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Updated standard model predictions for DðsÞ → Plþl−, l ¼ e, μ, P ¼ π, K and inclusive decays
are presented. Model-independent constraints on jΔCj ¼ jΔUj ¼ 1 Wilson coefficients are worked out.
New physics (NP) opportunities do arise in semileptonic branching ratios for very large couplings only,
however, are not excluded outside the resonance regions yet. The NP potential of resonance-assisted CP
asymmetries and angular observables is worked out. Predictions are given for leptoquark models and
include lepton flavor-violating and dineutrino decays. Whether NP can be seen depends on flavor patterns,
and vice versa.
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I. INTRODUCTION

The study of flavor-changing neutral current (FCNC)
transitions is a key tool to explore the generational structure
of standard model (SM) fermions and to look for physics
beyond the standard model (BSM). While analyses involv-
ing b quarks are matured to precision level [1], the
investigation of charm FCNCs is much less advanced, as
corresponding rates are highly GIM suppressed and exper-
imentally challenging and/or decay modes subjected to
resonance contributions, shielding the electroweak physics.
Semileptonic charm hadron decays provide an oppor-

tunity to probe for new physics in jΔCj ¼ jΔUj ¼ 1
FCNCs [2]. Such processes, induced by c → ulþl−,
l ¼ e, μ, allow us to kinematically reduce the resonance
background via c → Mu → lþl−u, where M denotes a
meson with mass mM decaying to dileptons such as
M ¼ ηð0Þ, ρ, ω, ϕ, by kinematic cuts in the dilepton
invariant mass squared q2, notably q2 ≳m2

ϕ. The available
phase space is, however, limited, at mostΔq2 ∼ 2 GeV2 for
the most favorable decays Dþ → πþlþl−, and the reso-
nance tails remain overwhelming in the decay rates until the
endpoint. Accessing short-distance physics is still possible
in two situations: (i) when BSM-induced rates are much
larger than the SM background and (ii) using SM null tests,
that is, specifically chosen observables. The latter are
generically related to SM (approximate) symmetries, such
as CP in c → u transitions, and include various ratios and
asymmetries.
In this work we pursue the analysis of rare charm

observables using CP asymmetries and those related to
leptons, lepton flavor-violating (LFV) decays c → ue�μ∓.
The latter have essentially no SM contribution due to the
smallness of neutrino masses. Importantly, there are no
photon-induced dilepton effects, the usual source of

resonance pollution. Therefore, for LFV charm decays,
no cuts in q2 are required from the theory perspective.
Similarly, c → uνν̄ processes have essentially zero SM
background and factorize in the full region of q2. In
addition, the study of rare charm decays has great prospects
at the LHCb and Belle II experiments, as well as BES III
[3], and possible other future high luminosity flavor
facilities [4,5].
Leptoquarks are particularly interesting for flavor phys-

ics because they link quark flavor to lepton flavor. A rich
phenomenology and correlations between different kinds of
flavor transitions, K, D and B decays as well as LFV, allow
us to probe the SM and flavor models simultaneously.
Naturally, CP violation, lepton nonuniversality (LNU) and
LFV arise. We work out correlations in a number of flavor
benchmarks for scalar and vector leptoquarks that induce
c → ulþl−. Some of these are currently discussed in the
context of B-physics anomalies hinting at LNU [6–10].
The plan of the paper is as follows: In Sec. II wework out

SM predictions for c → ulþl− processes, including recent
results for higher order perturbative contributions [11]. We
identify BSMwindows in rare exclusive c → ulþl− modes.
In Sec. III constraints and predictions are worked out model
independently and within leptoquark scenarios, amended
by flavor patterns. In Sec. IV we summarize. Auxiliary
information is compiled in several appendixes.

II. STANDARD MODEL PREDICTIONS

We work out SM predictions for exclusive semileptonic
charm decays. In Sec. II A we obtain (next-to-)next-to-
leading-order [(N)NLO] results for the (effective) jΔCj ¼
jΔUj ¼ 1 coefficients. In Sec. II B we work out branching
ratios, including resonance effects, and compare to data.

A. Wilson coefficients

We write the c → ulþl− effective weak Lagrangian
[11–13] with two-step matching at the W-mass scale and
the b-quark mass scale, respectively, as
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Lweak
eff jmW≥μ>mb

¼ 4GFffiffiffi
2

p
X

q¼d;s;b

V�
cqVuqð ~C1ðμÞPðqÞ

1 ðμÞ

þ ~C2ðμÞPðqÞ
2 ðμÞÞ; ð1Þ

Lweak
eff jmb>μ≥mc

¼ 4GFffiffiffi
2

p
X
q¼d;s

V�
cqVuq

�
~C1ðμÞPðqÞ

1 ðμÞ

þ ~C2ðμÞPðqÞ
2 ðμÞ þ

X10
i¼3

~CiðμÞPiðμÞ
�
: ð2Þ

Here,GF is the Fermi constant and Vij denote the Cabibbo-
Kobayashi-Maskawa (CKM) matrix elements. Within the
OPE (1) and (2), heavy fields are integrated in the Wilson
coefficients ~Ci and the operators Pi are composed out of
light fields. The SM operators up to dimension six read
[14–16]

PðqÞ
1 ¼ ðūLγμ1TaqLÞðq̄Lγμ1TacLÞ; ð3Þ
PðqÞ
2 ¼ ðūLγμ1qLÞðq̄Lγμ1cLÞ; ð4Þ

P3 ¼ ðūLγμ1cLÞ
X

fq∶mq<μg
ðq̄γμ1qÞ; ð5Þ

P4 ¼ ðūLγμ1TacLÞ
X

fq∶mq<μg
ðq̄γμ1TaqÞ; ð6Þ

P5 ¼ ðūLγμ1γμ2γμ3cLÞ
X

fq∶mq<μg
ðq̄γμ1γμ2γμ3qÞ; ð7Þ

P6 ¼ ðūLγμ1γμ2γμ3TacLÞ
X

fq∶mq<μg
ðq̄γμ1γμ2γμ3TaqÞ; ð8Þ

P7 ¼
e
g2s

mcðūLσμ1μ2cRÞFμ1μ2 ; ð9Þ

P8 ¼
1

gs
mcðūLσμ1μ2TacRÞGa

μ1μ2 ; ð10Þ

P9 ¼
e2

g2s
ðūLγμ1cLÞðl̄γμ1lÞ; ð11Þ

P10 ¼
e2

g2s
ðūLγμ1cLÞðl̄γμ1γ5lÞ; ð12Þ

where qL;R ¼ ð1∓γ5Þ=2q denotes chiral quark fields, Ta

are the SUð3ÞC generators, e is the electromagnetic
coupling, gs is the strong coupling, σμ1μ2 ¼ i½γμ1 ; γμ2 �=2,
Fμ1μ2 is the electromagnetic field strength tensor, Ga

μ1μ2 is
the chromomagnetic field strength tensor and the covariant
derivative is Dμ ¼ ∂μ þ igsAa

μTa þ ieQAμ.
In this section we give results for the (N)NLO QCD SM

Wilson coefficients

~CiðμÞ ¼ ~Cð0Þ
i ðμÞ þ αsðμÞ

4π
~Cð1Þ
i ðμÞ þ

�
αsðμÞ
4π

�
2
~Cð2Þ
i ðμÞ

þOðα3sðμÞÞ: ð13Þ
~C1;2ðμWÞ can be inferred from [15,17], and ~C3–10ðμWÞ ¼ 0

due to CKM unitarity for vanishing light quark masses. If
one were to keep finite light quark masses in the Wilson
coefficients at μW as in [18–20], spurious large logarithms
are induced, e.g. [21],

X
q¼d;s;b

V�
cqVuq

~CðqÞ
9 ðμWÞ≃ V�

csVus
ð−2Þ
9

ln
m2

s

m2
d

≃−0.29;

ð14Þ
a procedure that is not consistent with the factorization of
scales in the effective Lagrangian [11,13]. Logarithms are
resummed to all orders in perturbation theory via the
renormalization group (RG) equation [17,22,23]. After
RG evolution of ~C1;2 from μW to μb, we integrate out
the b quark at μb, which induces nonzero contributions to
P3−10, and then we RG evolve ~C1−10 from μb to μc. The
resummation to NNLO is worked out in [11], to which we
refer for details on the RG equation, anomalous dimensions
and matching. The results of this NNLO evolution are
included in the numerical analysis in this work. Using the
parameters compiled in Appendix A, we find the SM
Wilson coefficients at the charm quark mass given in
Table I.
We write the matrix elements of the operators P1–6;8 in

terms of effective Wilson coefficients Ceff
7;9ðμcÞ and

Ceff
10 ðμcÞ ¼ 0. We find to one-loop order

TABLE I. The ith order contributions ðαs=ð4πÞÞi ~CðiÞ
j , i ¼ 0, 1, 2 to the SM Wilson coefficients [see Eq. (13)] at

μc ¼ mc. The last row gives their sum, ~CjðmcÞ.
j ¼ 1 j ¼ 2 j ¼ 3 j ¼ 4 j ¼ 5 j ¼ 6 j ¼ 7 j ¼ 8 j ¼ 9 j ¼ 10

~Cð0Þ
j

−1.0275 1.0926 −0.0036 −0.0604 0.0004 0.0007 0 0 −0.0030 0

ðαs=ð4πÞÞ ~Cð1Þ
j

0.3214 −0.0549 −0.0025 −0.0312 0.0000−0.0002 0.0035 −0.0020 −0.0064 0

ðαs=ð4πÞÞ2 ~Cð2Þ
j

0.0766 −0.0037 −0.0019 −0.0008 0.0001 0.0003 0.0002 −0.0003 −0.0037 0

~Cj −0.6295 1.0340 −0.0080 −0.0924 0.0005 0.0008 0.0037 −0.0023 −0.0131 0
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in agreement with the corresponding calculation in b-quark decays [24], and

CeffðqÞ
7 ðq2Þ ¼ ~C7 þ

αs
4π

X6
i¼1

yð7Þi
~Ci þ

�
αs
4π

�
2
��

− 1

6
~Cð0Þ
1 þ ~Cð0Þ

2

�
fðm2

q=m2
cÞ þ Fð7Þ

8 ðq2=m2
cÞCeff

8

�
ð16Þ

with Ceff
8 ¼ ~Cð1Þ

8 þP6
i¼1 y

ð8Þ
i

~Cð0Þ
i and ~C1−6 consistently

expanded to order αs. The functions f, L and Fð7;9Þ
8 and

the coefficients yð7;8Þi are given in Appendix B. The
coefficients Ceff

7;9 ∼ V�
cbVub induced by the two-loop matrix

elements of P3−6 and Ceff
9 induced by the two-loop matrix

elements of P1;2 are not known presently and are neglected
in the following analysis. Hence, the NNLO result is not
known; it is labeled as (N)NLO.
For the phenomenological analyses in Secs. II B and III,

it is customary to redefine the dilepton and electromagnetic
dipole operators and use

Q7 ¼
mc

e
ðūσμνPRcÞFμν; ð17Þ

Q9 ¼ ðūγμPLcÞðl̄γμlÞ; ð18Þ

Q10 ¼ ðūγμPLcÞðl̄γμγ5lÞ: ð19Þ

Their effective coefficients C7;9;10 ¼ C7;9;10ðq2Þ are related
to the ones of P7;9;10 as

C7;9;10ðμcÞ ¼
4π

αsðμcÞ
½V�

cdVudC
effðdÞ
7;9;10ðμcÞ

þ V�
csVusC

effðsÞ
7;9;10ðμcÞ�: ð20Þ

Using
P

q¼d;s;bV
�
cqVuq ¼ 0 makes manifest that the coef-

ficients are GIM or Cabibbo suppressed, specifically,
Lðm2

s ; q2Þ − Lð0; q2Þ ¼ Oðm2
s=m2

cÞ at high q2.
The effective coefficientC9, Eq. (20), in the SM is shown

in Fig. 1. C7 is not shown because its q2 dependence is
negligible. Note that C10 ¼ 0, and that C7 and C9 are
primarily set by the matrix elements of P1;2. For μc ¼ mc,
C7 ≃ ð−0.0011 − 0.0041iÞ and C9 ≃−0.021Xds, where
Xds ¼ ðV�

cdVudLðm2
d; q

2Þ þ V�
csVusLðm2

s ; q2ÞÞ. Varying

mc=
ffiffiffi
2

p
≤ μc ≤

ffiffiffi
2

p
mc we find ð−0.0014−0.0054iÞ≤C7≤

ð−0.00087−0.0033iÞ and −0.060Xdsðμc ¼
ffiffiffi
2

p
mcÞ≤

C9 ≤ 0.030Xdsðμc ¼mc=
ffiffiffi
2

p Þ. For q2≳1GeV2, we obtain,
as a result, a small SM contribution, jC9j≲ 5 × 10−4.
The one-loop contribution to C9 is suppressed by

cancellations between ~C1 and ~C2. Therefore, the two-loop

matrix element of PðqÞ
1;2ðμcÞ, q ¼ d, s inducing C9, of the

order jV�
cdVudj × αsðμcÞ=ð4πÞ × GIM-type m2

s=m2
c sup-

pression at q2 ¼ Oðm2
cÞ,1 could numerically be of similar

size as the (N)NLO one.

B. Phenomenology

In this section we study the SM phenomenology of
Dþ → πþμþμ− decays and introduce SM null tests. Decay
distributions are given in Appendix D, and the requisite
form factors fi are defined in Appendix C. In particular, in
our numerical analysis the vector form factor fþ is taken
from data [26], and the dipole one fT is related to fþ
through the (improved) Isgur-Wise relations at low and
high q2, between which we interpolate, cf. Appendix C. A
third form factor, f0, does not contribute at short distances
as it multiplies C10, which vanishes in the SM. In Fig. 5,
fþðq2Þ, fTðq2Þ and f0ðq2Þ, which can contribute in SM
extensions, can be seen. In our calculation we expand
squared amplitudes to order α2s and apply the pole mass for
mc in matrix elements.
Integrating the distribution in different q2 bins yields the

nonresonant SM branching ratios given in Table II. The first
uncertainty given corresponds to the normalization, which
is dominated by the D lifetime, relative to which CKM
uncertainties are subdominant. The dominant theory uncer-
tainty stems from the charm scale μc, which is varied here

1This behavior is also supported by a related calculation in
b → sll decays [25].
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within mc=
ffiffiffi
2

p
≤ μc ≤

ffiffiffi
2

p
mc. The effect of a larger upper

limit on μc is to enhance (decrease) the branching ratios at
low (high) q2. For instance, allowing for values of μc as
large as 4 GeV doubles (cuts into halves) the branching
ratios obtained for μc ¼

ffiffiffi
2

p
mc at low (high) q2.

Consequently, the effect on the full q2 range of integration
averages out. The other scales are varied within
mW;b=2 ≤ μW;b ≤ 2mW;b. Uncertainties due to power cor-
rections are not included. Electroweak corrections, which
are subleading relative to QCD ones, are neglected. We
checked this explicitly by calculating the effects of electro-
magnetic mixing among the Pi at leading order [28,29].
Additional uncertainties from αsðmZÞ ¼ 0.1185� 0.0006
amount to a few percent.
Further nonresonant SM branching fractions for inclu-

sive c → ull decays and additional D → Pll decays are
also worked out and given in Appendix E. Our findings are
consistent with [13,30], but disagree with those of [18–20]
by orders of magnitude. As already discussed around
Eq. (14), this goes back to the inclusion of light quark
masses in [18–20] in the matching at μW .
Next we model the contributions from resonances by

using a (constant width) Breit-Wigner shape for C9 → CR
9

for vector and CP → CR
P for pseudoscalar mesons,

CR
9 ¼ aρeiδρ

�
1

q2 −m2
ρ þ imρΓρ

− 1

3

1

q2 −m2
ω þ imωΓω

�

þ aϕeiδϕ

q2 −m2
ϕ þ imϕΓϕ

;

CR
P ¼ aηeiδη

q2 −m2
η þ imηΓη

þ aη0

q2 −m2
η0 þ imη0Γη0

; ð21Þ

where ΓM denotes the total width of resonanceM ¼ ηð0Þ, ρ,
ω, ϕ and we safely neglected the SM’s CP-violating
effects. Since the branching fraction of Dþ → πþω decays
is not measured yet, and also to reduce the number of
parameters, one can use isospin to relate it to the one of the
decay Dþ → πþρ [30]. While there are clearly corrections
to this ansatz for the ω, these are subdominant relative to
the dominant contributions from the ρ due to its
large width.
Approximating BðDþ → πþMð→ μþμ−ÞÞ≃ BðDþ →

MπþÞBðM → μþμ−Þ and taking the right-hand side from
data [31] and Bðη0 → μþμ−Þ ∼Oð10−7Þ [31,32], we obtain

aϕ ¼ 0.24þ0.05−0.06 GeV2; aρ ¼ 0.17� 0.02 GeV2;

aη ¼ 0.00060þ0.00004−0.00005 GeV2; aη0 ∼ 0.0007 GeV2:

ð22Þ

We note that the present experimental upper limit on
BðDþ → ωπþÞ yields aω ≲ 0.04, somewhat below the
isospin prediction, aρ=3.
The SM differential branching fraction of Dþ →

πþμþμ− decays is shown in Fig. 2. The dominant reso-
nance contributions above the ϕ peak are due to the ϕ and
the ρ. The relative strong phases δϕ;ρ;η are varied inde-
pendently within −π and π. The dominant uncertainty
stems from the unknown phases; only near the resonance
peaks do the uncertainties in the factors aM become
noticeable. At high q2 the resonances die out with increas-
ing q2, however slowly. For instance, we obtain
jCR

9 ð1.5 GeV2Þj≲ 0.8 and jCR
9 ð2 GeV2Þj ≲ 0.4, exceeding

by many orders of magnitude the SM short-distance
contribution to Q9.
We learn the following: There is room for new physics

below the current search limits [27] and above the

FIG. 1. The effective coefficient C9ðμc ¼ mcÞ given in Eq. (20)
at NLO and the pure (N)NLO terms in the SM. The two-loop
matrix elements of P1;2 are not known presently and are not
included. See text for details.

TABLE II. Nonresonant SM branching fractions of Dþ → πþμþμ− decays normalized to the total width. Non-
negligible uncertainties correspond to (normalization,mc,ms, μW , μb, μc, fþ), respectively, and are given in percent.
In the last column we give the corresponding experimental 90% C.L. upper limits [27].

q2 bin BðDþ → πþμþμ−ÞSMnr 90% C.L. [27]

Full q2: ð2mμÞ2 ≤ q2 ≤ ðmDþ −mπþÞ2 3.7 × 10−12ð�1;�3;þ16−15 ;�1;þ3−1 ;þ158−1 ;þ16−12 Þ 7.3 × 10−8

Low q2: 0.2502 GeV2 ≤ q2 ≤ 0.5252 GeV2
7.4 × 10−13ð�1;�4;þ23−21 ;þ10−11 ;þ10−1 ;þ238−23 ;þ6−5 Þ 2.0 × 10−8

High q2: q2 ≥ 1.252 GeV2
7.4 × 10−13ð�1;�6;þ15−14 ;�6;þ0−1 ;þ136−45 ;þ27−20 Þ 2.6 × 10−8
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resonance contribution; at very high and very low q2. In
either case it will require large BSM contributions to the
Wilson coefficients to be above the resonant background.
We will quantify this in Sec. III.
The dominance of resonances in the decay rate for

SM-like Wilson coefficients is common to all c → ulþl−
induced processes, such as inclusive D → Xulþl−, or other
exclusive decays, e.g., D → ππlþl− [33] and Λc → plþl−.
Choosing c → ulþl− induced decay modes other than
Dþ → πþlþl− does not help us gain BSM sensitivity in
the dilepton spectrum; however, other modes may allow us
to construct more advantageous observables. Here we
discuss opportunities in semileptonic exclusive decays with
observables where the resonance contribution is not
obstructing SM tests.
Clean SM tests are provided by the angular distribution

in D → πlþl− decays, notably, the lepton forward-
backward asymmetry AFB and the “flat” term [34], FH
(see Appendix D). Both observables are null tests of the SM
and require scalar or pseudoscalar operators and tensors to
be non-negligible. A promising avenue to probe operators
with Lorentz structures closer to the ones present in the SM
is to study CP asymmetries in the rate

ACPðq2Þ ¼
dΓ=dq2 − dΓ̄=dq2R q2max

q2min
dq2ðdΓ=dq2 þ dΓ̄=dq2Þ

; ð23Þ

where dΓ̄=dq2 denotes the differential decay rate of the
CP-conjugated mode, D− → π−lþl−. The difference of the
widths can be written as

dΓ
dq2

− dΓ̄
dq2

¼ − G2
Fα

2
e

384π5m3
D

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ3ðm2

D;m
2
P; q

2Þ
�
1 − 4

m2
l

q2

�s

×

�
1þ 2

m2
l

q2

�
ðIm½V�

cdVudðVcsV�
usÞ�Im½cdc�s �

þ Im½V�
cdVudΔ�

9�Im½cd�fþ
þ Im½V�

csVusΔ�
9�Im½cs�fþÞ; ð24Þ

where the first term in the last row corresponds to the
tiny SM prediction, whereas the ones driven by Δ9 ¼
CBSM
9 þ C0

9 correspond to possible BSM contributions, and

cd ¼
4π

αs
2CeffðdÞ

7 fT
mc

mD
þ CR

9 jρ−only
fþ

V�
cdVud

; ð25Þ

cs ¼
4π

αs
2CeffðsÞ

7 fT
mc

mD
þ CR

9 jϕ−only
fþ

V�
csVus

: ð26Þ

Here we neglect all resonances other than the ϕ as the latter
is dominant on the ϕ and the ρ, as it is wide. To avoid
double-counting we drop the perturbative contributions to

Ceffðd;sÞ
9 in cd;s, respectively. The resonance contributions

allow us to evade the otherwise strong GIM suppression, a
feature already exploited in probing BSM CP violation
in dipole operators on or near the ϕ resonance [35]. In the
SM CP violation is tiny due to the smallness of
Im½V�

cdVudðVcsV�
usÞ�. We find jASM

CPðq2Þj < 5 × 10−3, peak-
ing at q2 ∼m2

ϕ, where we normalized to the sum of the
widths integrated over the full q2 region. We conclude that
while there are large uncertainties related to the phenom-
enological model for CR

9 , it allows us to see large BSM
effects. We show this explicitly in Sec. III, where we also
study LFV decays.

III. BEYOND THE STANDARD MODEL

We discuss testable BSM effects model independently
in Sec. III A and within leptoquark models, which are
introduced briefly in Secs. III B and III C.

A. Model-independent analysis

To study BSM effects we extend the operator basis
(17)–(19),

Lweak
eff ðμ ∼mcÞ ¼

4GFffiffiffi
2

p αe
4π

X
i

CðlÞ
i QðlÞ

i ; ðc → ulþl−Þ;

ð27Þ

where

FIG. 2. The differential branching fraction dBðDþ →
πþμþμ−Þ=dq2 in the SM. The solid blue curve is the nonresonant
prediction at μc ¼ mc and the lighter blue band its μc uncertainty.
The orange band is the pure resonant contribution taking into
account the uncertainties specified in Eq. (22) at 1σ and varying
the relative strong phases. The dashed black line denotes the
90% C.L. experimental upper limit [27].
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QðlÞ
9 ¼ ðūγμPLcÞðl̄γμlÞ; QðlÞ0

9 ¼ ðūγμPRcÞðl̄γμlÞ;
QðlÞ

10 ¼ ðūγμPLcÞðl̄γμγ5lÞ; QðlÞ0
10 ¼ ðūγμPRcÞðl̄γμγ5lÞ;

QðlÞ
S ¼ ðūPRcÞðl̄lÞ; QðlÞ0

S ¼ ðūPLcÞðl̄lÞ;
QðlÞ

P ¼ ðūPRcÞðl̄γ5lÞ; QðlÞ0
P ¼ ðūPLcÞðl̄γ5lÞ;

QðlÞ
T ¼ 1

2
ðūσμνcÞðl̄σμνlÞ; QðlÞ

T5 ¼
1

2
ðūσμνcÞðl̄σμνγ5lÞ:

ð28Þ

As we use muonic modes frequently, in the following
Wilson coefficients and operators without a lepton
flavor index are understood as muonic ones, that is,

CðμÞ
i ¼ Ci, etc.
Neglecting the SM Wilson coefficients, we find the

following constraints on the BSMWilson coefficients from
the limits on the branching fraction of Dþ → πþμþμ−
given in Table II in the high q2 region (

ffiffiffiffiffi
q2

p
≥ 1.25 GeV)

at CL ¼ 90%,

0.9jC9 þ C0
9j2 þ 0.9jC10 þ C0

10j2 þ 4.1jCS þ C0
Sj2 þ 4.2jCP þ C0

Pj2 þ 1.1jCT j2 þ 1.0jCT5j2 þ 0.6Re½ðC9 þ C0
9ÞC�

T �
þ 1.2Re½ðC10 þ C0

10ÞðCP þ C0
PÞ�� þ 2.3jC7j2 þ 2.8Re½C7ðC9 þ C0

9Þ�� þ 0.8Re½C7C�
T �≲ 1: ð29Þ

Analogous constraints in the full q2 region are somewhat stronger. They read

1.3jC9 þ C0
9j2 þ 1.4jC10 þ C0

10j2 þ 2.2jCS þ C0
Sj2 þ 2.3jCP þ C0

Pj2 þ 0.9jCT j2 þ 0.8jCT5j2 þ 0.9Re½ðC9 þ C0
9ÞC�

T �
þ 1.0Re½ðC10 þ C0

10ÞðCP þ C0
PÞ�� þ 3.7jC7j2 þ 4.4Re½C7ðC9 þ C0

9Þ�� þ 1.3Re½C7C�
T �≲ 1: ð30Þ

The branching fraction BðD0 → μþμ−Þ < 6.2 × 10−9 at
CL ¼ 90% [31] provides complementary constraints as

jCS−C0
Sj2þjCP−C0

Pþ0.1ðC10−C0
10Þj2≲0.007: ð31Þ

Thus, D → πμμ is sensitive to the complete set of oper-
ators; however, the purely leptonic decays put stronger
constraints on scalar and pseudoscalar operators.
Barring cancellations, we find, consistent with [36],

jCð0Þ
9;10j≲ 1, which can exceed the resonance contribution

at high q2. Assuming no further flavor suppression for the
BSM contribution g2=Λ2 (weakly induced tree level) or

g4=ð16π2Λ2Þ (weak loop), the limits on Cð0Þ
9;10 imply quite

mild constraints for the scale of new physics: Λ≳Oð5ÞTeV
or Λ around the electroweak scale, respectively. With
SUð2ÞL relations C9 ¼ −C10 the bounds on new physics
ease by a factor of 1=

ffiffiffi
2

p
. Analogous constraints on the

other coefficients read jCT;T5j≲ 1 and jCð0Þ
S;Pj≲ 0.1. In

Fig. 3 we illustrate BSM effects in the Dþ → πþμþμ−
differential branching fraction at high q2 with two viable
choices for BSM-induced Wilson coefficients. As antici-
pated, the BSM distributions can exceed the SM one.
Constraints on c → uee modes are weaker than the

c → uμμ ones, BðDþ → πþeþe−Þ < 1.1 × 10−6 and
BðD0→eþe−Þ<7.9×10−8 at CL ¼ 90% [31], and imply

jCðeÞ
S;P − CðeÞ0

S;P j≲ 0.3;

jCðeÞ
9;10 − CðeÞ0

9;10j≲ 4;

jCðeÞ
T;T5j≲ 5; jC7ðCðeÞ

9 − CðeÞ0
9 Þj ≲ 2: ð32Þ

To discuss LFV we introduce the following effective
Lagrangian:

Lweak
eff ðμ ∼mcÞ ¼

4GFffiffiffi
2

p αe
4π

X
i

ðKðeÞ
i OðeÞ

i þ KðμÞ
i OðμÞ

i Þ;

ðc → ue�μ∓Þ; ð33Þ

where the KðlÞ
i denote Wilson coefficients and the operators

OðlÞ
i read

OðeÞ
9 ¼ ðūγμPLcÞðēγμμÞ; OðμÞ

9 ¼ ðūγμPLcÞðμ̄γμeÞ;
ð34Þ

FIG. 3. The differential branching fraction dBðDþ →
πþμþμ−Þ=dq2 at high q2. The solid blue curve is the nonresonant
SM prediction at μc ¼ mc and the lighter blue band its μc
uncertainty; the dashed black line denotes the 90% C.L. exper-
imental upper limit [27], and the orange band shows the resonant
contributions. The additional curves illustrate two viable, sample
BSM scenarios, jC9j ¼ jC10j ¼ 0.6 (dot-dashed cyan curve) and

jCð0Þ
i j ¼ 0.04 (dotted purple curve). In the latter case all BSM

coefficients have been set simultaneously to this value.

STEFAN DE BOER and GUDRUN HILLER PHYSICAL REVIEW D 93, 074001 (2016)

074001-6



with all others in analogous notation to Eq. (28). The LFV
Wilson coefficients are constrained by BðD0 → eþμ−þ
e−μþÞ < 2.6 × 10−7, BðDþ → πþeþμ−Þ < 2.9 × 10−6 and
BðDþ → πþe−μþÞ < 3.6 × 10−6 at CL ¼ 90% [31] as

jKðlÞ
S;P − KðlÞ0

S;Pj≲ 0.4;

jKðlÞ
9;10 − KðlÞ0

9;10j≲ 6;

jKðlÞ
T;T5j≲ 7; l ¼ e; μ: ð35Þ

The observables in the D → Plþl− angular distribution,
AFB and FH, Eqs. (D2) and (D3), can be sizable while

respecting the model-independent bounds. We find
that, upon q2 integration, jAFBðDþ → πþμþμ−Þj≲ 0.6,
jAFBðDþ → πþeþe−Þj≲ 0.8, FHðDþ → πþμþμ−Þ≲ 1.5
and FHðDþ → πþeþe−Þ ≲ 1.6, where FSM

H is below the
permille level, allowing us to signal BSM physics. Here,
the resonance contributions have been taken into account in
the normalization to the decay rate, and both the numerator
and denominator (the decay rate) have been integrated from
q2min ¼ 1.252 GeV2 to q2max ¼ ðmDþ −mπþÞ2. As the LFV
bounds (35) are even weaker than the ones on the dielectron
modes, sizable contributions to LFV angular observables
are allowed as well. Knowing the size of LFV in more than

TABLE III. Leptoquark-fermion interactions, quantum numbers, with hypercharge Y ¼ Qe − T3, and effective

c → uðl0Þþl− vertices via Fierz identities. Here, τa, a ¼ 1, 2, 3 denote the Pauli matrices, and ~τ · ~X ¼PaτaXa for
X ¼ S3, V3. SM SUð2ÞL doublets are Qð3; 2; 1=6Þ and Lð1; 2;−1=2Þ, q, q0 ¼ u, c, and l, l0 ¼ e, μ.

⊂ LLQ ðSUð3ÞC; SUð2ÞL; YÞ Effective vertices

ðλS1LQT
Liτ2LL þ λS1RqRlRÞS†1 ð3; 1;−1=3Þ − ðλðql0 ÞS1R

Þ�λðq0 lÞS1R

2m2
S1

ðq̄Rγμq0RÞðl̄Rγμl0RÞ

− ðλðql0 ÞS1L
Þ�λðq0 lÞS1L

2m2
S1

ðq̄Lγμq0LÞðl̄Lγμl0LÞ

− ðλðql0 ÞS1R
Þ�λðq0 lÞS1L

2m2
S1

ðq̄Lq0RÞðl̄Ll0RÞ

− ðλðql0 ÞS1L
Þ�λðq0 lÞS1R

2m2
S1

ðq̄Rq0LÞðl̄Rl0LÞ

− ðλðql0 ÞS1R
Þ�λðq0 lÞS1L

8m2
S1

ðq̄σμνq0Þðl̄Lσμνl0RÞ

− ðλðql0 ÞS1L
Þ�λðq0 lÞS1R

8m2
S1

ðq̄σμνq0Þðl̄Rσμνl0LÞ

ðλS2Lq̄RLL þ λS2RQ̄Liτ2lRÞS†2 ð3; 2;−7=6Þ − λðql
0 Þ

S2R
ðλðq0 lÞS2R

Þ�

2m2
S2

ðq̄Lγμq0LÞðl̄Rγμl0RÞ

− λðql
0 Þ

S2L
ðλðq0 lÞS2L

Þ�

2m2
S2

ðq̄Rγμq0RÞðl̄Lγμl0LÞ

− λðql
0 Þ

S2R
ðλðq0 lÞS2L

Þ�

2m2
S2

ðq̄Lq0RÞðl̄Ll0RÞ

− λðql
0 Þ

S2L
ðλðq0 lÞS2R

Þ�

2m2
S2

ðq̄Rq0LÞðl̄Rl0LÞ

− λðql
0 Þ

S2R
ðλðq0 lÞS2L

Þ�

8m2
S2

ðq̄σμνq0Þðl̄Lσμνl0RÞ

− λðql
0 Þ

S2L
ðλðq0 lÞS2R

Þ�

8m2
S2

ðq̄σμνq0Þðl̄Rσμνl0LÞ

ðλS3QT
Liτ2~τLLÞ · ~S3† ð3; 3;−1=3Þ − ðλðql0 ÞS3

Þ�λðq0 lÞS3
2m2

S3

ðq̄Lγμq0LÞðl̄Lγμl0LÞ

λ ~V1
q̄RγμlRð ~Vμ

1Þ† ð3; 1;−5=3Þ λðql
0 Þ

~V1
ðλðq0 lÞ

~V1
Þ�

m2
~V1

ðq̄Rγμq0RÞðl̄Rγμl0RÞ

λV2
QLγμlRðVμ

2Þ† ð3; 2;−5=6Þ ðλðql0 ÞV2
Þ�λðq0 lÞV2

m2
V2

ðq̄Lγμq0LÞðl̄Rγμl0RÞ

λ ~V2
qRγμLLð ~Vμ

2Þ† ð3; 2; 1=6Þ ðλðql0 Þ
~V2

Þ�λðq0 lÞ
~V2

m2
~V2

ðq̄Rγμq0RÞðl̄Lγμl0LÞ

λV3
Q̄Lγμ~τLL · ð ~V3

μÞ† ð3; 3;−2=3Þ 2λðql
0 Þ

V3
ðλðq0 lÞV3

Þ�

m2
V3

ðq̄Lγμq0LÞðl̄Lγμl0LÞ
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one observable would allow us to pin down the operator
structure and provide clues about the underlying model.

B. c → ull generating models

Several models generating c → ull transitions were
studied: for instance, little Higgs models [19,30], minimal
supersymmetric standard models [18,20,37,38], two Higgs
doublet models [37], an up vectorlike quark singlet [38], and
models with warped extra dimensions [39,40]. In all models
except for the supersymmetric ones, theD → πlþl− branch-
ing fraction is found to be less than the resonance contribu-
tions. In the supersymmetric models the branching ratio can
be close to the experimental limits. Nonvanishing asymme-
tries that could beAFB,ACP and theCP asymmetry ofAFB are
generically induced in BSM models [18–20,30,39,40].
Here we study effects of leptoquarks generating c → ull

transitions in a bottom-up approach. We note that in grand
unified theories further model building for some represen-
tations is required [41]. For renormalizable up-type scalar
and vector SUð2ÞL singlet, doublet and triplet leptoquarks
within the SM (SUð3ÞC, SUð2ÞL,Uð1ÞY) gauge group [42],
we find, after Fierzing, the effective contributions shown
in Table III. Baryon number and lepton number are
conserved in the interactions. Note that models S1 and
S2 contain two couplings each. Leptoquark effects in S1
have been discussed in [43].
We uniformly denote by M the mass of the leptoquarks

but note that they differ, in general, depending on the
representation. We assume degenerate SUð2ÞL-plet masses
to comply with the constraints from oblique parameters
[44]. Our effective vertices agree with and extend those
in [45] by considering tensor operators and relative signs.
The Wilson coefficients induced by tree-level leptoquark
exchanges read as

C9;10 ¼
ffiffiffi
2

p
π

GFαe
k9;10

λIiðλJi Þ�
M2

;

C0
9;10 ¼

ffiffiffi
2

p
π

GFαe
k09;10

λIjðλJj Þ�
M2

;

CS ¼ CP ¼
ffiffiffi
2

p
π

GFαe
kS;P

λIiðλJj Þ�
M2

;

C0
S ¼ −C0

P ¼
ffiffiffi
2

p
π

GFαe
k0S;P

λIjðλJi Þ�
M2

;

CT ¼
ffiffiffi
2

p
π

GFαe
kT

�
λIiðλJj Þ�
M2

þ λIjðλJi Þ�
M2

�
;

CT5 ¼
ffiffiffi
2

p
π

GFαe
kT5

�
λIiðλJj Þ�
M2

− λIjðλJi Þ�
M2

�
; ð36Þ

where i, j ¼ L, R; such indices are nontrivial for scenarios
S1 and S2 only, which have two different couplings λL;R
each. The correct values of i, j can also be read off from
Table III. The coefficients kx are given in Table IV.

C. Leptoquark phenomenology

Experimental constraints on leptoquark couplings are
worked out in Appendix F. While generically jλðqlÞj ≲
Oð0.1Þ ½M=TeV� for any coupling to the first two gen-
erations and for any scenario of Table III, several flavor
combinations are more severely constrained. In addition,
bounds for specific models making use of correlations can
be much stronger.
The jΔCj ¼ jΔUj ¼ 1 couplings in leptoquark scenarios

involving doublet quarks Q are subject to constraints from
the kaon sector (Table XV). Corresponding limits on the
Wilson coefficients for c → ullð0Þ are given in Table V.
Only the scenarios ~V1 and ~V2, as well as the S1jR and S2jL
couplings, do not receive such constraints. Hence, allow, in
general, for larger effects for c → ull; however, decouple
without further input from the K and B sectors.
Products of two Wilson coefficients are constrained by

the strong limits on μ − e conversion and μ → eγ (see
Table VI). Future experiments on μ → eγ [46] and μ − e
conversion [47,48] can improve the limits by at least 2
orders of magnitude.
Further bounds and correlations depend on the flavor

structure. To make progress here we study benchmark
patterns of leptoquark coupling matrices λ put forward in
[49] for quark-L-type Yukawa couplings based on flavor
symmetries. Rows label quark flavors, and columns label
lepton flavors. The use of discrete non-Abelian symmetries
for the leptons, specifically A4 [50,51], results in textures

TABLE IV. Coefficient matrix for the leptoquark Wilson
coefficients (36) inducing c → ull.

I J i j k9 k10 k09 k010 kS;P k0S;P kT kT5

S1 ðclÞ ðulÞ L R − 1
4

1
4 − 1

4
− 1

4
− 1

4
− 1

4
− 1

8
− 1

8

S2 ðulÞ ðclÞ R L − 1
4

− 1
4

− 1
4

1
4 − 1

4
− 1

4
− 1

8
− 1

8

S3 ðclÞ ðulÞ L − 1
4

1
4

0 0 0 0 0 0

~V1
ðulÞ ðclÞ R 0 0 1

2
1
2

0 0 0 0

V2 ðclÞ ðulÞ R 1
2

1
2

0 0 0 0 0 0

~V2
ðclÞ ðulÞ L 0 0 1

2 − 1
2

0 0 0 0

V3 ðulÞ ðclÞ L 1 −1 0 0 0 0 0 0

TABLE V. Upper limits on the c → ullð0Þ Wilson coefficients

jCð0Þ
9;10j abbreviated as ðllð0ÞÞ in leptoquark scenarios from kaon

decays. For S1;2 the limits apply to the indicated handedness of
couplings only.

ðeeÞ ðeμÞ, ðμeÞ ðμμÞ
S1jL ≲4 × 10−3 ≲4 × 10−3 ≲4 × 10−3

S2jR, V2 ≲3 × 10−2 ≲2 × 10−4 ≲4 × 10−3

S3, V3 ≲4 × 10−3 ≲2 × 10−4 ≲4 × 10−3
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with “ones” and “zeros,” very different from the hierar-
chical ones in Froggatt-Nielsen Uð1Þ models [52]. In this
work we are mainly concerned with the first two gener-
ations, so our terminology reflects features of the upper-left
two-by-two submatrix of λ. With the exception of D0 → τe
and c → uνν̄, the third (τ, ντ) column is irrelevant to our
study. Similar statements hold for the third (t, b) row, which
is relevant to B physics and is linked to charm physics via
flavor. We define the following:

(i) a hierarchical flavor pattern with suppression factors
for electrons, κ, and first and second generation
quarks, ρd and ρ, respectively,

λi ∼

0
B@

ρdκ ρd ρd

ρκ ρ ρ

κ 1 1

1
CA; ð37Þ

(ii) a single lepton pattern with negligible electron
couplings,

λii ∼

0
B@

0 � 0

0 � 0

0 � 0

1
CA; ð38Þ

(iii) a (first two) generation-diagonal “skewed” pattern;
that is, λðuμÞ and λðceÞ are negligible,

λiii ∼

0
B@

� 0 0

0 � 0

0 � 0

1
CA: ð39Þ

Patterns (i) and (ii) have been explicitly obtained in
models where quarks are A4 singlets and hence
apply to all uR, dR and Q fields coupling to lepton
doublets.2 Extensionof [49] to include lepton singlets
as well as the skewed patterns (iii) and (iv), the latter

defined in Eq. (41), is not as straightforward and
requires further model building, which is beyond the
scope of this work. (Note that skewed patterns have
been obtained by assigning different quark gener-
ations to different A4 singlet representations [49].)

Upper limits on rare charm branching fractions for
different flavor patterns are given in Table VII. Here, for
patterns (ii) and (iii) we distinguish between leptoquark
scenarios which can escape kaon bounds, S1;2, ~V1;2, (ii.1)
and (iii.1), and those subject to kaon bounds, S3, V2;3, (ii.2)
and (iii.2). If κ is small the hierarchical flavor pattern
(i) effectively reduces to pattern (ii).
The c → ueþe− Wilson coefficients vanish in patterns

(ii) and (iii). In pattern (i) they are driven by ρdρκ
2 and

correlated with LFV; hence, they are subject to the bounds
in Table VI. We find that no BSM signal can be seen in
c → ueþe− branching ratios.
In pattern (ii.1) the muon Wilson coefficients are con-

strained byDþ → πþμþμ− andD0 → μþμ− as discussed in
Sec. III A. For (ii.2) the constraints on the muon Wilson
coefficients are given in Table V. In the case of (iii) the
c → uμþμ− Wilson coefficients vanish.
The dineutrino mode is induced in S2;3, ~V2 and V3 models

because those contain the requisite electromagnetic charge
þ2=3e leptoquark. The decay D → πνν̄ has backgrounds
from D → τð→ πνÞν̄, which can be controlled by kinematic
cuts q2>ðm2

τ−m2
πþÞðm2

Dþ−m2
τÞ=m2

τ≃0.34GeV2 [18,53].
The LFV transition c → uμ−eþ (c → uμþe−) is medi-

ated by a generation-diagonally coupling leptoquark with
electric charge 5=3e (−1=3e). Therefore, for case (iii), for
charge−1=3e, BðD0 → μ−eþÞ and BðD̄0 → μþe−Þ vanish,
or for charge 5=3e, BðD0 → μþe−Þ and BðD̄0 → μ−eþÞ
vanish. Analogous statements hold for Dþ → πþe�μ∓
decays. For (iii.1) the LFV Wilson coefficients are
≲Oð1 − 10Þ [see Eq. (35)], and for (iii.2) the constraints
on the LFV Wilson coefficients from Table V apply. For
(ii) the LFV Wilson coefficients vanish.
Complex couplings are additionally constrained by

electron and neutron electric dipole moments as Im½CðeÞ
i � ≲

4 × 10−9 and Im½CðμÞ
i �≲ 4 × 10−6, i ¼ S, P, T, T5, respec-

tively. The Dþ → πþμþμ− CP asymmetry in the rate,
Eq. (23), is shown for the muons-only pattern (ii) in
Fig. 4. Around the ϕ resonance (left-handed plots), ACP
scales with the BSM coefficient Δ9, as the normalization is
driven by the resonances, CR

9 , for any BSM coefficient. At
high q2 (right-handed plots) the normalization depends on
the value of Δ9. In the plot to the upper right the normali-
zation is set by Δ9; hence, ACP becomes inversely propor-
tional toΔ9. In the plot to the lower right, corresponding to a
scenariowith smallerBSMeffects, (ii.2), the normalization is
again dominated by the resonances. Despite the constrained
Wilson coefficients theCP asymmetry can be sizable around
the ϕ and above in the high q2 region, in which jACPj drops
towards the endpoint. If measured around theϕ, a sizableCP

TABLE VI. Upper limits on the products of two c → ullð0Þ

Wilson coefficients jCðeÞð0Þ
i CðμÞð0Þ

i j, “ðeeÞðμμÞ”, and jKðeÞð0Þ
i KðμÞð0Þ

i j,
“ðeμÞðμeÞ,” from μ − e conversion and μ → eγ. The LR-mixing
constraints in scenarios S1;2 are stronger than the unmixed ones
and are given in the last row.

ðeeÞðμμÞ, ðeμÞðμeÞ
S1 ≲2 × 10−7

S2 ≲8 × 10−8

S3, ~V1, V2, ~V2, V3 ≲6 × 10−8

S1jLR, S2jLR ≲2 × 10−10

2We thank Ivo de Medeiros Varzielas for confirmation.
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asymmetry, while assuming different values, can arise
independent of the strong phases. For the hierarchical pattern
(i) jACPj is≲0.003 on the ϕ resonance and≲0.03 at high q2.
Interestingly, there exists an opportunity to also study

τ-lepton couplings in charm, with D0 → τ�e∓ decays.
The corresponding branching fractions can be inferred
from Eq. (D6); the phase-space suppression relative to
D0 → μ�e∓ is about 8 × 10−3. We find, approximately,

BðD0 → τ�e∓Þ
≃ 5 × 10−9ðj1.3ðKðe;τÞ

S − Kðe;τÞ0
S Þ∓ðKðe;τÞ

9 − Kðe;τÞ0
9 Þj2

þ j1.3ðKðe;τÞ
P − Kðe;τÞ0

P Þ þ ðKðe;τÞ
10 − Kðe;τÞ0

10 Þj2Þ: ð40Þ

The limits on the decays τ → eγ and τ → eee are not
competitive with those involving muons; however, SUð2Þ
relations imply constraints on LFV. For (axial) vector

TABLE VII. Branching fractions for the full q2 region (high q2 region) for different classes of leptoquark
couplings (see text). Summation of neutrino flavors is understood. “SM-like” denotes a branching ratio which is
dominated by resonances or is of similar size as the resonance-induced one. All c → ueþe− branching ratios are
SM-like in the models considered. Note that in the SM BðD0 → μμÞ ∼ 10−13 [18].

BðDþ → πþμþμ−Þ BðD0 → μþμ−Þ BðDþ → πþe�μ∓Þ BðD0 → μ�e∓Þ BðDþ → πþνν̄Þ
(i) SM-like SM-like ≲2 × 10−13 ≲7 × 10−15 ≲3 × 10−13

(ii.1) ≲7 × 10−8 (2 × 10−8) ≲3 × 10−9 0 0 ≲8 × 10−8

(ii.2) SM-like ≲4 × 10−13 0 0 ≲4 × 10−12

(iii.1) SM-like SM-like ≲2 × 10−6 ≲4 × 10−8 ≲2 × 10−6

(iii.2) SM-like SM-like ≲8 × 10−15 ≲2 × 10−16 ≲9 × 10−15

FIG. 4. The direct CP asymmetry ACPðDþ → πþμþμ−Þ normalized to [q2min ¼ ðmϕ − 5ΓϕÞ2, q2max ¼ ðmϕ þ 5ΓϕÞ2] (left plots) and
[q2min ¼ 1.252 GeV2, q2max ¼ ðmDþ −mπþÞ2] (right plots) in case (ii.1) (upper plots) and (ii.2) (lower plots) for independent relative
strong phases δρ;ϕ ∈ f0; π=2; π; 3π=2g. From yellow (upper curves above ϕ) to red (lower curves above ϕ) each bunch represents
δϕ ¼ π=2, π, 0, 3=2π.
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couplings they read jKðe;τÞð0Þ
9;10 j ≲ 0.2 (Bðτ → eKÞ), signifi-

cantly weaker than jKðe;τÞ
9;10 j≲ 4 × 10−3 [BðKþ → πþν̄νÞ],

and for (pseudo)scalar Wilson coefficients jKðe;τÞð0Þ
S;P j≲

7 × 10−3 [BðKþ → ēνÞ] [54]. The hierarchical flavor
pattern yields BðD0 → τ�e∓Þ≲ 7 × 10−15, while the
others, (ii) and (iii), give vanishing rates. One flavor pattern
in which the SUð2Þ-related constraints are absent and
which can signal LFV BSM D0 → τ�e∓ decays is another
skewed one, inspired by [49],

λiv ∼

0
B@

0 0 �
� 0 0

� 0 0

1
CA: ð41Þ

This pattern results in SM-like lepton-diagonal c → ulþl−,
l ¼ e, μ and vanishing flavor off-diagonal c → ue�μ∓
modes, while BðD → πνν̄Þ can exceed the upper limits
given in Table VII. Other flavor patterns result in a different
phenomenology; hence, if measured, this allows us to learn
about flavor.

IV. SUMMARY

Rare charm decays into leptons offer genuine avenues to
search for BSM physics despite notorious resonance back-
grounds. Semileptonic branching ratios D → πlþl− can
signal BSM physics above the ϕ resonance right around
the current experimental limit for large BSM contributions
(see Fig. 3). CP asymmetries, assisted by the resonances,
observables in the angular distribution, dineutrino modes
and LFV ones can signal BSM physics for much smaller
BSM contributions because those correspond to SM null
tests. Model-independent constraints are given in
Sec. III A.
We work out correlations in several flavor benchmarks

for scalar and vector leptoquark scenarios that induce c →
ullð0Þ modes. The main results on the leptoquark phenom-
enology are given in Sec. III C. We find that hierarchical
flavor patterns such as (37) allow only for rather limited
effects in charm due to the correlations with other sectors
which are subject to strong constraints. Other flavor
patterns can give larger effects in branching ratios for
decays into dimuons, dineutrinos and LFV ones (see
Table VII). The CP asymmetry in the Dþ → πþμþμ− rate
provides an opportunity to probe new physics even for
rather suppressed couplings in the case of leptoquarks
coupling to SUð2Þ-doublet quarks (see the lower two plots
in Fig. 4). Such asymmetries may show up, for instance,
with leptoquarks S3ð3; 3;−1=3Þ with electron couplings
sufficiently suppressed, a model that can also accommodate
recent LNU hints in rare B → Klþl− decays [7,8].
The benchmark patterns studied in this work do not

exhaust the flavor model space. We emphasize the impor-
tance of searches for FCNCs into dineutrinos and LFV,

including D0 → τ�e∓ decays. Further experimental and
theoretical study is needed to progress with the quest for
BSM and flavor physics.
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Note added.—Recently, a related analysis [55] appeared.
Note also that the recent LHCb bound BðD0 → e�μ∓Þ <
1.3 × 10−8 at 90% C.L. [56] that appeared recently starts
to constrain certain leptoquark flavor scenarios (see
Table VII). Furthermore, the measurement of BðDþ →
ωπþÞ reported in a recent preprint by BES III [57] yields
aω ¼ 0.032þ0.006−0.007 GeV2, somewhat lower than the isospin
prediction reported around Eq. (22).

APPENDIX A: PARAMETERS

MS masses are taken from [31],

mtðmtÞ ¼ 160þ5−4 GeV;

mbðmbÞ ¼ 4.18� 0.03 GeV; ðA1Þ

mcðmcÞ ¼ 1.275� 0.025 GeV;

msð2 GeVÞ ¼ 0.095� 0.005 GeV: ðA2Þ

The NNLO running, decoupling at flavor thresholds and
quark pole mass are taken from [58]. The CKM matrix is
given by the UTfit Collaboration [59]. The inclusive
semileptonic branching fractions are given by the PDG
[31], where we use BðD → XlþνlÞ ¼ BðD → XlþÞ, con-
sistent with [60], and employ BðDþ

s → XμþνμÞ≃
BðDþ

s → XeþνeÞ. The particle masses, widths and
branching fractions are given by the PDG [31]. The
decay constants are given by the FLAG [61] fD ¼
0.2092� 0.0033 GeV, fDþ

s
¼0.2486�0.0027GeV. The

bag parameter is [62] BD0ðμ ¼ 3 GeVÞ ¼ 0.757� 0.028.
We update the nuclear weak charge of cesium [63,64] using
[31] ΔQwðCsÞ ¼ 0.69� 0.44, where ΔQw ¼ Qexp

w −QSM
w .

The leptonic pion decay ratio Rexp
e=μ¼Γðπþ→ðeþνeþ

eþνeγÞÞ=Γðπþ→ðμþνμþμþνμγÞÞ¼ð1.230�0.004Þ×10−4
[31], RSM

e=μ ¼ ð1.2352� 0.0001Þ × 10−4 [65] and, thus

we find ΔRe=μ ¼ ð−5.0� 4.0Þ × 10−7. The anomalous
magnetic moment of the electron is [66] ΔaðeÞ ¼
ð−0.91� 0.82Þ × 10−12. Moreover [31]
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ΔaðμÞ ¼ ð288� 63� 49Þ × 10−11; ðA3Þ
jmD0

1
−mD0

2
j ¼ ð0.95þ0.41−0.44Þ × 1010 s−1; ðA4Þ

BðDþ → μþνμÞ ¼ ð3.82� 0.33Þ × 10−4; ðA5Þ
BðDþ

s → μþνμÞ ¼ ð5.56� 0.25Þ × 10−3 ðA6Þ
and at CL ¼ 90% [31],

dðnÞ < 0.29 × 10−25e cm; ðA7Þ
dðeÞ < 10.5 × 10−28e cm; ðA8Þ

Bðπþ → μþνeÞ < 8.0 × 10−3; ðA9Þ
Bðμ− → e−γÞ < 5.7 × 10−13; ðA10Þ

Bðμ− → e−eþe−Þ < 1.0 × 10−12; ðA11Þ
Γðμ−Ti → e−TiÞ=Γcaptureðμ−TiÞ < 4.3 × 10−12; ðA12Þ

Γðμ−Au → e−AuÞ=Γcaptureðμ−AuÞ < 7 × 10−13; ðA13Þ
where Γcaptureðμ−TiÞ¼2.59×106 s−1 and Γcaptureðμ−AuÞ ¼
13.07 × 106 s−1 [67].

APPENDIX B: EFFECTIVE
WILSON COEFFICIENTS

In this appendix we give auxiliary functions and coef-
ficients of the effective Wilson coefficients defined in
Sec. II A. We find

Lðm2; q2Þ ¼ 5

3
þ ln

μ2c
m2

þ x − 1

2
ð2þ xÞj1 − xj1=2

8<
:

ln 1þ ffiffiffiffiffiffi
1−xp

1− ffiffiffiffiffiffi
1−xp − iπ x≡ ð2mÞ2

q2 < 1

2tan−1½ 1ffiffiffiffiffiffi
x−1p � x≡ ð2mÞ2

q2 > 1;
ðB1Þ

and in the limit m2 ¼ 0

Lð0; q2Þ ¼ 5

3
þ ln

μ2c
q2

þ iπ: ðB2Þ

We take from [12]

fðρÞ ¼ − 1

243
ðð3672 − 288π2 − 1296ζ3 þ ð1944− 324π2Þ ln ρþ 108ln2ρþ 36ln3ρÞρþ 576π2ρ

3
2 þ ð324 − 576π2

þ ð1728 − 216π2Þ ln ρþ 324ln2ρþ 36ln3ρÞρ2 þ ð1296− 12π2 þ 1776 ln ρ − 2052ln2ρÞρ3Þ

−
4πi
81

ðð144 − 6π2 þ 18 ln ρþ 18ln2ρÞρþ ð−54 − 6π2 þ 108 ln ρþ 18ln2ρÞρ2 þ ð116 − 96 ln ρÞρ3Þ

−
92

81
ln

μ2c
m2

c
þ 983

243
þ 52

81
πiþOððρ ln ρÞ4Þ; ðB3Þ

where we find the constant terms from [68]. From [16] we obtain

yð7Þ ¼
�
0; 0;

2

3
;
8

9
;
40

3
;
160

9

�
; yð8Þ ¼

�
0; 0; 1;− 1

6
; 20;− 10

3

�
ðB4Þ

and [25]

Fð7Þ
8 ðρÞ ¼ 8π2

27

ð2þ ρÞ
ð1 − ρÞ4 −

8

9

ð11 − 16ρþ 8ρ2Þ
ð1 − ρÞ2 − 16

9

ffiffiffi
ρ

p ffiffiffiffiffiffiffiffiffiffiffi
4 − ρ

p

ð1 − ρÞ3 ð9 − 5ρþ 2ρ2Þ arcsin
ffiffiffi
ρ

p
2

−
32

3

ð2þ ρÞ
ð1 − ρÞ4 arcsin

2

ffiffiffi
ρ

p
2

− 16

9

ρ

ð1 − ρÞ ln ρ −
32

9
ln

μ2c
m2

c
− 16

9
πi; ðB5Þ

Fð9Þ
8 ðρÞ ¼ − 16π2

27

ð4 − ρÞ
ð1 − ρÞ4 þ

16

9

ð5 − 2ρÞ
ð1 − ρÞ2 þ

32

9

ffiffiffiffiffiffiffiffiffiffiffi
4 − ρ

pffiffiffi
ρ

p ð1 − ρÞ3 ð4þ 3ρ − ρ2Þ arcsin
ffiffiffi
ρ

p
2

þ 64

3

ð4 − ρÞ
ð1 − ρÞ4 arcsin

2

ffiffiffi
ρ

p
2

þ 32

9

1

ð1 − ρÞ ln ρ: ðB6Þ
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APPENDIX C: FORM FACTORS

We parametrize the hadronic matrix elements in terms of
the form factors fiðq2Þ, i ¼ þ, T, 0,

hPðpPÞjūγμcjDðpDÞi

¼ fþðq2Þ
�
pμ −m2

D −m2
P

q2
qμ
�
þ f0ðq2Þ

m2
D −m2

P

q2
qμ;

ðC1Þ

hPðpPÞjūσμνð1� γ5ÞcjDðpDÞi

¼ i
fTðq2Þ
mD

ðpμqν − qμpν � iϵμνρσpρqσÞ; ðC2Þ

where qμ¼ðpD−pPÞμ¼ðplþþpl−Þμ and pμ¼ðpDþpPÞμ.
For D0 → π0 the form factors are scaled as fi → fi=

ffiffiffi
2

p
by

isospin. The heavy-to-light form factors are related within
the heavy quark effective theory by means of a heavy quark
spin symmetry [69,70]. At low recoil [71]

fTðq2Þ ¼
m2

D

q2

�
1 − αs

π

1

3
ln

μ2c
m2

c

�
fþðq2Þ þO

�
ΛQCD

mc
; α2s

�
:

ðC3Þ

The breaking of the heavy quark spin symmetry at large
recoil reads [72]

fTðq2Þ ¼
�
1þ αs

π

�
− 2

3

2E
mD − 2E

ln
2E
mD

− 1

3
ln

μ2c
m2

c

��
× fþðq2Þ; ðC4Þ

where E ¼ ðm2
D −m2

P − q2Þ=ð2mDÞ. In our analysis we
interpolate between (C4) and (C3) and take f0 from a lattice
calculation [73]. For the residual form factor we use the z
expansion [26]

fþðq2Þ ¼
1

ϕðq2; t0Þ
X∞
i¼0

aiðt0Þðzðq2; t0ÞÞi; ðC5Þ

with

zðq2; t0Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − q2

p − ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − t0

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − q2

p
þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tþ − t0
p ;

t� ¼ ðmD �mPÞ2; t0 ¼ tþ

 
1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − t−

tþ

r !
;

ðC6Þ

ϕðq2; t0Þ ¼
ffiffiffiffiffiffiffiffiffi
πm2

c

3

r � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − q2

q
þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tþ − t0
p �

×
tþ − q2

ðtþ − t0Þ1=4
ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − q2

p
þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tþ − t−
p Þ3=2

ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − q2

p
þ ffiffiffiffiffi

tþ
p Þ5 :

ðC7Þ

Assuming isospin symmetry, we employ the parameters to
second order as given by HFAG [26],

fþð0ÞjVcdj ¼ 0.1425� 0.0019; r1 ¼ −1.94� 0.19;

r2 ¼ −0.62� 1.19; ðC8Þ

where ri ≡ ai=a0 and mi ¼ ðmiþ þmi0Þ=2. Lattice com-
putations for fþðq2Þ [73] are consistent with [26], and they
find insensitivity of fþ to the spectator quark. We therefore
use identical numerics for D → π and Ds → K form
factors. The form factors as used in our analysis are shown
in Fig. 5. We do not take into account uncertainties in
f0, which are ≲10% [73], as this enters BSM predictions
only, and because they are negligible in view of other
uncertainties.

APPENDIX D: EXCLUSIVE CHARM
DECAY OBSERVABLES

Here we give the observables for exclusive charm decays
used in our analysis. The form factors fi are defined in
Appendix C. We neglect nonfactorizable terms. The
D → Pll distributions are in agreement with [34]. The
dilepton spectrum reads

FIG. 5. The solid black line denotes fþ within its gray
uncertainty band, the dashed blue curve denotes fTðμc ¼ mcÞ
as derived from Eqs. (C4) and (C3), and the dotted purple curve
denotes f0 as calculated on the lattice [73]. Uncertainties for fT
that follow from the parametric ones of fþ are not shown, to
avoid clutter, but are included in our analysis.
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dΓ
dq2

¼ G2
Fα

2
e

1024π5m3
D

�
2

3

�
ðjC9j2 þ jC10j2Þf2þ þ 4jC7j2f2T

m2
c

m2
D
þ 4Re½C7C�

9�fTfþ
mc

mD

�
λðm2

D;m
2
P; q

2Þ
�
1þ 2m2

l

q2

�

þ jC10j2ð−f2þλðm2
D;m

2
P; q

2Þ þ f20ðm2
D −m2

PÞ2Þ
4m2

l

q2
þ ðjCSj2ðq2 − 4m2

l Þ þ jCPj2q2Þf20
ðm2

D −m2
PÞ2

m2
c

þ 4

3
ðjCT j2 þ jCT5j2Þf2T

q2λðm2
D;m

2
P; q

2Þ
m2

D

�
1 − 4m2

l

q2

�
þ 8Re

��
C9fþ þ 2C7fT

mc

mD

�
C�
T

�
fT

λðm2
D;m

2
P; q

2Þ
mD

ml

þ 4Re½C10C�
P�f20

ðm2
D −m2

PÞ2
mc

ml þ 16jCT j2f2T
λðm2

D;m
2
P; q

2Þ
m2

D
m2

l

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðm2

D;m
2
P; q

2Þ
�
1 − 4m2

l

q2

�s
; ðD1Þ

where λða; b; cÞ ¼ a2 þ b2 þ c2 − 2ab − 2ac − 2bc. The differential lepton forward-backward asymmetry defined as the
asymmetry between forward minus backward flying l− in the dilepton center-of-mass frame relative to the recoiling P reads

AFBðq2Þ ¼ N
G2

Fα
2
e

512π5m3
D

�
Re½ðCSC�

T þ CPC�
T5Þ�fT

m2
D −m2

P

mcmD
q2 þ Re

��
C9fþ þ 2C7fT

mc

mD

�
C�
S

�
m2

D −m2
P

mc
ml

þ 2Re½C10C�
T5�fT

m2
D −m2

P

mD
ml

�
f0λðm2

D;m
2
P; q

2Þ
�
1 − 4m2

l

q2

�
: ðD2Þ

For vanishing lepton masses the flat term [34] reads

FHðq2Þ ¼ N
G2

Fα
2
e

2048π5m3
D

�
ðjCSj2 þ jCPj2Þf20

ðm2
D −m2

PÞ2
m2

c

þ 4ðjCT j2 þ jCT5j2Þf2T
λðm2

D;m
2
P; q

2Þ
m2

D

�
q2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðm2

D;m
2
P; q

2Þ
q

þOðmlÞ; ðD3Þ

where N−1 ¼ R q2max

q2min
dq2dΓ=dq2. For the LFV D → Peμ decay distributions we obtain, for me ¼ 0,

dΓðDþ → Pþe�μ∓Þ
dq2

¼ G2
Fα

2
e

1024π5m3
D

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðm2

D;m
2
P; q

2Þ
q �

2

3
ðjK9j2 þ jK10j2Þf2þλðm2

D;m
2
P; q

2Þ þ ðjKSj2 þ jKPj2Þf20
ðm2

D −m2
PÞ2

m2
c

q2

þ 4

3
ðjKT j2 þ jKT5j2Þf2T

q2λðm2
D;m

2
P; q

2Þ
m2

D
þ 2Re½�K9K�

S þ K10K�
P�f20

ðm2
D −m2

PÞ2
mc

mμ

þ 4Re½K9K�
T � K10K�

T5�fTfþ
λðm2

D;m
2
P; q

2Þ
mD

mμ

�
þOðm2

μÞ; ðD4Þ

where Ki ¼ KðμÞ
i and the plus signs for Dþ → Pþeþμ−, and Ki ¼ KðeÞ

i and the minus signs for Dþ → Pþeþμ−. Compared
to Eq. (D1), additional vector-scalar and axial-vector–axial-tensor terms are present in Eq. (D4).
All Wilson coefficients except for those of the tensors in Eqs. (D1)–(D4) are tacitly understood as Ci → Ci þ C0

i and
Ki → Ki þ K0

i; that is, primed Wilson coefficients are added.

The D0 → lþl− branching fraction can be inferred from [34]

BðD0 → lþl−Þ ¼ G2
Fα

2
em5

D0f2D0

64π3ΓD0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

l

m2
D0

s ��
1 − 4m2

l

m2
D0

�				CS − C0
S

mc

				2 þ
				CP − C0

P

mc
þ 2ml

m2
D0

ðC10 − C0
10Þ
				2
�
: ðD5Þ

The LFV ones read, for me ¼ 0,
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BðD0 → e−μþÞ ¼ G2
Fα

2
em5

D0f2D0

64π3ΓD0

�
1 − m2

μ

m2
D0

�
2
�				K

ðeÞ
S − KðeÞ0

S

mc
− mμ

m2
D0

ðKðeÞ
9 − KðeÞ0

9 Þ
				
2

þ
				K

ðeÞ
P − KðeÞ0

P

mc
þ mμ

m2
D0

ðKðeÞ
10 − KðeÞ0

10 Þ
				
2�

;

BðD0 → μ−eþÞ ¼ G2
Fα

2
em5

D0f2D0

64π3ΓD0

�
1 − m2

μ

m2
D0

�
2
�				K

ðμÞ
S − KðμÞ0

S

mc
þ mμ

m2
D0

ðKðμÞ
9 − KðμÞ0

9 Þ
				
2

þ
				K

ðμÞ
P − KðμÞ0

P

mc
þ mμ

m2
D0

ðKðμÞ
10 − KðμÞ0

10 Þ
				
2�

: ðD6Þ

APPENDIX E: NONRESONANT SM c → ull
BRANCHING FRACTIONS

In this appendix we provide our predictions for the
nonresonant SM branching fractions of the inclusive c →
ull decays and exclusive D → Pll modes. In our analysis
uncertainties due to power corrections are not included.

Electroweak corrections, which are subleading relative
to QCD ones, are neglected. For the D → Pll modes we
integrate the branching fractions over different dilepton
masses,

ffiffiffiffiffi
q2

p
≥ 2ml (Table VIII), 0.250 GeV ≤

ffiffiffiffiffi
q2

p
≤

0.525 GeV (Table IX) and
ffiffiffiffiffi
q2

p
≥ 1.25 GeV (Table X).

Next, we obtain inclusive c → ull branching fractions.
To leading order in the heavy quark expansion and
neglecting lepton masses, the q2 distribution reads [74]

dΓðc → ullÞ
dq2

¼ G2
Fα

2
em3

c

768π5

�
1 − q2

m2
c

�
2
��

1þ 2
q2

m2
c

�
ðjC9j2 þ jC10j2Þ þ 4

�
2
m2

c

q2
þ 1

�
jC7j2 þ 12Re½C7C�

9�
�
; ðE1Þ

where q2 ¼ ðpc − puÞ2 ¼ ðplþ þ pl−Þ2 and ð2mlÞ2 ≤ q2 ≤ m2
c.

The matrix elements at NLO QCD are obtained as Ci → Cið1þ αs=πσiðq2=m2
cÞÞ [75] (and references therein),

σ7ðρÞ ¼ − 4

3
Li2½ρ� − 2

3
ln ρ ln½1 − ρ� − 2

9
π2 − ln½1 − ρ� − 2

9
ð1 − ρÞ ln½1 − ρ� þ 1

6
− 4

3
ln

μ2c
m2

c
; ðE2Þ

σ9ðρÞ ¼ − 4

3
Li2½ρ� − 2

3
ln ρ ln½1 − ρ� − 2

9
π2 − ln½1 − ρ� − 2

9
ð1 − ρÞ ln½1 − ρ� þ 3

2
; ðE3Þ

where σ10 ¼ σ9 and via Re½CiC�
j � → Re½CiC�

j �ð1þ αs=πτ
ð1Þ
ij ðq2=m2

cÞÞ,

TABLE VIII. Nonresonant SM branching fractions for
ffiffiffiffiffi
q2

p
≥ 2ml of D → Pll decays normalized to the width.

Non-negligible uncertainties are labeled by (normalization, mc, ms, μW , μb, μc, fþ) given in percentage, where
mW;b=2 ≤ μW;b ≤ 2mW;b and mc=

ffiffiffi
2

p
≤ μc ≤

ffiffiffi
2

p
mc.

Mode Branching fraction 90% C.L. [31]

Dþ → πþeþe− 4.6 × 10−12ð�1;þ2−1 ;þ14−13 ;�1;þ5−1 ;þ210−3 ;þ13−10 Þ 1.1 × 10−6

Dþ → πþμþμ− 3.7 × 10−12ð�1;�3;þ16−15 ;�1;þ3−1 ;þ158−1 ;þ16−12 Þ 7.3 × 10−8

D0 → π0eþe− 9.1 × 10−13ð�1;�1;þ14−13 ;�1;þ5−1 ;þ211−2 ;þ13−10 Þ 4.5 × 10−5

D0 → π0μþμ− 7.3 × 10−13ð�1;�3;þ16−15 ;�1;þ3−1 ;þ159−1 ;þ16−12 Þ 1.8 × 10−4

Dþ
s → Kþeþe− 1.7 × 10−12ð�2;þ4−3 ;þ13−12 ;þ7−1 ;þ8−1 ;þ228−7 ;þ10−8 Þ 3.7 × 10−6

Dþ
s → Kþμþμ− 1.2 × 10−12ð�2;þ2−1 ;þ16−15 ;�2;þ4−1 ;þ167−1 ;þ13−10 Þ 2.1 × 10−5
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τð1Þ77 ðρÞ ¼ − 2

9ð2þ ρÞ
�
2ð1 − ρÞ2 ln½1 − ρ� þ 6ρð2 − 2ρ − ρ2Þ

ð1 − ρÞ2 ln ρþ 11 − 7ρ − 10ρ2

1 − ρ

�
; ðE4Þ

τð1Þ99 ðρÞ ¼ − 4

9ð1þ 2ρÞ
�
2ð1 − ρÞ2 ln½1 − ρ� þ 3ρð1þ ρÞð1 − 2ρÞ

ð1 − ρÞ2 ln ρþ 3ð1 − 3ρ2

1 − ρ

�
; ðE5Þ

τð1Þ79 ðρÞ ¼ − 4ð1 − ρÞ2
9ρ

ln½1 − ρ� − 4ρð3 − 2ρÞ
9ð1 − ρÞ2 ln ρ − 2ð5 − 3ρÞ

9ð1 − ρÞ ; ðE6Þ

τð1Þ710ðρÞ ¼ − 5

2
þ 1

3ð1 − 3ρÞ −
ρð6 − 7ρÞ ln ρ
3ð1 − ρÞ2 − ð3 − 7ρþ 4ρ2Þ ln½1 − ρ�

9ρ

þ 1

18ð1 − ρÞ2 ½24ð1þ 13ρ − 4ρ2ÞLi2½
ffiffiffi
ρ

p � þ 12ð1 − 17ρþ 6ρ2ÞLi2½ρ� þ 6ρð6 − 7ρÞ ln ρ

þ 24ð1 − ρÞ2 ln ρ ln½1 − ρ� þ 12ð−13þ 16ρ − 3ρ2Þðln½1 − ffiffiffi
ρ

p � − ln½1 − ρ�Þ
þ 39 − 2π2 þ 252ρ − 26π2ρþ 21ρ2 þ 8π2ρ2 − 180

ffiffiffi
ρ

p − 132ρ
ffiffiffi
ρ

p �; ðE7Þ

τð1Þ910ðρÞ ¼ − 5

2
þ 1

3ð1 − ρÞ −
ρð6 − 7ρÞ ln ρ
3ð1 − ρÞ2 − 2ð3 − 5ρþ 2ρ2Þ ln½1 − ρ�

9ρ

−
1

18ð1 − ρÞ2 ½48ρð−5þ 2ρÞLi2½
ffiffiffi
ρ

p � þ 24ð−1þ 7ρ − 3ρ2ÞLi2½ρ� þ 6ρð−6þ 7ρÞ ln ρ

− 24ð1 − ρÞ2 ln ρ ln½1 − ρ� þ 24ð5 − 7ρþ 2ρ2Þðln½1 − ffiffiffi
ρ

p � − ln½1 − ρ�Þ
− 21 − 156ρþ 20π2ρþ 9ρ2 − 8π2ρ2 þ 120

ffiffiffi
ρ

p þ 48ρ
ffiffiffi
ρ

p �; ðE8Þ

where τ1010 ¼ τ99. We obtain the NNLO term δð2ÞjC9j2 ¼ jC9j2ðαs=πÞ2τð2Þ99 ðq2=m2
cÞ as [76]

TABLE IX. As in Table VIII but for the low q2 region, 0.250 GeV ≤
ffiffiffiffiffi
q2

p
≤ 0.525 GeV.

Mode Branching fraction 90% C.L. [27]

Dþ → πþeþe− 8.1 × 10−13ð�1;þ5−4 ;þ23−22 ;þ11−12 ;þ10−1 ;þ247−24 ;�5Þ
Dþ → πþμþμ− 7.4 × 10−13ð�1;�4;þ23−21 ;þ10−11 ;þ10−1 ;þ238−23 ;þ6−5 Þ 2.0 × 10−8

D0 → π0eþe− 1.6 × 10−13ð�1;þ5−4 ;þ23−22 ;þ11−12 ;þ10−1 ;þ247−24 ;�5Þ
D0 → π0μþμ− 1.5 × 10−13ð�1;�4;þ23−21 ;þ10−11 ;þ10−1 ;þ238−22 ;þ6−5 Þ
Dþ

s → Kþeþe− 3.6 × 10−13ð�2;�5;þ23−22 ;þ12−13 ;þ11−1 ;þ248−21 ;�5Þ
Dþ

s → Kþμþμ− 3.3 × 10−13ð�2;�5;þ23−22 ;þ12−13 ;þ11−1 ;þ239−20 ;þ6−5 Þ

TABLE X. As in Table VIII but for the high q2 region,
ffiffiffiffiffi
q2

p
≥ 1.25 GeV, and l ¼ e, μ.

Mode Branching fraction 90% C.L. [27]

Dþ → πþlþl− 7.4 × 10−13ð�1;�6;þ15−14 ;�6;þ0−1 ;þ136−45 ;þ27−20 Þ 2.6 × 10−8 (l ¼ μ)

D0 → π0lþl− 1.4 × 10−13ð�1;�6;þ15−14 ;�6;þ0−1 ;þ136−45 ;þ27−20 Þ
Dþ

s → Kþlþl− 7.9 × 10−14ð�2;�6;þ15−14 ;�6;þ0−1 ;þ133−45 ;þ26−19 Þ
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τð2Þ99 ðρÞ ¼
1

ð1 − ρÞ2ð1þ 2ρÞ ½2ð2.854 − 0.665ρ − 0.109ρ2 − 8.572ρ3 þ 5.561ρ4 þ 0.931ρ5Þ

þ 2

3
ð−0.063615þ 0.098146ρþ 0.144642ρ2 − 0.307331ρ3 þ 0.107417ρ4 þ 0.020707ρ5Þ

þ 16

9
ð3.575 − 2.867ρþ 2.241ρ2 − 12.027ρ3 þ 11.564ρ4 − 2.489ρ5Þ

þ 4ð−8.151þ 2.990ρ − 3.537ρ2 þ 36.561ρ3 − 42.275ρ4 þ 23.899ρ5 − 9.494ρ6Þ�: ðE9Þ

We normalize to the c → ðd; sÞlν width and the experimental branching fraction

dBD→Xull

dq2
¼ BðD → Xðd;sÞlνÞ

Γc→ðd;sÞlν

dΓc→ull

dq2
ðE10Þ

with [77]

Γc→ðd;sÞlν ¼
G2

Fm
3
c

192π3
X

q∈fd;sg
jVcqj2

�
X0ðmq=mcÞ þ

αs
π
X1ðmq=mcÞ þ

�
αs
π

�
2

X2ðmq=mcÞ
�
; ðE11Þ

where the functions Xi are given in [77]. Power corrections
can be inferred from [78,79]. They are, however, not
included in our numerical analysis, as the OPE breaks
down for large q2 when the inclusive decay ceases to be
inclusive but rather degenerates into a few exclusive modes.
Yet, the power corrections in the region where the OPE
works have a small effect on the uncertainty budget at low
q2. A comprehensive treatment of the full q2 region is
beyond the scope of this work. Our resulting inclusive
c → ull branching fractions are compiled in Table XI.

APPENDIX F: LEPTOQUARK CONSTRAINTS

In this appendix we provide constraints on the couplings
of the scalar and vector leptoquarks of Table III. Collider
experiments find M ≳ 1 TeV [80,81]; thus, we use
M ¼ 1 TeV as a reference. We neglect RGE effects from

M to μW , and further to μc, noting that Q9 and Q10 do
not scale and CS;Pðμ ∼ 1 TeVÞ≃ 0.5CS;Pðμ ∼ μcÞ and
CT;T5ðμ ∼ 1 TeVÞ≃ 1.3CT;T5ðμ ∼ μcÞ at one-loop QCD
[34]. Neglecting such effects is within the accuracy aimed
at in this work. We do not constrain non-gauge-vector
leptoquarks, which could depend on the cutoff scale within
some model [45]. We first list the constraints on the
couplings and the related observables for scalar
(Tables XII and XIII) and vector (Table XIV) leptoquarks.
Our constraints are consistent with, and update and extend
those of [45,54], and we note that quark doublet couplings
are additionally constrained by kaon physics [45,54].
Results are given in Table XV. Next, we calculate the
constraints of Tables XII–XIV, where the experimental
limits are given in Appendix A. We note that fermion
doublets coupling to leptoquarks are implicitly added. We
obtain constraints using D → Pll [Eq. (D1)], D → Peμ
[Eq. (D4)], D → ll [Eq. (D5)] and D → μe [Eq. (D6)].
Scalar leptoquarks contribute to the D0 − D̄0 mass

difference [45,82]

ΔSmD0 ¼ 2

3
mDf2DBD

ðλðclÞL;RðλðulÞL;RÞ�Þ2
64π2M2

ðF1Þ

(times 2 for S2jL and times 5 for S3). While constraints from
jΔCj ¼ 1 transitions scale as λλ�=M2, the ones from
mixing behave differently, as ðλλ�Þ2=M2. In our analysis
we neglect the SM contribution [83,84].
Matching onto the nuclear weak charge [85]

QwðZ;NÞ ¼ −2ðð2Z þ NÞC1u þ ð2N þ ZÞC1dÞ; ðF2Þ

where Z is the proton number and N is the neutron number,
we find

TABLE XI. Nonresonant SM branching fractions for
ffiffiffiffiffi
q2

p
≥

2ml of D → Xull decays normalized to D → Xd;slν and vanish-
ing lepton masses except for the lower cut. Non-negligible
uncertainties are labeled by (normalization, mc, ms, μW , μb,
μc) given in percentage, where mW;b=2 ≤ μW;b ≤ 2mW;b and
mc=

ffiffiffi
2

p
≤ μc ≤

ffiffiffi
2

p
mc.

Mode Branching fraction

Dþ → Xþ
u eþe− 9.4 × 10−10ð�2;þ7−6 ;þ16−14 ;�7;�1;þ109−43 Þ

Dþ → Xþ
u μ

þμ− 2.0 × 10−10ð�19;þ5−5 ;þ15−14 ;þ8−7 ;�1;þ120−40 Þ
D0 → X0

ueþe− 3.8 × 10−10ð�2;þ7−6 ;þ16−14 ;�7;�1;þ109−43 Þ
D0 → X0

uμ
þμ− 7.7 × 10−11ð�9;þ5−5 ;þ15−14 ;þ8−7 ;�1;þ120−40 Þ

Dþ
s → Xþ

u eþe− 3.8 × 10−10ð�7;þ7−6 ;þ16−14 ;�7;�1;þ109−43 Þ
Dþ

s → Xþ
u μ

þμ− 7.5 × 10−11ð�7;þ5−5 ;þ15−14 ;þ8−7 ;�1;þ120−40 Þ
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TABLE XII. Scalar SUð2Þ-singlet and -doublet leptoquark constraints for real couplings scaling as TeV=M andffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
TeV=M

p
for ΔmD0. Additionally, jIm½λðuμÞL ðλðuμÞR Þ��j≲ 3 × 10−7 and Im½λðceÞL ðλðceÞR Þ�� ≲ 3 × 10−10 from bounds on

neutron and electron electric dipole moments.

Couplings/Mass Constraint Observable

jλðueÞS1L
j ≲9 × 10−2 Vud

λðueÞL λðueÞR
∼½−0.08; 0.8� Nuclear beta decay

jλðueÞL λðuμÞR j ≲9 × 10−2 πþ → μþνe

jλðueÞfL;Rgλ
ðceÞ
fL;Rgj ≲1 × 10−1 Dþ → πþeþe−

jλðueÞfL;Rgλ
ðcμÞ
fL;Rgj ≲2 × 10−1 Dþ → πþeþμ−

jλðuμÞfL;Rgλ
ðceÞ
fL;Rgj ≲2 × 10−1 Dþ → πþe−μþ

jλðuμÞfL;Rgλ
ðcμÞ
fL;Rgj ≲2 × 10−2 Dþ → πþμþμ−

λðceÞL λðceÞR
∼½−0.005; 0.05� Dþ

s → μþνμ

λðceÞS1L
λðceÞS1R

∼½−0.01; 0.00�
Δae

λðceÞS2L
λðceÞS2R

∼½0.00; 0.01�
λðcμÞS1L

λðcμÞS1R
∼½0.1; 0.2�

Δaμ
λðcμÞS2L

λðcμÞS2R
∼½−0.2;−0.1�

ð−jλðueÞS1L;S2L
j2 þ jλðueÞS1R;S2R

j2 þ jλðueÞS2R
j2Þ1=2 ∼½0.2; 0.4� QwðCsÞ

ðλðueÞL λðueÞR − 0.02λðuμÞL λðuμÞR
ΔRe=μ

−0.0002ðjλðueÞS1L
j2 − jλðuμÞS1L

j2ÞÞ ∼½−0.00001;−0.000003�

ðλðueÞS1L;S2R
λðceÞS1R;S2L

− 0.02λðueÞS1L
λðceÞS1L

Þ ∼½−0.009; 0.01� Dþ → μþνμ

jλðueÞL λðceÞR � λðueÞR λðceÞL j ≲1 × 10−2 D0 → eþe−

λðueÞL;R λ
ðceÞ
L;R þ λðuμÞL;R λ

ðcμÞ
L;R

∼½0; 0.01� ΔmD0

jλðqeÞS1L;S1R
λðqμÞS1L;S1R

j ≲1 × 10−3 μ− → e−γ

jλðqeÞS2L;S2R
λðqμÞS2L;S2R

j ≲5 × 10−4

jλðceÞL;R λ
ðcμÞ
R;L j ≲3 × 10−6

jλðueÞL;R λ
ðuμÞ
L;R j ≲9 × 10−7 μ − eðAuÞ

jλðueÞS2R
λðuμÞS2R

j ≲7 × 10−7

jλðueÞL;R λ
ðuμÞ
R;L j ≲4 × 10−7

jλðceÞS1L;S1R
λðcμÞS1L;S1R

j ≲9 × 10−3

jλðceÞS2L;S2R
λðcμÞS2L;S2R

j ≲3 × 10−3

jλðceÞL;R λ
ðcμÞ
R;L j ≲1 × 10−5

jλðueÞL;R λ
ðuμÞ
L;R j ≲1 × 10−3 μ− → e−eþe−

jλðueÞS2R
λðuμÞS2R

j ≲3 × 10−3

(Table continued)
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δS1C1u ¼ δS2C1u ¼ −
ffiffiffi
2

p

8GF

jλðueÞR j2 − jλðueÞL j2
M2

;

δS2C1d ¼ −
ffiffiffi
2

p

8GF

jλðueÞS2R
j2

M2
;

δS3C1u ¼
1

2
δS3C1d ¼

ffiffiffi
2

p

8GF

jλðueÞS3
j2

M2
;

δ ~V1
C1u ¼ δ ~V2

C1u ¼
ffiffiffi
2

p

4GF

jλðueÞ~V1;2
j2

M2
;

δV3
C1u ¼ −

ffiffiffi
2

p

2GF

jλðueÞV3
j2

M2
;

δV3
C1d ¼ −

ffiffiffi
2

p

4GF

jλðueÞV3
j2

M2
: ðF3Þ

We do not match V2 due to an additional dR-quark
coupling [45].
The shift in the anomalous magnetic moment of a

fermion f due to a scalar LQ reads [86]

ΔSaf ¼ − 3mf

16π2
1

M2

�
mfðjλðff

0Þ
L j2 þ jλðff0ÞR j2Þ

×

�
1

3
Qðf0Þ

e − 1

6
Qe

�

þmf0Re½λðff
0Þ

L ðλðff0ÞR Þ��

×

��
−3 − 2 ln

m2
f0

M2

�
Qðf0Þ

e −Qe

��
. ðF4Þ

Here, Qe and Qðf0Þ
e denote the electric charges of

the leptoquark and the fermion f0 in the loop, respectively.

The contribution to the electric dipole moment of
f reads [86]

df ¼ e
32π2

1

M2
mf0 Im½λðff0ÞL ðλðff0ÞR Þ��

×

��
−3 − 2 ln

m2
f0

M2

�
Qðf0Þ

e −Qe

�
; ðF5Þ

TABLE XII. (Continued)

Couplings/Mass Constraint Observable

jλðueÞL;R λ
ðuμÞ
R;L j ≲1 × 10−2

jλðceÞL;R λ
ðcμÞ
L;R j ≲3 × 10−3

jλðceÞS2R
λðcμÞS2R

j ≲6 × 10−3

jλðceÞS1L;S1R
λðcμÞS1R;S1L

j ≲6 × 10−5

jλðceÞS2L;S2R
λðcμÞS2R;S2L

j ≲5 × 10−5

jλðueÞL;R λ
ðcμÞ
L;R þ λðuμÞL;R λ

ðceÞ
L;R j ≲8 × 10−1 D0 → μ�e∓

jλðueÞL;R λ
ðcμÞ
R;L þ λðuμÞL;R λ

ðceÞ
R;L j ≲1 × 10−2

jλðuμÞL λðcμÞL þ λðuμÞR λðcμÞR j ≲6 × 10−2 D0 → μþμ−

jλðuμÞL λðcμÞR � λðuμÞR λðcμÞL j ≲4 × 10−3

TABLE XIII. Scalar SUð2Þ-triplet leptoquark constraints for
real couplings scaling as TeV=M and

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
TeV=M

p
for ΔmD0. For

the constraint from the weak charge we apply its 2σ interval.

Couplings/Mass Constraint Observable

jλðueÞj ≲0.1 QwðCsÞ
jλðueÞj ≲9 × 10−2 Vud

λðueÞλðceÞ ∼½−0.6; 1� Dþ → μþνμ

jλðueÞλðceÞj ≲1 × 10−1 Dþ → πþeþe−

jλðueÞλðcμÞj ≲2 × 10−1 Dþ → πþeþμ−

jλðuμÞλðceÞj ≲3 × 10−1 Dþ → πþe−μþ

jλðuμÞλðcμÞj ≲1 × 10−2 Dþ → πþμþμ−

jλðuμÞλðcμÞj ≲6 × 10−2 D0 → μþμ−

ð−jλðueÞj2 þ jλðuμÞj2Þ1=2 ∼½0.2; 0.4� ΔRe=μ

jλðueÞλðuμÞ þ λðceÞλðcμÞj ≲5 × 10−4 μ− → e−γ

ðλðueÞλðceÞ þ λðuμÞλðcμÞÞ ∼½0; 0.007� ΔmD0

jλðueÞλðcμÞ þ λðuμÞλðceÞj ≲8 × 10−1 D0 → μ�e∓

jλðueÞλðuμÞj ≲7 × 10−7 μ − eðAuÞ
jλðceÞλðcμÞj ≲9 × 10−3

jλðueÞλðuμÞj ≲1 × 10−2 μ− → e−eþe−

jλðceÞλðcμÞj ≲6 × 10−3
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times 3 for color if f0 is a quark. For electrons jdSMe j ≤
10−38e cm [87]. The neutron electric dipole moment
receives contributions from quarks dn ¼ 4=3dd − 1=3du,
with dSMn ∼Oð10−34Þe cm [88].
The lepton flavor-violating radiative muon decay in the

case of a scalar LQ is [89]

δSBμ→eγ ¼
αe
4Γμ

m5
μðjFγ

2LRj2 þ jFγ
2RLj2Þ; ðF6Þ

where we note the typo F1 ↔ F2 in [89],

Fγ
2LR;2RL

¼ 3

16π2
1

M2

�
λðqμÞL;R ðλðqeÞL;R Þ�

�
1

6
QðqÞ

e − 1

12
Qe

�

−
mq

mμ
λðqμÞR;L ðλðqeÞL;R Þ�

��
− 3

2
− ln

m2
q

M2

�
QðqÞ

e − 1

2
Qe

��
.

ðF7Þ
In the case of a vector LQ [45]

δVBμ→eγ ¼
1

Γμ

mμ

8π
ðjFV j2 þ jFAj2Þ ðF8Þ

with

jFV;Aj ¼
ffiffiffiffiffiffiffiffiffiffi
αe4π

p jλðqeÞλðqμÞj
32π2

m2
μ

M2

�
QðqÞ

e 2þQe
5

2

�
ðF9Þ

(times 2 for up-type quarks in scenario V3).
The lepton flavor-violating muon decay in the case of a

scalar LQ is [90]

TABLE XIV. Vector leptoquark constraints for real couplings
scaling as TeV=M. For the constraint on ~V1;2 from Qw we apply
its 2σ interval. For V3 all constraints have to be multiplied by a
factor of 1=2.

Couplings/Mass Constraint Observable

jλðueÞ~V1;2
j ≲0.1 QwðCsÞ

jλðueÞV3
j ∼0.1

jλðueÞV3
j ≲6 × 10−2 Vud

λðueÞV3
λðceÞV3

∼½−0.3; 0.5� Dþ → μþνμ

jλðueÞλðceÞj ≲6 × 10−2 Dþ → πþeþe−

jλðueÞλðcμÞj ≲1 × 10−1 Dþ → πþeþμ−

jλðuμÞλðceÞj ≲1 × 10−1 Dþ → πþe−μþ

jλðuμÞλðcμÞj ≲1 × 10−2 Dþ → πþμþμ−

jλðuμÞλðcμÞj ≲3 × 10−2 D0 → μþμ−

ð−jλðueÞV3
j2 þ jλðuμÞV3

j2Þ1=2 ∼½0.2; 0.3� ΔRe=μ

jλðueÞλðcμÞ þ λðuμÞλðceÞj ≲4 × 10−1 D0 → μ�e∓

jλðqeÞλðqμÞj ≲1 × 10−4 μ− → e−γ

jλðqeÞV3
λðqμÞV3

j ≲6 × 10−5

jλðueÞλðuμÞj ≲7 × 10−7 μ − eðAuÞ

jλðceÞ~V1; ~V2

λðcμÞ~V1; ~V2

j ≲1 × 10−2

jλðceÞV2
λðcμÞV2

j ≲6 × 10−3

jλðceÞV3
λðcμÞV3

j ≲7 × 10−3

jλðueÞλðuμÞj ≲4 × 10−4 μ− → e−eþe−

jλðueÞV3
λðuμÞV3

j ≲2 × 10−4

jλðceÞ~V1; ~V2

λðcμÞ~V1; ~V2

j ≲8 × 10−4

jλðceÞV2
λðcμÞV2

j ≲6 × 10−4

jλðceÞV3
λðcμÞV3

j ≲3 × 10−4

TABLE XV. Constraints on the leptoquark coupling products
from kaon decays [54] scaling as TeV=M.

Couplings/Mass Constraint Observable

jλðulÞS1L
λðcl

0Þ
S1L

j ≲4 × 10−4 ðKþ → πþν̄νÞ=ðKþ → π0ēνeÞ

jλðueÞS2R
λðceÞS2R

j ≲2 × 10−3 K0
L → ēe

jλðuμÞS2R
λðceÞS2R

j ≲1 × 10−5 K0
L → ēμ

jλðuμÞS2R
λðcμÞS2R

j ≲3 × 10−4 K0
L → μ̄μ

jλðueÞS3
λðceÞS3

j ≲4 × 10−4 ðKþ → πþν̄νÞ=ðKþ → π0ēνeÞ

jλðueÞS3
λðcμÞS3

j, jλðuμÞS3
λðceÞS3

j ≲1 × 10−5 K0
L → ēμ

jλðuμÞS3
λðcμÞS3

j ≲3 × 10−4 K0
L → μ̄μ

jλðueÞV2
λðceÞV2

j ≲1 × 10−3 K0
L → ēe

jλðueÞV2
λðcμÞV2

j, jλðuμÞV2
λðceÞV2

j ≲5 × 10−6 K0
L → ēμ

jλðuμÞV2
λðcμÞV2

j ≲2 × 10−4 K0
L → μ̄μ

jλðueÞV3
λðceÞV3

j ≲8 × 10−5 ðKþ → πþν̄νÞ=ðKþ → π0ēνeÞ

jλðueÞV3
λðcμÞV3

j, jλðuμÞV3
λðceÞV3

j ≲3 × 10−6 K0
L → ēμ

jλðuμÞV3
λðcμÞV3

j ≲7 × 10−5 K0
L → μ̄μ
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δSBμ→eee ¼
α2em5

μ

32πΓμ

�
jT1Lj2 þ jT1Rj2 þ

2

3
ðjT2Lj2 þ jT2Rj2Þ

�
8 ln

mμ

2me
− 11

�
− 4Re½T1LT�

2R þ T2LT�
1R�

þ 1

3
ð2ðjZLgLlj2 þ jZRgRlj2Þ þ jZLgRlj2 þ jZRgLlj2Þ þ

1

6
ðjB1Lj2 þ jB1Rj2Þ þ

1

3
ðjB2Lj2 þ jB2Rj2Þ

þ 2

3
Re½T1LB�

1L þ T1LB�
2L þ T1RB�

1R þ T1RB�
2R� −

4

3
Re½T2RB�

1L þ T2LB�
1R þ T2LB�

2R þ T2RB�
2L�

þ 2

3
Re½B1LZ�

LgLl þ B1RZ�
RgRl þ B2LZ�

LgRl þ B2RZ�
RgLl� þ

2

3
Re½2ðT1LZ�

LgLl þ T1RZ�
RgRlÞ

þ T1LZ�
LgRl þ T1RZ�

RgLl� þ
2

3
Re½−4ðT2RZ�

LgLl þ T2LZ�
RgRlÞ − 2ðT2LZ�

RgLl þ T2RZ�
LgRlÞ�

�
; ðF10Þ

where we correct the typo in ZL;R related terms in [90],

T1L;1R ¼ − 3

16π2
1

M2
λðqμÞL;R ðλðqeÞL;R Þ�

��
4

9
þ 1

3
ln
m2

q

M2

�
QðqÞ

e þ −1
18

Qe

�
; ðF11Þ

T2L;2R ¼ 3

16π2
1

M2

�
−
�
λðqμÞR;L ðλðqeÞR;L Þ�

1

6
þmq

mμ
λðqμÞR;L ðλðqeÞL;R Þ�

�
− 3

2
− ln

m2
q

M2

��
QðqÞ

e

þ
�
λðqμÞR;L ðλðqeÞR;L Þ�

1

12
þmq

mμ
λðqμÞR;L ðλðqeÞL;R Þ�

1

2

�
Qe

�
; ðF12Þ

ZL;R ¼ − 3

16π2
1

M2
λðqμÞL;R ðλðqeÞL;R Þ�

1

m2
Z sin

2 θw cos2 θw

�
m2

μ
3

8
2gLq;Rq −m2

q

�
1þ ln

m2
q

M2

�
gRq;Lq þm2

μ
3

8
2ð−gÞ

�
; ðF13Þ

B1L;1R ¼ 3

32π2
λðqμÞL;R ðλðqeÞL;R Þ�jλðq

0eÞ
L;R j2 −1

M2
; ðF14Þ

B2L;2R ¼ 3

64π2
λðqμÞL;R ðλðqeÞL;R Þ�jλðq

0eÞ
R;L j2 −1

M2
ðF15Þ

and

gLf;Rf ¼ TðfL;fRÞ
3 −QðfÞ

e sin2θw; g ¼ T3 −Qesin2θw ðF16Þ

(gL ↔ gR for S2). Here, T3 is the third component of the weak isospin of the LQ and fL;R label chiral fermions; that is,
gLf;Rf are SM couplings and g is the LQ coupling. In the case of a vector LQ [91]

δVBμ→eee ¼
3α2e
8π2

ðQðqÞ
e Þ2 ln2 m

2
q

M2

jλðqμÞλðqeÞj2
G2

FM
4

ðF17Þ

(times 4 for up-type quarks in scenario V3), where we neglect terms ∼Qe, m2
f=M

2-suppressed box diagrams and m2
f=m

2
Z-

suppressed Z diagrams.
Matching onto the μ − e conversion in nuclei rate [92]

Γμ−e ¼ 4m5
μ

				 14CDRDþ CSLG
ðu;pÞ
S SðpÞ þ CSLG

ðu;nÞ
S SðnÞ þ 2CVRVðpÞ þ CVRVðnÞ

				2

þ 4m5
μ

				 14CDLDþ CSRG
ðu;pÞ
S SðpÞ þ CSRG

ðu;nÞ
S SðnÞ þ 2CVLVðpÞ þ CVLVðnÞ

				2 ðF18Þ

we find
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δSCVR ¼ − λðueÞR ðλðuμÞR Þ�
4M2

; δSCVL ¼ − λðueÞL ðλðuμÞL Þ�
4M2

; δSCSR ¼ − λðueÞL ðλðuμÞR Þ�
4M2

; δSCSL ¼ − λðueÞR ðλðuμÞL Þ�
4M2

;

δSCDR;DL ¼ 1

2mμ
Fγ
2RL;2LR; δ ~V1

CVR ¼
λðueÞ~V1

ðλðuμÞ~V1

Þ�

2M2
; δV2

CVR ¼ λðuμÞV2
ðλðueÞV2

Þ�
2M2

; δ ~V2
CVL ¼

λðuμÞ~V2

ðλðueÞ~V2

Þ�

2M2
;

δV3
CVL ¼ λðueÞV3

ðλðuμÞV3
Þ�

M2
; δ ~V1;V2

CDR;DL ¼ − 1

4m2
μ

ffiffiffiffiffiffiffiffiffiffi
αe4π

p ðjFV j � jFAjÞ; δ ~V2;V3
CDR;DL ¼ − 1

4m2
μ

ffiffiffiffiffiffiffiffiffiffi
αe4π

p ðjFV j∓jFAjÞ;

ðF19Þ

where Fγ
2RL are given by Eq. (F7) and jFV;Aj are given by Eq. (F9) (times 2 for up-type quarks in scenario V3). We neglect

loop-suppressed gluonic interactions. The nucleon form factors are given asGðu;pÞ
S ¼ 5.1 andGðu;nÞ

S ¼ 4.3 [92], and we take
the overlap integrals of muons and electrons weighted by proton and neutron densities for titanium and gold,

DTi ¼ 0.0864; SðpÞTi ¼ 0.0368; SðnÞTi ¼ 0.0435; VðpÞ
Ti ¼ 0.0396; VðnÞ

Ti ¼ 0.0468;

DAu ¼ 0.189; SðpÞAu ¼ 0.0614; SðnÞAu ¼ 0.0918; VðpÞ
Au ¼ 0.0974; VðnÞ

Au ¼ 0.146: ðF20Þ

Matching onto the leptonic pseuodoscalar decay rate [93]

ΓP→lν ¼
G2

Ff
2
Pðm2

P −m2
l Þ2

8πm3
P

				mlVqq0 þml

ffiffiffi
2

p

4GF
ðCVRL − CVLLÞ þ

m2
P

mq þmq0

ffiffiffi
2

p

4GF
ðCSLR − CSRRÞ

				2 ðF21Þ

we find

δS1CVLL ¼ 1

2

λðqlÞS1L
ðλðq0lÞS1L

Þ�
M2

; δS1CSRR ¼ − 1

2

λðqlÞS1R
ðλðq0lÞS1L

Þ�
M2

; δS2CSRR ¼ 1

2

λðq
0lÞ

S2R
ðλðqlÞS2L

Þ�
M2

;

δS3CVLL ¼ − 1

2

λðqlÞS3
ðλðq0lÞS3

Þ�
M2

; δV3
CVLL ¼ − λðq

0lÞ
V3

ðλðqlÞV3
Þ�

M2
: ðF22Þ

We do not match V2 due to an additional dL-quark coupling [45].
We deduce the shift in Re=μ ¼ Γπ→eνe=Γπ→μνμ ,

δLQRe=μ ¼ RSM
e=μ

1ffiffiffi
2

p
GFVud

Re

�
ðCðl¼eÞ

VRL − Cðl¼eÞ
VLL Þ − ðCðl¼μÞ

VRL − Cðl¼μÞ
VLL Þ þ m2

π

mu þmd

�
Cðl¼eÞ
SLR − Cðl¼eÞ

SRR

me
− Cðl¼μÞ

SLR − Cðl¼μÞ
SRR

mμ

��
;

ðF23Þ

and the shift in the CKM parameter

ΔLQVud

Vud
¼

ffiffiffi
2

p

4GF
CðueÞ
VLL ðF24Þ

by means of quark beta decay normalized to muon decay.
We match onto nuclear beta decay parameters to constrain Wilson coefficients [94],

−0.14 × 10−2 < GFαeffiffiffi
2

p
π

CT þ CT5

CA
< 1.4 × 10−2 ð90%CLÞ; ðF25Þ

where CSM
A ¼ −1.27GFVud.

We obtain no constraints better than jλj ≲M=TeV from the decay π0 → μe, ΔmD via vector LQs [21], the D0 − D̄0

lifetime difference [95,96], the anomalous magnetic moment via vector LQs [97], the decay Z → ff via scalar LQs [98], the
decay Z → eμ via scalar LQs [89], triple correlation coefficients in nuclear beta decay [99–101] nor additional nuclear beta
decay parameters [102].
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