mass distributions for the selected
B~ — D*0(u*u~)n~ candidates, with results of the fit superimposed
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Figure 5: Two-dimensional distribution of uu invariant mass versus 7~ u* ™~ invariant mass for the selected
B~ — D*9(u*u~)n~ candidates. The red box corresponds to a range of about +30 around the expected
signal peak position in each dimension

This analysis uses Run 1 and Run 2 collected with the LHCb detector between 2011 and 2018.
Figure 4 shows the dimuon and B-candidate invariant-mass distributions of selected B~ — D*On~
candidates, with results of the fit superimposed. Figure 5 shows the two-dimensional distribution
of selected B~ — D*n~ candidates. The fit favours a slightly negative yield, which is attributed
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to a downward fluctuation of the background in the region close to the B~ and D*? meson masses.
No evidence for an excess of events over background is observed and an UL is set on the branching
fraction of the decay at 8(D*(2007)? — u*u~) at 90% CL. This is the first limit on the branching
fraction of D*(2007)° — u*u~ decays and the most stringent limit on D*(2007)° decays to leptonic
final states. The analysis is the first search for a rare charm-meson decay exploiting production via
beauty decays [17].

25 DO = hth utu~

In 2021, LHCD experiment reported the first full angular analysis and an updated measurement
of the decay-rate CP asymmetry of the D° — n*n~pu*u~ and D° — K*K~u*u~ decays [18] by
using Runl and Run2. The short-distance contributions to the inclusive D — Xu*u~ branching
fraction, where D denotes a neutral or charged D meson and X represents one or more hadrons,
are predicted to be of 1077 [4]. Sensitivity to FCNC processes via the measurement of branching
fractions is limited due to the dominance of tree-level amplitudes involving intermediate resonances
that subsequently decay into £*¢~. These so-called long-distance contributions increase the SM
branching fractions up to 107 [4, 19-21]. Studies of angular distributions and charge-parity
(CP) asymmetries in the vicinity of intermediate resonances offer a access to observables with
negligible theoretical uncertainties. These observables are sensitive to beyond SM physics through
the interference between long- and short-distance amplitudes. The values of these observables are
negligibly small in the SM.
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Figure 6: Measured observables for (left) D° — #*n~u*u~ and (right) D° — K*K~u*u~ decays in
m(u*u~) regions. No measurement is performed in the regions indicated by the vertical gray bands. The
horizontal bands correspond to the measurements integrated in the dimuon mass, including candidates from
all m(u*u~) ranges. The high-mass region of D — 7%z~ u*u~ extends to 1590.5 MeV/c? and has been
truncated on the plots for a clearer visualization of the other regions.

In this paper, the full set of CP -averaged angular observables and their CP asymmetries are
measured as a function of the dimuon invariant mass. The results for (S;), (A;) and Acp, including
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both statistical and systematic uncertainties added in quadrature, are reported in Fig. 6. This is
the first full angular analysis of a rare charm decay ever performed. Null-test observables Acp,
(S5-7), and (A,_9) are agreement in with the SM predications with over p values of 79% (0.8%) for
D — ntanptu~ (D — K*K~u*u~), corresponding to 0.3 (2.7) Gaussian standard deviations.
The results are consistent with expectations from the standard model and with CP symmetry.

3. B/LNY processes

3.1 DY = pe*and D° — pe~

Several grand unified theories, supersymmetry and other SM extensions propose BNV pro-
cesses of nucleons. At the level of dimension-six operators, BNV processes can happen with
A(B — L) = 0 [22]. In 2022, by analyzing 2.93 fb~! of e*e™ collision data taken at /s = 3.773
GeV, BESIII experiment searched for the SM forbidden decays D° — pe* and D° — pe~ with
A(B—-L) = 0. Figures 7(a) and 7(b) show the distributions of Mgig vs AES2 of the candidate events
for D — pe* and D® — pe~ selected from the data sample, respectively. No obvious signals
have been observed. The ULs on B(D° — pe*) and B(D? — pe~) at 90% CL are set to be
1.2 x 107% and 2.2 x 107 [23], respectively. These ULs are still far above the prediction of the
higher generation model.
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Figure 7: Distributions of M;ié vs AESi of the candidate events for (a) D° — pe* and (b) D — pe~ in
data. The red rectangles denote the signal region.

3.2 D' — ne*

A higher-generation SUSY model predicts the branching fraction of D® — pe*(£+ = e*, u*)
to be less than 4.0 x 10737 [24], thus the decay D* — nf* is also expected to be of a comparable
magnitude because it differs only by the change of a spectator quark. In 2023, BESIII experiment
reported the first search for the BNV process D*(7) — ji(n)e*(~) with A(B—L) = 0and D*(7) —
n(i)e* ™) with A(B — L) = 2, by analyzing 2.93 fb~! of e*e~ collision data taken at v/s = 3.773
GeV.

An unbinned maximume-likelihood fit is performed to each M, ; distribution as shown in
Fig. 8. No signal is found and the ULs on branching fraction at 90% CL are determined to be
B(D* — itet) < 1.43x107 and B(D* — ne*) < 2.91x 107> for the processes with A(B—L) = 0
and A(B — L) = 2 [25], respectively.
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33 D — pt

Belle also report a search for the D meson decay modes [26] D° — pt~, D° — p(~,
D% — pt*,and D — p*, where € is e or u using data sample collected with the Belle detector at
the KEKB asymmetric-energy e*e™ collider. The data used in this analysis were collected at e*e™
center-of-mass energies at and 60 MeV below the Y (4S) resonance, and at the Y (5S) resonance
with integrated luminosities of 711 fb~!, 89 fb~!, and 121 fb~!, respectively.
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Figure 9: Fit projections for the M0 and AM distributions for the (a) D° — pe~(u~), (b) D* — pe™(u™),
(c) D° — pe*(u*), and (d) D° — pe*(u*) decay modes. The red dotted curves show the fit function
for the signal, the green dashed curves show the fit function for the combinatorial background, the cyan
dashed-dotted curves show the fit function for the peaking background, and the blue solid curves show the
sum of the fit functions.
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The fit projections for the Mo and AM distributions are shown in Fig. 9 for the D — pe and
D — pu decay modes, respectively. In the absence of significant signals, ULs on the branching
fractions in the range (5 — 8) x 107 at a 90% CL are obtained, depending on the decay mode.

4. Summary

The rare and symmetry violation charm decays are essential to probe new physics beyond the
SM. Presents results are still above the SM predictions. And no obvious signals of new physics
processes have been found yet. Fortunately, BESIIT will have a 20 fb~! data sample collected at
3.773 GeV [27], and LHCb will collect 50 fb~! and 300 fb~! data sample after upgrade [28], as
well as the coming Belle II experiment. More and better results are coming soon.
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