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1. Introduction

The presence of physics beyond the Standard Model (SM) is more likely to be seen in the

processes with down-like quarks. The appearance of New Physics (NP) in up-like quarks is much
more challenging to detect. Although charm mesons are experimentally studied at each B-meson
factory, at LHCb experiment, BESIII, flavour changing charm mesons decays driven by neutral
current are difficult to approach theoretically and experimentally [1-9]. The search for NP in rare
charm decay is biased by many non-charm resonances in the vicinity of D mesons masses. Also,
the GIM mechanism plays a significant role in charm flavour changing neutral current (FCNC)
dynamics. The interplay of CKM parameters and masses of down-like quarks leads to strong
suppression of all FCNC in D meson processes. The main issue is how to isolate information
on short-distance dynamics, either within SM or in its extensions. The separation of short from
long-distance contributions is a longstanding issue in rare charm decays. A lot of discussion was
devoted to these problems in the papers [6-9].
The B-meson anomalies indicate deviations from the SM prediction on the level 3 — 4 o (for the
latest review see [10]). From the study of NP one can set the scale of NP to be 3 TeV for the
Rp anomaly and ~ 30 TeV for Rg [11]. However, in the decay Dy — {vy NP at scale of 3
TeV has almost insignificant effect of ~ 1% in the decay width. In Section 2 I introduce effective
Lagrangians for ¢ — uf€. Section 3 is devoted to study of NP in D* — n*u*u~, D — PPyt u~,
while Section 4 is dedicated to D-meson decays to invisible fermions. Section 5 contains a brief
summary and outlook.

2. Effective Lagrangians for ¢ — uf{*¢~ and ¢ — uvv decays and NP

The semileptonic ¢ — uf*¢~ and ¢ — uvv decay dynamics is described by the following
effective Hamiltonian [5, 6, 8]

D, (Gou+cop) + Y (¢l o] + o)) (1)

T k=7,9,10 ij

where the dimension six operators Oy, for di-lepton and QiLj IR for di-neutrino modes are given as

07 = =(ap oy cr)FH, 0} = Z<(aRroyyc ) FH,

09 = (L yucr)Iy*0), 04 = (iryucr)(Iy*0),

Ow = (aryucr)ly*yst), 01, = (@ryucr)Iy*yst),

QY = (aLyuct)Liy*ve), 0% = (@rYucr)TL ¥ vLi) .- 2

F* is the electromagnetic field strength tensor and o*¥ = % [v#, ¥”]. In the primed operators O]
right/left-handed R/L chiral quark fields, are simply interchanged from O;. SM contributions to
the effective coefficients of O7 and Og are generated by the charged-current four-quark operators
as is explained in detail in [6-9]. The SM contributions, including two-loop virtual corrections to
the SM contributions depend on the di-lepton invariant mass squared, ¢2, as given in [5, 12]. As
discussed in [8, 9] the non-vanishing SM contributions relevant to ¢ — u{* ¢~ are of the order of few
permille for |C§ff| and few percent for |C§ff| above g% > 0.1 GeV2. Note that the GIM-mechanism
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Figure 1: Comparison of short-distance spectrum sensitivities to different Wilson coefficients. Grey regions
indicate the LHCb experimental low- and high-¢?bins.

implies C IS(I)VI = 0. Contributions of primed operators are significantly suppressed, allowing us to
neglect them.

3. Search for NPin D* — n*tu*u~,D — P Pyt

Experimentally the upper bound on the branching ratio B(D° — u*u~) < 6.2(7.6) x 10~ was
first presented by LHCD [13]. LHCb collaboration established limits on the branching fractions in
several di-lepton invariant mass bins in (D* — 7 u*u™) < 7.3(8.3) x 1078 [14]. Extending the
effective Lagrangian in (2) by the scalar, pseudoscalar and tensor operators Og = ﬁ (@Pgc)(Lt),
Op = % (ﬂPRc)(fy5€), Or = & (I/_lO'#VC)(EG"qu), and Ors = ﬁ (ﬁo'ﬂ,,c)(fa“"y5€) the
bounds on the appropriate Wilson coeflicients are presented in Fig. 1 from the calculation in [5].
However, it was discussed already in [5] that better bounds can be derived from the experimental
bound on D° — u* u~, approximately by factor 10.

The various scenarios of NP were discussed in the literature in particular as solutions to the
B-meson anomalies. Following work of [5, 8] the bounds on leptoquark contributions, Two-Higgs
doublet model type III, Z’-model are derived and presented in Table 2.

LHCDb collaboration in [15] found

B(D" — 1 " 17)lj0.565-0.950] Gev = (40.6 £ 5.7) x 107°, )
B(D® — 1t 1t )[0.950-1.100) Gev = (45.4 +£5.9) x 1078, )
B(D? — KK~ p* 1) |>0.5651Gev = (12.0£2.7) x 1075, )

On the theory side, analyses of the paper [9] indicate that the SM angular distribution in
semileptonic four-body D-decays is significantly simpler than in B-decays. Namely, the long-
distance dominance in charm simplifies the picture. The authors of [9] discovered a few angular
coefficients that can serve as null tests of the SM. In the same study, NP-induced CP violation
were studied and suggested to be searched by experiment. However, the LHCb found that the CP
asymmetries, the forward-backward asymmetry of the di-muon pair, the triple-product asymmetry,
and the charge-parity-conjugation asymmetry are consistent with SM predictions [16].
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Model Effect Size of the effect
Scalar leptoquark Cs,Co, Cs,Co',Cr,Crs,
(3,2,7/6) CoC Gy VpVys | Co, Cio< 0.34
Vector leptoquark Cy'=Cyo’ VoV |G Cio’l< 0.24
(3’115/3) cb ubl 9, “10 I g
Two Higgs doublet X VpVup | Cs— Cs' | < 0.005
model type IlI Cs/Cp, GGy
Ve,V | Co— Cp’ | < 0.005
7 model o VeV | Co’, | < 0.001
VeoVup | C1o’ | <0.014

Figure 2: Wilson coefficients calculated for different models of NP, following [5].

4. Charm meson decays to invisible fermions

Recently, a new detailed study of ¢ — uvv appeared in Ref. [7]. As well as in the case
with the charged di-lepton pair in the final state, the amplitude for ¢ — uvv is a subject of
severe Glashow-Iliopoulos-Maiani suppression. The authors of [17] found out that in the SM
branching ratio 8(D° — v¥) = 1.1 x 10731, They also suggested that in searches for a dark
matter candidate, it might be important to investigate the process with y iy in the final state
since a massless photon eliminates the helicity suppression. In our study [18] we also determine
branching ratios for such decay modes. The authors of Ref. [7] computed the expected event rate
for the charm hadron decays to a final hadronic state and neutrino - anti-neutrino states. They
suggested that in experiments like Belle II, these processes can be seen. Also future FCC-ee might
be able to detect branching ratios of O(107°) down to O(107®), in particular D°, D(Jrs) and A}
decay modes. However, the Belle collaboration already determined the bound of the branching
ratio for B(D® — invisibles) < 9.4 x 107>, The authors of Refs. [7] considered in detail general
framework of New Physics (NP) in ¢ — u invisibles, relying on SU(2); invariance and data on
charged lepton processes [19]. They found that these assumptions allow upper limits as large as few
107>, while in the limit of lepton universality, branching ratios can be as large as 107, To consider
invisible fermions, having quantum numbers of right-handed neutrinos, one has to use the effective
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Lagrangian

Lo :\/EGF CLL(EL’)/,u CL)(VL)/# VL)

+ RR(URyucrR)VRY* V) + R ULy e ) TRYVR)
+ PRy cr) Ty vy) + g GLer)(VLvy) ©)

+ g®R(uger)(Vrvy) + g R (Lcr) VR V))

+ g8 (areL)VLvR) + Ko™ cR) (VLo vR)

+ R (G cp)(VRrowv,) | +h. c..

In Ref. [7] right-handed massless neutrinos are considered. We analysed massive right-handed
fermions and used the notation vg = yr. One of coloured scalars (see Table I of [18]) which can
generate the transition ¢ — uy y at the tree level, have following Lagrangian,

L) > 5ffag xS +he.. (7
generates the effective Lagrangian
Leg = V2Grc®R (agy,cr) (FrY" XR) (8
with

2
RR _ Y SRR SRR«
1

In Tables 1, 2, and 3 we show the bounds on the B(D° — y ¢), B(D® — x ¢y),and B(D — nx ¥)

for three selected values of m,. In our study [18], we found out that the most robust constraints on

cRR are obtained from the D — D° oscillations.

16000[
14000
120001
10000

BR(D- xx)<1071°
8000f

Mg 4[GeV]

BR(D- x¥)<107°
6000y BR(D- x¥)<10~¢

40001

2000

0.0 0.2 0.4 0.6 0.8
my[GeV]

Figure 3: The allowed mass region for S in the range 0 < m, < (mp —my)/2. The regions are obtained

RR SRRx =1

assuming B(D° — y i) < 1071°, 1072 and 1078, for the product )yl R

In Fig. 3 we present allowed mass region and find that mass of S; can be reachable by LHC.
In Table 1 we show the upper bounds on the branching ratio B(D° — y i) for three selected values
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my (GeV) | B(D° > x¥)p_p
0.2 <2.8x107°
0.5 <15x10°8
0.8 <23x10°8

Table 1: Branching ratios for 8(D? — y i) for three selected values of m - The constraints from the
D° — D mixing is used, with ¢RR < 5.18 x 107, assuming Mg, = 1000 GeV.

my (GeV) | B(D® = x¥¥)p-p | BD® = xx¥)pelte
0 <3.9x%x10712 -
0.2 <3.0x10712 <13x1077
0.5 <1.0x 10712 <6.3%x107°
0.8 <54x10714 <22x10710

Table 2: Bounds on the branching ratio for B(D° — y ). In the second column we use, the constraint from
the D~ D° mixing assuming Mz, = 1000 GeV. We use the Belle bound B(D® — missing energy < 9.4x107
in the third column. With this bound the Wilson coeflicient for m, = 0 cannot be fixed, reflecting in the third
column’s missing bound.

my (GeV) | B(D° = 1°x0)p-p | BID* = 7*x¥)p-p
0 <1.5%x1078 <5.8x%x1078
0.2 <12x10°8 <6.1x1078
0.5 <6.6x107° <33x10°8
0.8 <3.0x10710 <1.5x%x107°

Table 3: Branching ratios for 8(D — 7y i). In the second and the third columns the constraint from the
DY — Do mixing is used, assuming the mass of MS-l = 1000 GeV. In the case m, = 0.2 GeV, the cut in
integration variable is done by taking g2, as described in the paper [20]

of m, =0.2, 0.5, 0.8 GeV, using the constraints from the D° — D® mixing, c®® < 5.18 x 107, with
Mg, = 1000 GeV. We have calculated branching ratios for D’ = yv,D° = yiyand D — 7y x.
We point out that the charm meson mixing severely constrain the branching ratio D® — y y. The
bound derived from experimental bound on the branching ratio D® — missing energy is up to three
orders of magnitude weaker than one coming from the charm mixing. The branching ratios for
D — 7y ¥, based on charm mixing constraint, are of the order 1073, and therefore hopefully suitable
for searches at future tau-charm factories. Current experiments BESIII and Belle II experiments
can reach a sensitivity of the order 107°,

5. Summary and outlook

In the last few years, several necessary steps were done in search of NP in charm semileptonic
decays. The SM contributions were carefully studied and are now well known for ¢ — uf*¢~
decays. The long-distance contributions are calculated, although using the existing vector meson
resonance approach. Hopefully, the lattice community will provide us with precise knowledge of
hadronic quantities. Lepton flavour universality in rare charm semileptonic decays was questioned
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too, but with the existing experimental data, no significant deviations from the SM was found

[8]. In the last two years, charm meson decays to invisibles attracted several studies. Although

experimental bounds are not very restrictive, search for such decay rates offers unique null tests of
the SM.
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