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ABSTRACT: We investigate the possibility that scalar leptoquarks generate consequential
effects on the flavor-changing neutral-current decays of charmed hadrons into final states
with missing energy () carried away by either standard model or sterile neutrinos. We
focus on scenarios involving the Ry, Ry, and S leptoquarks and take into account various
pertinent constraints, learning that meson-mixing ones and those inferred from collider
searches can be of significance. We find in particular that the branching fractions of
charmed meson decays D — MJ, M = m,p, and D, — K ) F and singly charmed baryon
decays Aj — pF and E. — XF are presently allowed to attain the 1077-1076 levels
if induced by Ro and that the impact of Ry is comparatively much less. In contrast, the
contributions of S;, which couples to right-handed up-type quarks and the sterile neutrinos,
could lead to branching fractions as high as order 1073, This suggests that these charmed
hadron decays might be within reach of the BESIII and Belle II experiments or future
super charm-tau factories and could serve as potentially promising probes of leptoquark
interactions with sterile neutrinos.
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1 Introduction

The flavor-changing neutral-current (FCNC) decays of charmed hadrons into a lighter
hadron plus missing energy (F) have long been anticipated in the literature [1-14] to be
among likely environments in which to discover hints of new physics (NP) beyond the
standard model (SM). In the SM these processes arise at short distance from the quark
transition ¢ — wwrv, which emits unobserved neutrinos (vv) and is greatly suppressed
because it proceeds from loop diagrams and is subject to very efficient Glashow-Iliopoulos-
Maiani cancellation [1]. The effects of long-distance physics on these decays have also
been estimated to be tiny [1]. Beyond the SM there could be extra ingredients causing
modifications to the SM component and/or yield additional channels with one or more
invisible nonstandard particles, which might translate into substantially amplified rates
detectable by upcoming quests.

Experimentally, there still has not been a lot of activity to look for charmed hadron
decays of this kind [15]. At the moment the sole result available is a limit on the branching
fraction of charmed meson decay D° — J., which has been set by the Belle Collabo-
ration [16]. Due to the importance of these processes as valuable tools in the quest for
NP, it is hoped that dedicated efforts will increasingly be made to pursue them. Since a
clean environment and sizable luminosity are crucial for such endeavors, it is then timely
that there are now heavy-flavor factories which are running and expectedly well-suited for
them, namely BESIII [17] and Belle IT [18]. In the future, further measurements with im-
proved sensitivity would presumably be feasible, such as at the proposed super charm-tau
factories [19, 20] and Circular Electron Positron Collider (CEPC) operated as a Z-boson
factory [21].



The foregoing motivates us in this paper to explore these FCNC charm transitions with
missing energy in the contexts of relatively simple NP scenarios. We entertain specifically
the possibility that heavy leptoquarks (LQs) with spin 0 mediate the NP contributions
to the FCNCs. Over the last several years LQs have attracted a good deal of attention
because suggested models containing them are among those that could offer the preferred
explanations for the so-called B-physics anomalies [7, 22]. While more data are awaited
in order to clarify whether or not these anomalies are attributable to NP, it is therefore
of interest to investigate if LQs can give rise to appreciable manifestations in the charm
sector too. There have been various analyses in the past, such as refs. [6-8, 23-33], looking
into the effects of LQs on FCNC charm processes, but ¢ — uf was covered by only a
few [6-8]. The outcomes of our work would be complementary to those of the latter.

Besides the scalar LQs, we will incorporate light right-handed sterile neutrinos into
the theory. They are singlets under the SM gauge groups and in the presence of the LQs
can have renormalizable links to SM quarks. Our inclusion of right-handed neutrinos is
well motivated for two reasons. First, their existence will be necessary if measurements in
the future establish that neutrinos are Dirac in nature. Second, as will be demonstrated
later on, relative to those with SM fermions alone the LQ-mediated FCNCs that involve
the sterile neutrinos and SM quarks might exert considerably enhanced influence on the
charm decays of concern, especially if the quarks are also right-handed. This latter LQ
feature has not been treated previously in the ¢ — uf context [6-8].

With respect to the predictions of the models to be studied shortly, it will be useful to
have some idea about the extent to which they might be accessible by the aforementioned
experiments. Here we address this question briefly, in light of the currently scant details
obtainable from the literature. For D? — 70F, its branching fraction could be tested by
BESIII down to 10~* or lower [34], after it gathers a data sample of 20fb~! at center-
of-mass energy /s ~ 3.77 GeV. No corresponding information exists for Belle II as far
as we can tell, but a rough estimate may be made based on the projected prospects of
these ongoing efforts to discover D° — J. Thus, since it is expected to improve on the
Belle bound B(D? — F) < 9.4 x 107° [16] by a factor of seven [18] and BESIII could
strengthen it further to 1075 with its final charm dataset [34], the Belle II sensitivity to
B(D° — 7°F) may reach only around (107%/1076)(9.4x1075/7) ~ 1073 if the ratios of
efficiencies of these machines to reconstruct the two modes are alike. Nevertheless, it is
hoped that Belle II will ultimately be able to exceed this naive expectation. Later in the
future, the super charm-tau factories [19, 20] are planned to attain total luminosities 100
times that of BESIIIL, and so they could have the capability to access B(D® — 7°F) ~
1075 or better. On the other hand, the CEPC running at the Z pole [21] is proposed to
produce a few times more charmed hadrons than Belle II and hence might be somewhat
superior to the latter for probing this decay. Given that the D amount collected at these
different facilities [18, 21, 34] is bigger than those of DE;) and charmed baryons, their
sensitivity to the other FCNC charmed-hadron transitions we will look at would probably
be similar or less.

The organization of the remainder of the paper is as follows. In section 2 we describe
the interactions of the new particles, namely the scalar LQs and the light sterile neutrinos,



with the SM fermions. Concentrating on three distinct scalar LQs, in sections 3, 4, and 5
we examine three separate scenarios, in each of which merely one of the LQs is responsible
for ¢ — uf. In these sections, before presenting our numerical results, we first deal
with the pertinent limitations on the Yukawa parameters and masses of the LQs. We
point out particularly that meson-mixing constraints in the charm and down-type quark
sectors are potentially relevant, but may be avoided in certain instances. Furthermore, we
take into account restrictions inferred from collider searches. Subsequently, we evaluate a
variety of FCNC decays of the lightest charmed pseudoscalar-mesons and singly charmed
baryons manifesting the LQ effects on ¢ — uf. In section 6 we draw our conclusions.
In the appendix, we provide general expressions for the rates of the hadron decay modes
under consideration. For the meson channels we show that, assuming the invisible particles
to have negligible masses, the formulas for the LQ-generated branching fractions can be
determined with the aid of data on the corresponding semileptonic modes and without
relying on the form factors in the mesonic matrix elements.

2 Leptoquark couplings to fermions

Among LQs that can have renormalizable interactions with SM fermions without violating
the conservations of baryon and lepton numbers and the SM gauge symmetries, there
are four which possess spin 0 and can at tree level contribute to the quark transition
¢ — ulf) where the missing energy is carried away by either SM or sterile neutrinos [7].!
In the nomenclature of ref. [7], these scalar LQs, with their assignments under the SM
gauge groups SU(3)color X SU(2)r x U(1)y, are denoted by Ry (3,2,7/6), Ry (3,2,1/6),
Sy (3,1,-2/3), and S5(3,3,1/3). Here we pay attention to the first three because we
have found that the couplings of S3 are comparatively more restrained than those of the

other three LQs. In terms of their components,

Ry® - R

R2 = ) RQ = _2/37 (21)
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where the superscripts refer to their electric charges.

As for the right-handed neutrinos, we assume that there are three of them (Ny, Ny, and
N3) and that they are of Dirac nature. Moreover, we suppose that they have masses which
may be unequal but are sufficiently small to be neglected in the charmed-hadron processes
of concern. In addition, we take Ny 2 3 to be long-lived enough that they do not decay inside
detectors.

We express the Lagrangian for the renormalizable interactions of Ra, R, and S; with
SM fermions plus Ny 23 as

Lyq = Y8, W;RYimy Prl, + V5%, @Ry PN, + Y15, uS PN, S, + H.c., (2.2)

In the recent literature covering the impact of NP on ¢ — u}, the missing energy could alternatively
be carried away by a single particle such as QCD axion [10] or massless dark photon [11-13].
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summation over family indices j,y = 1,2,3 is implicit, ¢; ({;) and u; symbolize a left-

where Y ?5f‘jy, and \?T’Rjy are generally complex elements of the LQ Yukawa matrices,
handed quark (lepton) doublet and right-handed up-type quark singlet, 7, is the second
Pauli matrix, Pr r = (1 F 75)/2, and the superscript C indicates charge conjugation. In
eq. (2.2), we introduce only the minimal ingredients which serve our purposes pertaining
to the ¢ — ufl transitions to be studied. Now we entertain three distinct possibilities each
involving one of the LQs, taken to be heavy, with the couplings specified above.

3 R, model

Expanding the R portion of eq. (2.2), we have

. s 5/3 2/3
Lp, = Y85, U P (RS — vy RY®) + He., (3.1)
where Ui23 = u,c,t and f123 = e,p, 7 represent mass eigenstates. Given that the

ordinary neutrinos in the decays of interest have vanishing masses and are not detected
experimentally, we can work with the states vy, associated with .

From Lpg,, one can derive effective |AC| = 1 quark-lepton operators which at low
energies are expressible as

Lo = —V2Gp Ky,0,WV3PRC (T&CV’BPLV% + E’Y’BPL%) + Hee., (3.2)
where G is the Fermi constant, x,y = 1,2,3 are summed over, and

~2 yyRL RL*
VY51, Y29,
Koty = "5 3 (3.3)
Y 2mR2

is a dimensionless coefficient, with ¢ = 271/ 1Gp /2 ~ 9246 GeV and mp, being the mass of
Ry. They induce FCNC charmed-hadron decays with missing energy as well as those with
charged leptons in the final state. Before treating the former processes, we look at some
potentially important constraints on the LQ parameters in eq. (3.3).

It is long known that scalar-L(Q interactions could influence the mixing of charmed
mesons DY and DY via |AC| = 2 four-quark operators arising from box diagrams [6, 7, 23—
29]. In the presence of Lpg, in eq. (3.1), the loops contain the SM charged and neutral
leptons, besides Ra. This results in the effective Hamiltonian [7]

(V8. Y55)

Moy =
|AC|=2 6472 m#%
2

ﬁfyﬁPRcﬂfyﬁPRc + H.c. (3.4)
It affects the mixing observable Am = |<DOIH|AC|:2|DO>|f/mDo, where 7 = 0.74 ac-
counts for the renormalization-group running of the coefficient in eq. (3.4) from the scale
mpg, = 2TeV down to 3GeV [26]. Our choice for mpg, is consistent with the negative
outcome of a recent direct search at the LHC for scalar LQs decaying fully into a quark
and an electron (muon), which has excluded the mass region below 1.8 (1.7) TeV [35].
Employing (D°[wy" Prcty, Pre|D°) = 0.0805(57) GeV* at the scale of 3 GeV from a
lattice QCD computation [36] and the empirical value Am$® = (95771) x 108 /s [15], and



assuming that the Rs contribution saturates the latter, as the SM prediction suffers from
a sizable hadronic uncertainty [26], we then get the 20 upper-limit

1> Y5, Y85 1.6 x 1072
< .
mpg TeV

2

(3.5)

Barring cancellations among the terms in the summation over z, for mgr, = 27TeV this
corresponds to [Kg,e,| < 2.4 x 1071, which is more stringent than [Kee uurr|S(4,2,7) X
1073 at 95% CL estimated from data on the high-invariant-mass tails of the dilepton
reactions pp — (T4~ at the LHC and than weaker bounds from D — meTe ™, mutpu~
measurements [37].

Interestingly, we notice that the condition in eq. (3.5) no longer matters if the
nonzero elements of the first and second rows of the Y3" matrix do not share same
columns [38], implying that = # y in Kge,. However, in that case there are re-
strictions inferred from quests for flavor-violating pp — ¢7¢'~ at the LHC, namely
([Keperypir | + [Kpererul?) /2 < (2.0,5.8,6.4) x 1073 at the 20 level [39], the first of which
is stronger than [Ke, el < (0.01,0.009) from hunts for rare semileptonic D,y decays mani-
festing lepton-flavor violation (LFV), as discussed in the appendix.

Accordingly, we can suppose that the only nonvanishing couplings are Ke, -, and de-
mand that they comply with |Ke,| < 2.0 x 1072 and |K,| < 6.4 x 1073, This can be
realized with a Yukawa matrix having the texture

0 vy, " 0
YIQ{L = yCe 0 yCT Y (36)
0 0 O

which can satisfy the limitations from other LFV searches [39] and escapes the D-mixing
restraint. To see the consequences for ¢ — uf explicitly, we incorporate the above |Kep,rul
into the expressions displayed in eqs. (A.11) and (A.16) in the appendix for the branching
fractions of various FCNC decays of charmed mesons and baryons with missing energy.
Thus, we obtain

B(D* =7t E), < 1.6x107°, B(D" = p*E), < 83x1077,
B(D® = w'E), < 32x1077, B(D® = nE), < 9.6x107°,
B(D’ = pE), < 1.9x1077, B(D’ = wk), < 15x107",
B(D* = n'E), < 1.7x107%,
B(Df = KYE), < 75x1077, B(Df = K E), < 47x1077, (3.7)
B(AS = pE)p, < 93x1077, B(ES » SV E),, < 11x107°,
B(E! = "F)p, < 3.6x107". (3.8)

where each entry is a sum of branching fractions of the modes with v,.v,, and v,v, in the
final states, the former making up merely about 10% of the total. Also, we find that
including Ker e would barely increase the preceding results because the associated Y5“



elements would have to fulfill other significant requirements. Moreover, the aforesaid D-
mixing requisite |Kg ¢, |<$2.4 x 107% in the lepton-flavor conserving case would translate
into numbers that are smaller by roughly three orders of magnitude. Comparing eqgs. (3.7)—
(3.8) to the sensitivity reach of ongoing and future experiments addressed in section 1, we
can conclude that these Ro-scenario predictions probably will not be testable anytime soon.

4 R, model
From the Ry part of eq. (2.2), in the mass basis of the down-type quarks we have

v »2/3 1/3
£R2 - Ygf}y(nj/kj Uy Ity / +D; R2 / )PRNy + H.c. (4.1)
where 7 = Vv designates the Cabibbo-Kobayashi-Maskawa mixing matrix and Dj 23 =
d,s,b refer to the mass eigenstates. At low energies, from £R2 proceed the |AC| =

effective four-fermion interactions specified by
B, - — _
Logmy = —V2 G (K%, 5Py + Koy D15 PL D, )Wy P, + He., (4.2)
where j,k,x,y =1,2,3 are implicitly summed over,
R PO (s, e s
Ne Ny — 27712~ ) Kjk:vy .2 ( . )

Ro 2m1§52

As in the last section, this brings about the FCNC decays of charmed hadrons with missing
energy, but now it is the right-handed neutrinos that act as the invisibles. Furthermore,
Ly nw can induce analogous transitions among down-type quarks.

From eq. (4.1), one can calculate the box diagrams, with Rs and N, running around
the loops, which affects D%-D mixing, like in the Ry scenario. This leads to the effective
Hamiltonian

~ 2
S (35, Y Va4
HIAC\ 2 = 19872 m2 wy” PreungPre + Hee. (4.4)

However, differently from before, there are additionally contributions to its kaon and b-
meson (By and By) counterparts, described by
(X2 Y55, Y 51{1*;)2

HM = S 57’ Ppdsv3Ppd + Hec. (4.5)
R

2

and similar formulas in the By ,-mixing cases. Since we cannot avoid all the mixing con-
straints at the same time, we can opt instead to do so in the down-type sector alone. It is
evident from eq. (4.5) that this is attainable if the nonzero elements of Y5* lie in separate
columns. Accordingly, for simplicity we can pick

00 O
wo=007,]| (4.6)
00 O



and so we have

00 A
YYR =100 1—-3X\ |34, (4.7)
00 —\A

up to O(A\?), where A and A are Wolfenstein parameters. To this order in A ~ 0.23 the
nonvanishing coefficients in eq. (4.3) are

Kfzz _ f’2("‘(/{’5}{)13(7/‘?5}{)&2‘3 _ )\@2‘3753’2
N M3 Qm%22 Qm%2 ’
I~< o 62 ‘?5?23’2 o @2 ’ys3|2 (4 8)
2233 — 2 - 2 .
2ml,:22 Qmﬁ2

Using (D°[ur" Ppcury, Pr.c|D°) = 0.0805(57) GeV* from lattice QCD work [36] and
demanding again that the Ry contribution saturate Am%¥, we get

Sa (7Y, (), 128n?AmpPmy,  23x1072 (49)
Mg, (DO|ury* Preury, Prc|DO)r TeV
at the 20 level. For mp = 2TeV, this translates into
k2| < 34 x 1074, (4.10)

With this coupling value, the charmed-hadron decay channels with missing energy listed
in egs. (3.7) and (3.8) would turn out to have branching fractions about two orders of
magnitude smaller than the corresponding numbers displayed therein. We further find that
having more nonzero elements in, say, the first two rows of Y5* would produce little change
to this conclusion because they would be subject mainly to the meson-mixing requisites
and /or stringent bounds inferred from K — 7 measurements.

5 S; model

From the S portion of eq. (2.2),

2/3

Ly = Y15, USPrN, S, " + Hee., (5.1)
we derive
Loeny = —V2Gp Kty W/ Pre Wy, Pyl + Hee., (5.2)
where
iy, = e (5.3)
ey 2m§1



This again gives rise to ¢ — uN,N,, with NN, emitted invisibly, and affects Amp, the
latter via
2
(X YRy 129:)

H|AC| 2 T T iog2 g ﬂ’yBPRcﬂvﬂPRc + H.c. (5.4)
1

Hence the mixing requirement is escapable if the contributing elements of the first and
second rows of YJ* belong to different columns, as in this simple example:

0 yu? 0
Vit =134 0 35 |- (5.5)
0 0 0

With z # y in KﬁiNy, the remaining consequential limitation on the Y* elements is
that from the perturbativity condition: [¥% | < v/47r. As for the allowed range of the Sy
mass, the latest quest by the CMS Collaboration [40] for scalar LQs decaying fully into a
quark and neutrino has ruled out masses up to 1.1 TeV at 95% CL. Since this is applicable
to the possibility that the neutrino is a right-handed one, we can set mg > 1.2 TeV. These
parameters also enter loop diagrams involving S7 and the u and ¢ quarks and modifying the
invisible partial width of the Z boson, but we have checked that their impact is insignificant.

Incorporating these numbers into eq. (5.3) yields, for z # y,
Ky, | < 0.26. (5.6)

To illustrate the implications for the aforementioned charmed-hadron decays, we adopt
the Yukawa matrix in eq. (5.5), in which case only K}%Nl and K%N?) are present. Assum-
ing that they each have the maximal value in eq. (5.6) and putting them together with
egs. (A.11) and (A.16), we then arrive at

B(D" = xtE); < 49x107%, B(D" = p"E)g < 25x107%,
B(D" = n'E)g < 9.7x107", B(D" = nE)g < 2.9x107%,
B(D® = p"E)5 < 5.7x 107", B(D" = wE)g < 44x107%,
B(D® =7 E)g < 52x107°,
B(Df = KYE)s < 22x107°, B(Df = K™ E)g < 14x107°, (5.7)
B(Af = pE)g < 28x107°, BEF =T E)y <32x107%,
BE) - F); < 1L1x107%, (5.8)

S1

where each entry is a combination of branching fractions of the modes with NoN; and NoN3
carrying away the missing energy in the final states. These numbers are considerably higher
than their counterparts in the models containing Ro and Rs. This is attributable to the
fact that S; does not have any direct couplings to the SM lepton and quark doublets.
Additionally, one can see that some of the results in eqs. (5.7)—(5.8) are within the sensi-
tivity reach of BESIII and Belle IT described in section 1, suggesting that they might soon
discover one or more of these S;-mediated processes or, if not, set useful bounds on them.



It is worth noting that our selection above for the Yukawa couplings of S; can be
explained in terms of flavor symmetry imposed on the interactions of the sterile neutrinos.
Specifically, supposing that Ng and NJ{,3 carry, respectively, what may be called “upness”
and “charmness” quantum numbers associated with the right-handed mass-eigenstates of
the u and ¢ quarks, we can see that Lg in eq. (5.1) with Y{* picked to be of the form in
eq. (5.5) conserves these numbers, as do ¢ — ul,N; and ¢ — ul,N; following from it.? At
the same time, this choice prevents N o 3 from affecting DP-DY mixing via the Hamiltonian
in eq. (5.4), which violates the symmetry.

6 Conclusions

We have explored the FCNC decays of charmed hadrons into a lighter hadron and missing
energy carried away by a pair of either SM or right-handed sterile neutrinos in LQ scenarios,
concentrating on the influence of the R, Ry, and S; scalar LQs. We take into account
various relevant constraints and learn that the meson-mixing ones and those inferred from
LHC searches are especially important. Nevertheless, we point out that the meson-mixing
restrictions may be evaded in certain situations. Additionally, we demonstrate that the
contributions of these LQs to the branching fractions of DT — .#*E, .# = m, p, of
DO A, # =", n,p° w,n’, and of DF — K®*F can be evaluated without knowing
the details of the mesonic form factors associated with the quark currents if the invisibles
have vanishing masses, by employing the data on the corresponding semileptonic modes
and assuming isospin symmetry. As a consequence, the calculated D) rates are free from
the uncertainties attendant in form-factor estimation.

Our numerical work indicates that several of these charmed-meson decays and their
baryon counterparts AT — pf and 50 — X0 are currently permitted to have branch-
ing fractions reaching the 1077-107% levels if Ry is responsible for the underlying operators.
On the other hand, the effects of Ry are comparatively much less. By contrast, the con-
tributions of Sy, which has fermionic couplings exclusively to right-handed up-type quarks
and the sterile neutrinos, could produce substantially bigger branching fractions, up to a
few times 1073. This is understandable because Ry and Rs are directly linked to the SM
left-handed lepton and quark doublets, respectively, implying relatively stronger restraints
on the Yukawa-matrix elements of these LQs. We therefore conclude that the charmed
hadron decays we have studied are potentially promising as probes of L.Q interactions in-
volving sterile neutrinos. Lastly, a number of our predictions, notably in the S; scenario,
may be large enough to be testable in the ongoing BESIII and Belle II experiments.
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A Branching ratio formulas
The effective Lagrangian for the ¢ — u transitions of interest has the form
Lyctsr = —uy"c £, (Cier + v5Cee )£ — Wy 50 £, (Eor + 15€22 )2 + Heeo (A.1)

where £ and f’ are either SM leptons or SM-gauge-singlet fermions. This gives rise to
D — Pff’ and D — Vff’, where D stands for a charmed pseudoscalar meson and P
and V designate charmless pseudoscalar and vector mesons, respectively. The amplitudes
Mp_pszr and M p_,ysz for these decays depend on the mesonic matrix elements [7, 41]

= = =~ - 14 T *E 5
(Pluy®c|D) = F,_p* + F_q*, (Vluy*e|D) = ﬁl+ €4P €r0oDr
2A,m A m, m_ erqr
(Vi selD) = i 225 - 22 (5 - B ) |t v iim, (- )
5 q2 iy q2 K 154 qg
(A.2)
where my and py are the mass and momentum of X, respectively,
my = mp £ my, P = pPp+Pu> q = Pp —Pm> M=PV, (A.3)

¢ denotes the polarization vector of V, and F, V', and Ag 12 symbolize form factors which
are functions of G2. In this paper, we focus on the possibility that the £ and £’ masses, ms
and my, are sufficiently small to be negligible.? It follows that

Mp _pezr = 2F Ug P (Cier + 75Cs¢/) vz (A4)
. o Ao\ sy ~A
Mp_ysp = i| Ayigel, — ie,{q Do )Usy™ (¥ + 15Ceer )
14 €OPOT ¥ & \% A
+ E €,0oPr UsVo (Cier + ¥5Cesr)vgr (A.5)

where u; and vz represent the fermions’ Dirac spinors and the contributions of the terms
with ¢* = p? + p% in eq. (A.2) have dropped out upon contraction with the ££’ current
due to mg ¢ >~ 0. For £ # £/, these amplitudes translate into the differential rates

AUy pes N2 F2
chpff = 19273m 3 (IC¥er |* + [C3e %) (A.6)
$3/2 . S . N
dl'p ves _ )‘D/V A2 1+ 12m38 +CA A, + Apy A3 | ek ” + e 2
d3 768m3m3}, Apy Rt m?,
VQA
+ —5—(ICfe * + [Cte/| )} ) (A.7)
+
where
= (ps + )%, Axy = Mk —mi —3)2 —4m}s, ¢ =25-2m.m . (A.8)

3In that case D° — £ arising from L,.s¢ is chirally suppressed and hence has a tiny rate.

~10 -



For the LQ-mediated operators in egs. (3.2), (4.2), and (5.2) containing constants of the
form Keg/, we can then apply eqs. (A.6) and (A.7) by setting |C7| = |}/ = Gr|Kse|/V/8.

Now, the semileptonic transitions D — .#~vet with .# = 7, p receive SM contri-
butions described by LM == —/8 GV} dy* Py cvy, P e+ H.c. Comparing this to Lyets

dcve

in eq. (A.1) and ignoring the leptons’ masses, we can see that the expressions for the dif-
ferential rates of D° — .# ~vet with .# = 7, p in the SM are equal to those in eqgs. (A.6)
VAl = |&VA| = G|Via|/V2. For

and (A.7), respectively, but with coefficients given by |C M5
the rate of LQ-induced DT — .#T£f', neglecting small isospin-breaking effects we then
arrive at 407 L o [Vea|* = T, -0+ [Kee|* without having to know how F,, V, and
Ay 2 depend on 3. As the LQ interactions in eq. (2.2) do not directly affect D° — .#~vet,

we can replace I'}} s/~ ver With their experimental values. This implies the branching-

fraction relation

T B(D® — 4~ veT)

B(D" — a4ttt =
( A,

2 (A.9)

exp ‘Kff/ ‘

where 7+ (0) is the measured D) lifetime. Tt is straightforward to write down analogous
formulas for other modes, particularly D° — .Zff', .# = 7% n,p° w,n/, and Df —
K®+££/ Clearly, the outcomes of this procedure do not suffer from the uncertainties
inherent in the estimation of hadronic matrix elements.

To proceed, we need the empirical information on the relevant semileptonic modes [15]:

B(D? — nvet),, = 2.91(4), B(D° = p~vet)y, = 1.50(12),

B(DT — nve™),, = 3.72(17), B(D" — nuet),, = 1.11(7),

B(D" — pPvel) oy = 2181037, B(D" — wret),, = 1.69(11),

B(DT — nve’),, = 0.20(4),
B(Df — K°ve™), = 34(4), B(Df — K*ve™) = 2.15(28) (A.10)

all in units of 1073, Using their central values and the CKM matrix element |V,4| =
0.22636(48) [15], we then find

B(Dt — nt ), = 3.60 x 1072 [Kee|?,

B(D" — p*et’) | = 1.86 x 1072 [Ke|?,
B(D" — 7°2f') o = 7.16 x 107° |Kee[?,
B(D® = yef), | = 214 x 107 [Keo 2,
B(D? = p'tf') o = 419 x 1077 [Keer[*,
B(D" = wif'),, = 3.25 x 1072 [Kep [,
B(D° = nf£f) = 3.8 x 107" [Kep[*,
B(DS = K'£) ) = 1.7 x 107 [Keer |,
B(D} = K™, = 105 x 1072 [ken?. (A1)
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The numbers in eq. (A.11) have relative errors approximately equal to those of the corre-
sponding data in eq. (A.10).

We can apply the preceding results to extract bounds on Ke,, e defined in eq. (3.2) from
hunts for D) — m(K )et 1T, the channels with the tau lepton being kinematically closed.
In light of eq. (A.11) and the available limits on the pertinent modes [15], the strongest

restraints come from B(Dt — 7te put),, < 3.6 x 107% and B(Dt — ntetp),,, <
2.9 x 107%, both at 90% CL [15], which translate into
[Kep| < 1.0 x 1072, Kue| < 9.0 x 1072, (A.12)

respectively. These turn out to be less stringent than those implied by D° — e*puT
data [15] and inferred from quests for pp — e*uT at the LHC [39)].

It is worth mentioning that when using eq. (A.11) for the models in sections 3-5, where
f and £’ are invisible, we ignore the SM contributions, which are highly suppressed [26].
We also note that D(J;) — //l@ff’ with .#(s) = 7, p (K, K*) and invisible £ and £’ have
SM backgrounds from the sequential decays D(J;) — 7Ty and 7t — //l('g)v [1]. Their
impact can be removed by implementing kinematical cuts such as $min = (m% —m?2)(m2 —
m?,)/m?2 [42]. Our DE;) numbers in eq. (A.11) do not yet incorporate them, and we
suppose that they will be taken into account in the experimental searches.

The LQ-induced operators in egs. (3.2), (4.2), and (5.2) bring about analogous transi-
tions in the charmed-baryon sector. Here we look at those of the singly charmed baryons
A}, =F, and Z2, which have spin parity J£ = 1/2%, make up a flavor SU(3) antitriplet,
and decay weakly [15]. Specifically, we examine the modes A} — pf and Z50 — SHOE.
The baryonic matrix elements pertaining to the former are [15, 43]

ey on " "
(pluy"e|AT) = ﬂp{fj_ lV” - W + fy|P" — M+22_q Zj: + foM;A;]}UAC ;
(Pl yselAT) =ﬂp{m o T +[ﬁ“—M+qu2qn 5 —goMégﬁ}%mc,
(A.13)
where
P=0pr 4Py  G=pr Dy, Mo=my Etm,, b6, =M -3, (A.14)

and f| 4o and g, 4o are form factors depending on ¢>. With eq. (A.13), we derive the

amplitude for A} — pff’ due to L,e¢ in eq. (A.1). Subsequently, with |C¥§| = |E;’ﬁ\ =
Gr|Keer|/V/8 as before, we arrive at the differential decay rate
dUy o AV G2 ke 2
Ac—ptE A p TFIRELTT 1 2,2 24 A 23,2 2 a
s 768meml o (F1M +2728) + 6. (o202 + 291 5)] (A.15)

for mee ~ 0, in which case the f; and gy terms drop out from the rate as well. Its
=50 — T O0ff counterparts are similar in form. Given that the empirical information
on Af — nvet and ZH0 — Y%~ pet is still unavailable [15], we cannot implement a
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procedure like that followed for the meson modes above and must instead rely on theoretical
estimates for the baryonic matrix elements. Thus, numerically, for the AT — p form factors
we adopt the results of the lattice QCD calculation in ref. [43], while for =50 — $H0 we
employ those computed with light-cone QCD sum rules in ref. [44] and assume isospin
symmetry. Putting things together, we then obtain
B(AS — ptf') = 2.07 x 1072 [Keer |,
BES — ST£f) = 2.39 x 1072 [Keer 2,

LQ
B(E — x°51"), , = 8.01 x 107 [Kep[?, (A.16)

where the AT and Z0 results have uncertainties of order 10% and 30%, respectively [43,

44], and the difference between the =} numbers is ascribable mainly to T=+ = 3.9 7=0.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] G. Burdman, E. Golowich, J.L. Hewett and S. Pakvasa, Rare charm decays in the standard
model and beyond, Phys. Rev. D 66 (2002) 014009 [hep-ph/0112235] [InSPIRE].

[2] C.-H. Chen, C.-Q. Geng and T.-C. Yuan, Non-standard neutrino interactions in K™ — ntvw
and DT — wtvi decays, Phys. Rev. D 75 (2007) 077301 [hep-ph/0703196] [INSPIRE].

[3] C.-H. Chen, C.-Q. Geng and T.-C. Yuan, D-D mizing and rare D decays in the Littlest Higgs
model with non-unitarity matriz, Phys. Lett. B 655 (2007) 50 [arXiv:0704.0601] [INSPIRE].

[4] A. Badin and A.A. Petrov, Searching for light Dark Matter in heavy meson decays, Phys.
Rev. D 82 (2010) 034005 [arXiv:1005.1277] [INSPIRE].

[5] S. Mahmood, F. Tahir and A. Mir, Hints of new physics from Df — K+tvv , D° — 7%0 and
D} — D*wo decays, Mod. Phys. Lett. A 30 (2015) 1550004 [arXiv:1410.6017] INSPIRE].

[6] S. de Boer and G. Hiller, Flavor and new physics opportunities with rare charm decays into
leptons, Phys. Rev. D 93 (2016) 074001 [arXiv:1510.00311] InSPIRE].

[7] I Dorsner, S. Fajfer, A. Greljo, J.F. Kamenik and N. Kosnik, Physics of leptoquarks in
precision experiments and at particle colliders, Phys. Rept. 641 (2016) 1
[arXiv:1603.04993] [INSPIRE].

[8] R. Bause, H. Gisbert, M. Golz and G. Hiller, Rare charm ¢ — uvv dineutrino null tests for
ete™ machines, Phys. Rev. D 103 (2021) 015033 [arXiv:2010.02225] [NSPIRE].

[9] G. Li, T. Wang, Y. Jiang, X.-Z. Tan and G.-L. Wang, The study of light invisible particles in
B, decays, JHEP 03 (2019) 028 [arXiv:1810.03280] [INSPIRE].

[10] J. Martin Camalich, M. Pospelov, P.N.H. Vuong, R. Ziegler and J. Zupan, Quark flavor
phenomenology of the QCD azion, Phys. Rev. D 102 (2020) 015023 [arXiv:2002.04623|
[INSPIRE].

[11] E. Gabrielli, B. Mele, M. Raidal and E. Venturini, FCNC' decays of standard model fermions
into a dark photon, Phys. Rev. D 94 (2016) 115013 [arXiv:1607.05928] [INSPIRE].

~13 -


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevD.66.014009
https://arxiv.org/abs/hep-ph/0112235
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0112235
https://doi.org/10.1103/PhysRevD.75.077301
https://arxiv.org/abs/hep-ph/0703196
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0703196
https://doi.org/10.1016/j.physletb.2007.08.084
https://arxiv.org/abs/0704.0601
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0704.0601
https://doi.org/10.1103/PhysRevD.82.034005
https://doi.org/10.1103/PhysRevD.82.034005
https://arxiv.org/abs/1005.1277
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1005.1277
https://doi.org/10.1142/S0217732315500042
https://arxiv.org/abs/1410.6017
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1410.6017
https://doi.org/10.1103/PhysRevD.93.074001
https://arxiv.org/abs/1510.00311
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1510.00311
https://doi.org/10.1016/j.physrep.2016.06.001
https://arxiv.org/abs/1603.04993
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1603.04993
https://doi.org/10.1103/PhysRevD.103.015033
https://arxiv.org/abs/2010.02225
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.02225
https://doi.org/10.1007/JHEP03(2019)028
https://arxiv.org/abs/1810.03280
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1810.03280
https://doi.org/10.1103/PhysRevD.102.015023
https://arxiv.org/abs/2002.04623
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2002.04623
https://doi.org/10.1103/PhysRevD.94.115013
https://arxiv.org/abs/1607.05928
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1607.05928

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

22]

23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

M. Fabbrichesi, E. Gabrielli and G. Lanfranchi, The dark photon, arXiv:2005.01515
[INSPIRE].

J.-Y. Su and J. Tandean, Seeking massless dark photons in the decays of charmed hadrons,
Phys. Rev. D 102 (2020) 115029 [arXiv:2005.05297] [INSPIRE].

R. Bause, H. Gisbert, M. Golz and G. Hiller, Lepton universality and lepton flavor
conservation tests with dineutrino modes, arXiv:2007.05001 [INSPIRE].

PARTICLE DATA GROUP collaboration, Review of particle physics, PTEP 2020 (2020)
083C01.

BELLE collaboration, Search for D° decays to invisible final states at Belle, Phys. Rev. D 95
(2017) 011102 [arXiv:1611.09455] [INSPIRE].

D.M. Asner et al., Physics at BES-III, Int. J. Mod. Phys. A 24 (2009) S1
[arXiv:0809.1869] [INSPIRE].

BELLE-II collaboration, The Belle IT Physics Book, PTEP 2019 (2019) 123C01 [Erratum
ibid. 2020 (2020) 029201] [arXiv:1808.10567] [NSPIRE].

Q. Luo and D. Xu, Progress on preliminary conceptual study of HIEPA, a Super Tau-Charm
Factory in China, in proceedings of the 9 International Particle Accelerator Conference
(IPAC2018), April 29-May 4, Vancouver, Canada (2018).

SUPER CHARM-TAU FACTORY collaboration, The project of the Super Charm-Tau Factory
in Novosibirsk, J. Phys. Conf. Ser. 1561 (2020) 012004.

CEPC StuDY GROUP collaboration, CEPC conceptual design report: volume 2 — Physics
& detector, arXiv:1811.10545 [INSPIRE].

S. Bifani, S. Descotes-Genon, A. Romero Vidal and M.-H. Schune, Review of lepton
universality tests in B decays, J. Phys. G 46 (2019) 023001 [arXiv:1809.06229] [INSPIRE].

A.J. Davies and X.-G. He, Tree level scalar fermion interactions consistent with the
symmetries of the standard model, Phys. Rev. D 43 (1991) 225 [INSPIRE].

M. Leurer, A comprehensive study of leptoquark bounds, Phys. Rev. D 49 (1994) 333
[hep-ph/9309266] [INSPIRE].

S. Davidson, D.C. Bailey and B.A. Campbell, Model independent constraints on leptoquarks
from rare processes, Z. Phys. C 61 (1994) 613 [hep-ph/9309310] [InSPIRE].

E. Golowich, J. Hewett, S. Pakvasa and A.A. Petrov, Implications of D°-D° mizing for new
physics, Phys. Rev. D 76 (2007) 095009 [arXiv:0705.3650] [INSPIRE].

S. Fajfer and N. Kosnik, Prospects of discovering new physics in rare charm decays, Fur.
Phys. J. C 75 (2015) 567 [arXiv:1510.00965] [INSPIRE].

S. Sahoo and R. Mohanta, New physics effects in charm meson decays involving
c— ulﬂ—(l;Flji) transitions, Eur. Phys. J. C' 77 (2017) 344 [arXiv:1705.02251] [InSPIRE].

R. Bause, M. Golz, G. Hiller and A. Tayduganov, The new physics reach of null tests with
D — wtl and Dy — Kl decays, Eur. Phys. J. C 80 (2020) 65 [Erratum ibid. 81 (2021) 219]
[arXiv:1909.11108] [iNSPIRE].

R. Benbrik and C.-H. Chen, Leptoquark on P — (*v, FCNC and LFV, Phys. Lett. B 672
(2009) 172 [arXiv:0807.2373] [INSPIRE].

— 14 —


https://arxiv.org/abs/2005.01515
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2005.01515
https://doi.org/10.1103/PhysRevD.102.115029
https://arxiv.org/abs/2005.05297
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2005.05297
https://arxiv.org/abs/2007.05001
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2007.05001
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1103/PhysRevD.95.011102
https://doi.org/10.1103/PhysRevD.95.011102
https://arxiv.org/abs/1611.09455
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1611.09455
https://arxiv.org/abs/0809.1869
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0809.1869
https://doi.org/10.1093/ptep/ptz106
https://arxiv.org/abs/1808.10567
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1808.10567
https://doi.org/10.18429/JACoW-IPAC2018-MOPML013
https://doi.org/10.18429/JACoW-IPAC2018-MOPML013
https://doi.org/10.1088/1742-6596/1561/1/012004
https://arxiv.org/abs/1811.10545
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1811.10545
https://doi.org/10.1088/1361-6471/aaf5de
https://arxiv.org/abs/1809.06229
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1809.06229
https://doi.org/10.1103/PhysRevD.43.225
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD43%2C225%22
https://doi.org/10.1103/PhysRevD.49.333
https://arxiv.org/abs/hep-ph/9309266
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9309266
https://doi.org/10.1007/BF01552629
https://arxiv.org/abs/hep-ph/9309310
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9309310
https://doi.org/10.1103/PhysRevD.76.095009
https://arxiv.org/abs/0705.3650
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0705.3650
https://doi.org/10.1140/epjc/s10052-015-3801-2
https://doi.org/10.1140/epjc/s10052-015-3801-2
https://arxiv.org/abs/1510.00965
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1510.00965
https://doi.org/10.1140/epjc/s10052-017-4888-4
https://arxiv.org/abs/1705.02251
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1705.02251
https://doi.org/10.1140/epjc/s10052-020-7621-7
https://arxiv.org/abs/1909.11108
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1909.11108
https://doi.org/10.1016/j.physletb.2009.01.011
https://doi.org/10.1016/j.physletb.2009.01.011
https://arxiv.org/abs/0807.2373
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0807.2373

[31]

[32]

[33]

[34]

[35]

[36]

S. Fajfer and N. Kosnik, Leptoquarks in FCNC charm decays, Phys. Rev. D 79 (2009) 017502
[arXiv:0810.4858] [INSPIRE].

S. de Boer and G. Hiller, Rare radiative charm decays within the standard model and beyond,
JHEP 08 (2017) 091 [arXiv:1701.06392] [INSPIRE].

A. Bharucha, D. Boito and C. Méaux, Disentangling QCD and new physics in
Dt — 74t~ arXiv:2011.12856 [NSPIRE).

BESIII collaboration, Future physics programme of BESIII, Chin. Phys. C' 44 (2020) 040001
[arXiv:1912.05983] [INSPIRE].

ATLAS collaboration, Search for pairs of scalar leptoquarks decaying into quarks and
electrons or muons in /s = 13 TeV pp collisions with the ATLAS detector, JHEP 10 (2020)
112 [arXiv:2006.05872] [INSPIRE].

A. Bazavov et al., Short-distance matriz elements for D°-meson mizing for Ny =2 + 1
lattice QCD, Phys. Rev. D 97 (2018) 034513 [arXiv:1706.04622] [INSPIRE].

J. Fuentes-Martin, A. Greljo, J. Martin Camalich and J.D. Ruiz-Alvarez, Charm physics
confronts high-pr lepton tails, JHEP 11 (2020) 080 [arXiv:2003.12421] [nSPIRE].

J.-Y. Su and J. Tandean, Exploring leptoquark effects in hyperon and kaon decays with
missing energy, Phys. Rev. D 102 (2020) 075032 [arXiv:1912.13507] [INSPIRE].

A. Angelescu, D.A. Faroughy and O. Sumensari, Lepton flavor violation and dilepton tails at
the LHC, Eur. Phys. J. C' 80 (2020) 641 [arXiv:2002.05684] INSPIRE].

CMS collaboration, Constraints on models of scalar and vector leptoquarks decaying to a
quark and a neutrino at /s = 13 TeV, Phys. Rev. D 98 (2018) 032005 [arXiv:1805.10228]
[INSPIRE].

N. Isgur and M.B. Wise, Relationship between form-factors in semileptonic B and D decays
and exclusive rare B meson decays, Phys. Rev. D 42 (1990) 2388 [nSPIRE].

J.F. Kamenik and C. Smith, Tree-level contributions to the rare decays BT — ntvo,
Bt — Ktvu, and Bt — K*tvi in the standard model, Phys. Lett. B 680 (2009) 471
[arXiv:0908.1174] [INSPIRE].

S. Meinel, A, — N form factors from lattice QCD and phenomenology of A, — nt* v, and
Ao — putp~ decays, Phys. Rev. D 97 (2018) 034511 [arXiv:1712.05783] [iNSPIRE].

K. Azizi, Y. Sarac and H. Sundu, Light cone QCD sum rules study of the semileptonic heavy
Eq and =, transitions to = and ¥ baryons, Eur. Phys. J. A 48 (2012) 2 [arXiv:1107.5925]
[INSPIRE].

~15 —


https://doi.org/10.1103/PhysRevD.79.017502
https://arxiv.org/abs/0810.4858
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0810.4858
https://doi.org/10.1007/JHEP08(2017)091
https://arxiv.org/abs/1701.06392
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1701.06392
https://arxiv.org/abs/2011.12856
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2011.12856
https://doi.org/10.1088/1674-1137/44/4/040001
https://arxiv.org/abs/1912.05983
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1912.05983
https://doi.org/10.1007/JHEP10(2020)112
https://doi.org/10.1007/JHEP10(2020)112
https://arxiv.org/abs/2006.05872
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2006.05872
https://doi.org/10.1103/PhysRevD.97.034513
https://arxiv.org/abs/1706.04622
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1706.04622
https://doi.org/10.1007/JHEP11(2020)080
https://arxiv.org/abs/2003.12421
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2003.12421
https://doi.org/10.1103/PhysRevD.102.075032
https://arxiv.org/abs/1912.13507
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1912.13507
https://doi.org/10.1140/epjc/s10052-020-8210-5
https://arxiv.org/abs/2002.05684
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2002.05684
https://doi.org/10.1103/PhysRevD.98.032005
https://arxiv.org/abs/1805.10228
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1805.10228
https://doi.org/10.1103/PhysRevD.42.2388
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD42%2C2388%22
https://doi.org/10.1016/j.physletb.2009.09.041
https://arxiv.org/abs/0908.1174
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0908.1174
https://doi.org/10.1103/PhysRevD.97.034511
https://arxiv.org/abs/1712.05783
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1712.05783
https://doi.org/10.1140/epja/i2012-12002-1
https://arxiv.org/abs/1107.5925
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1107.5925

	Introduction
	Leptoquark couplings to fermions
	R(2) model
	R(2) model
	bar-S(1) model
	Conclusions
	Branching ratio formulas

