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while separate branching fractions in the low- and high- q2 bins were bounded as [14]1:

BR(⇡+
µ
+
µ
�)I ⌘ BR(D+ ! ⇡

+
µ
+
µ
�)q22[0.0625,0.276] GeV2 < 2.5⇥ 10�8

BR(⇡+
µ
+
µ
�)II ⌘ BR(D+ ! ⇡

+
µ
+
µ
�)q22[1.56,4.00] GeV2 < 2.9⇥ 10�8

.
(3)

Motivated by these improved bounds we consider several NP models and either derive constraints on their flavor
parameters and masses, or for the models that are severely bounded from alternative flavor observables (e.g. D0� D̄

0

mixing, K, or B physics), we comment on the prospects of observing their signals in rare charm decays. To this end,
we use the e↵ective Lagrangian encoding the short-distance NP contributions in a most general way. Namely, the
experimental results (1) and (3) give us a possibility to constrain NP in c ! u`

+
`
� also in a model independent way.

In the case of b ! s`
+
`
� transitions, LHCb has recently observed large departure of the experimentally determined

lepton flavor universality (LFU) ratio RK = BR(B ! Kµ
+
µ
�)q22[1,6]GeV2/BR(B ! Ke

+
e
�)q22[1,6]GeV2 from the

expected SM value [15]. This value was found to be R
LHCb

K
= 0.745+0.090

�0.074
± 0.036, lower than the SM prediction

R
SM

K
= 1.0003 ± 0.0001 [16]. This surprising result of LHCb indicates possible violation of LFU in the µ-e sector.

Due to the importance of this result, we investigate whether analogous tests in the µ-e LFU can be carried out in
c ! u`

+
`
� processes.

The outline of this article is as follows. In Section 2 we describe e↵ective Lagrangian of |�C| = 1 transition
and determine bounds on the Wilson coe�cients coming from the experimental limits on BR(D+ ! ⇡

+
µ
+
µ
�) and

BR(D0 ! µ
+
µ
�). Sec. 3 contains analysis in the context of specific theoretical models of new physics, contributing

to the c ! u`
+
`
� and related processes. Sec. 4 discusses lepton flavor universality violation. Finally, we summarize

the results and present conclusions in Sec. 5.

II. OBSERVABLES AND MODEL INDEPENDENT CONSTRAINTS

A. E↵ective Hamiltonian for c ! u`+`�

The relevant e↵ective Hamiltonian at scale µc ⇠ mc is split into three contributions corresponding to diagrams with
intermediate quarks q = d, s, b [9, 17]

He↵ = �dHd + �sHs + �bHpeng
, (4)

where each of them is weighted by an appropriate combination �q = VuqV
⇤
cq

of Cabibbo-Kobayashi-Maskawa (CKM)
matrix elements. Virtual contributions of states heavier than charm quark is by convention contained within

Hpeng = �4GFp
2

X

i=3,...,10

CiOi . (5)

The operators appearing in the above Hamiltonian have thus enhanced sensitivity to new physics contributions:

O7 =
emc

(4⇡)2
(ū�µ⌫PRc)F

µ⌫
, OS =

e
2

(4⇡)2
(ūPRc)(¯̀̀ ) ,

O9 =
e
2

(4⇡)2
(ū�µ

PLc)(¯̀�µ`) , OP =
e
2

(4⇡)2
(ūPRc)(¯̀�5`) ,

O10 =
e
2

(4⇡)2
(ū�µ

PLc)(¯̀�µ�5`) , OT =
e
2

(4⇡)2
(ū�µ⌫c)(¯̀�

µ⌫
`) ,

OT5 =
e
2

(4⇡)2
(ū�µ⌫c)(¯̀�

µ⌫
�5`) .

(6)

The chiral projectors are defined as PL,R = (1 ⌥ �5)/2, Fµ⌫ is the electromagnetic field strength tensor. For each of
the operators O7,9,10,S,P we introduce the corresponding counterpart O0

7,9,10,S,P
with opposite chiralities of quarks.

Within the SM the Wilson coe�cients Ci result from the perturbative dynamics of the electroweak interactions and
QCD renormalization. The latter e↵ect determines the value of C7(mc) by two-loop mixing with current-current
operators and was found to be V

⇤
cb
VubC

SM

7
= V

⇤
cs
Vus(0.007 + 0.020i)(1 ± 0.2) [4, 8]. On the other hand the value of

C9 Wilson coe�cient was found to be small after including renormalization group running e↵ects as shown in [7] and
confirmed in [6], while C10 is negligible in the SM [18].

1 Note that the high-q2 bin quoted by the experiment extends beyond the maximal allowed q2max = (mD �m⇡)2 = 2.99 GeV2.

1) At scale mW all penguin contribu>ons vanish due to GIM;
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1) At scale mW all penguin contributions vanish due to GIM 
2) SM contributions to C7…10 at scale mc entirely due to mixing of tree-
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II. D ! V � IN EFFECTIVE THEORY FRAMEWORK

The effective weak Lagrangian and SM Wilson coefficients are discussed in section II A. We work

out and provide a detailed breakdown of the individual contributions to D ! V � amplitudes in

the heavy-quark approach. We work out weak annihilation and hard gluon exchange corrections in

section II B, with contributions from the gluon dipole operator given in section II C. In section II D

we consider weak annihilation induced modes.

A. Generalities

The effective c ! u� weak Lagrangian can be written as [11]

L
weak

eff
=

4GF
p
2

0

@
X

q2{d,s}

V ⇤
cqVuq

2X

i=1

CiQ
(q)
i +

6X

i=3

CiQi +
8X

i=7

�
CiQi + C 0

iQ
0
i

�
1

A , (3)

where GF is the Fermi constant, Vij are CKM matrix elements and the operators read

Q(q)
1

= (ūL�µ1T
aqL)(qL�

µ1T acL) , Q(q)
2

= (ūL�µ1qL)(qL�
µ1cL) ,

Q3 = (ūL�µ1cL)
X

{q:mq<µc}

(q�µ1q) , Q4 = (ūL�µ1T
acL)

X

{q:mq<µc}

(q�µ1T aq) ,

Q5 = (ūL�µ1�µ2�µ3cL)
X

{q:mq<µc}

(q�µ1�µ2�µ3q) , Q6 = (ūL�µ1�µ2�µ3T
acL)

X

{q:mq<µc}

(q�µ1�µ2�µ3T aq) ,

Q7 =
emc

16⇡2
(ūL�

µ1µ2cR)Fµ1µ2 , Q0
7 =

emc

16⇡2
(ūR�

µ1µ2cL)Fµ1µ2 ,

Q8 =
gsmc

16⇡2
(ūL�

µ1µ2T acR)G
a
µ1µ2

, Q0
8 =

gsmc

16⇡2
(ūR�

µ1µ2T acL)G
a
µ1µ2

, (4)

where Fµ⌫ , Ga
µ⌫ , a = 1, .., 8 denote the electromagnetic, gluonic field strength tensor, respectively,

and T a are the generators of QCD. In the following all Wilson coefficients are understood as

evaluated at the charm scale µc of the order of the charm mass mc, and µc = 1.27GeV unless

otherwise explicitly stated.

For the SM Wilson coefficients of Q1,2 and the effective coefficient of the chromomagnetic dipole

operator at leading order in ↵s one obtains [11, 17], respectively,

C(0)

1
2 [�1.28,�0.83] , C(0)

2
2 [1.14, 1.06] ,

C(0)eff

8
2 [0.47 · 10�5

� 1.33 · 10�5i, 0.21 · 10�5
� 0.61 · 10�5] , (5)

where µc is varied within [mc/
p
2,
p
2mc]. C(0)eff

8
is strongly GIM suppressed in the SM and neg-

ligible therein. C(0)

1
and the color suppressed coefficient of the weak annihilation contribution
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Effec>ve weak Lagrangian

(recent results: Gisbert et al. 2011.09478, de Boer, Hiller, 1510.00311, 1701.06392, De Boer et al, 
1606.05521, 1707.00988 
SF& Singer, hep-ph/9705327, hep-ph/9901252, SF, Prelovsek & Singer hep-ph/9801279)

• matching of SM contribu>ons onto Weak Effec>ve Theory at μ = MW ;
• RG-evolu>on of Wilson coefficients from MW to mb, 
• integra>ng out the b quark and second matching at μ = mb,
• RG-evolu>on of Wilson coefficients from mb to the charm scale μc. 

Theoretical and experimental status of rare charm decays 5

Hence, experimental deviations of these coe�cients from their SM predictions in-
dicate a signal of physics beyond the SM (BSM), since such a discrepancy requires
additional dynamical degrees of freedom at high-energy scales.

The general OPE setup (i.e. definition of the operator basis, matching of the
SM contributions onto the e↵ective theory, renormalization group (RG) evolution
of Wilson coe�cients from the high-energy to the low-energy scale) needed for the
computation of the Wilson coe�cients relevant in |�c| = |�u| = 1 transitions is
almost analogous to |�b| = |�s| = 1 transitions.9–16 However, due to the specific
CKM and mass structure of charm FCNCs, the predictions for this sector can di↵er
from each other by several orders of magnitude depending on which corrections are
taken into account. Reference 8 provides a consistent expansion of the complete
SM computation for rare charm transitions to O(↵s) with ↵s = g

2
s
/(4⇡). In the

following, we give an overview of the steps required to achieve a perturbative next-
to-(next-to-) leading order precision of the short-distance contributions.8 These are:

(i) matching of SM contributions onto Weak E↵ective Theory at µ = MW ,
(ii) RG-evolution of Wilson coe�cients from MW to mb,
(iii) integrating out the b quark and second matching at µ = mb,
(iv) RG-evolution of Wilson coe�cients from mb to the charm scale µc.

In the SM, |�c| = |�u| = 1 transitions are driven via the exchange of a W boson
between two weak charged quark currents as shown in Fig. 2(a). At high energies,
where quantum chromodynamics (QCD) corrections are small, however, still below
the scale of electroweak symmetry breaking, the W boson can be integrated out,
and the interaction can be well described in terms of a single operator

Oq

2 = (ūL �µ qL) (q̄L �
µ
cL) , (5)

as shown Fig. 2 (b).

q

u

c

q

W

(a)

u

q

c

q

(b)

u

q

c

q

g

(c)

uc

b

�

(d)

g

Fig. 2. Exemplary contributions to |�c| = |�u| = 1 transitions at di↵erent energy scales.
Current–current topology shown in (a). Current–current topologies when the W boson is inte-
grated out, with and without gluonic (denoted by g) corrections (c) and (b), respectively. Photon
� penguin contribution generated at the b quark mass threshold shown in (d).

With decreasing energies, µ < MW , the gluonic corrections become sizeable and
have to be summed up using the OPE and the renormalization group equations
(RGEs).15–17 This procedure requires an additional operator, see Fig. 2(c), which
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SM CorrecOons: hard spectator and weak annihilaOon 5

c u

spectating

c uQ1,2

⇥ ⇥

c uQ8

⇥

hard spectator interaction

c u
Q1,2

+

weak annihilation

1

FIG. 1: Diagrams driven by Ce↵
7 , weak annihilation and hard spectator interaction. The crosses indicate

photon emission. Diagrams not shown are additionally power suppressed.

The leading (⇠ ↵1
s (⇤QCD/mc)0) hard spectator interaction within QCD factorization adopted

from b-physics [14] (also [20–22]) can be written as

CHSI,V
7

=
↵s(µh)

4⇡

0

@
X

q2{d,s}

V ⇤
cqVuq

✓
�
1

6
C(0)

1
(µh) + C(0)

2
(µh)

◆
H(q)

1
+ C(0)eff

8
(µh)H8

1

A , (11)

where we consistently use C(0)

1,2,8 at leading order in ↵s due to additional non-factorizable diagrams

at higher order and µh ⇠
p
⇤QCDmc. Furthermore,

H(q)
1

=
4⇡2fDf?

V

27TmD�D

Z
1

0

dv h(q)V (v̄)�V?(v) ,

h(q)V =
4m2

q

m2
c v̄

2

0

@Li2

2

4 2

1�
q
(v̄ � 4m2

q/m
2
c + i✏])/v̄

3

5+ Li2

2

4 2

1 +
q
(v̄ � 4m2

q/m
2
c + i✏])/v̄

3

5

1

A�
2

v̄
,

H8 = �
32⇡2fDf?

V

27TmD�D

Z
1

0

dv
�V?(v)

v
, (12)

v̄ = 1� v and Li2[x] = �
R x
0
dt ln[1� t]/t and the decay constants fD, f?

V are given in appendix A.

We use md = 0. As Q(0)
8

-induced HSI contributions are negligible in the SM it follows that CHSI

7

is driven by V ⇤
csVus. The transverse distribution at leading twist is to first order in Gegenbauer

polynomials

�V? = 6vv̄

✓
1 + aV?

1 3(v � v̄) + aV?
2

3

2

�
5(v � v̄)2 � 1

�◆
. (13)

Numerical input on the Gegenbauer moments aV?
1,2 is given in appendix A.

The parameter �D is defined as

mD

�D
=

Z
1

0

d⇠
�D(⇠)

⇠
, (14)

that is the first negative moment of the leading twist distribution amplitude �D of the light-cone

momentum fraction ⇠ of the spectator quark within the D-meson. In b-physics, the first negative

moment of the B-meson light-cone distribution amplitude, �HQET

B > 0.172GeV at 90% C.L. [23], a

Leading hard spectator within QCD factorizaOon adopted from B physics 

6

positive light-cone wave function yields �HQET

B  4/3 ⇤̄ [24] and by means of light-cone sum rules

(LCSR) �QCD

B . ⇤̄ [25, 26], where ⇤̄ = (mB �mb) +O(⇤2

QCD
/mb) and �HQET

B > �QCD

B at one-loop

QCD [27]. We use �D ⇠ ⇤QCD ⇠ O(0.1GeV).

Taking µh = 1GeV, varying the Gegenbauer moments and decay constants (but not the form

factor T as it cancels in the amplitude) we find

CHSI,⇢
7

2 [0.00051 + 0.0014i, 0.00091 + 0.0020i] ·
GeV
�D

,

CHSI,!
7

2 [0.00030 + 0.0010i, 0.00098 + 0.0020i] ·
GeV
�D

,

CHSI,K⇤+

7
2 [0.00032 + 0.0013i, 0.00096 + 0.0022i] ·

GeV
�D

. (15)

We neglect isospin breaking in the Gegenbauer moments of the ⇢. Contributions induced by Q(0)
8

are discussed in section II C.

The leading (⇠ ↵0
s (⇤QCD/mc)1) weak annihilation contribution to D0

! (⇢0,!)�, D+
! ⇢+�

and Ds ! K⇤+� can be inferred from b-physics [14, 28]. We obtain

CWA,⇢0

7
= �

2⇡2QufDf
(d)
⇢0 m⇢

TmD0mc�D
V ⇤
cdVud

✓
4

9
C(0)

1
+

1

3
C(0)

2

◆
,

CWA,!
7

=
2⇡2QufDf

(d)
! m!

TmD0mc�D
V ⇤
cdVud

✓
4

9
C(0)

1
+

1

3
C(0)

2

◆
,

CWA,⇢+

7
=

2⇡2QdfDf⇢m⇢

TmD+mc�D
V ⇤
cdVudC

(0)

2
,

CWA,K⇤+

7
=

2⇡2QdfDsfK⇤mK⇤

TmDsmc�D
V ⇤
csVusC

(0)

2
, (16)

where Qu = 2/3, Qd = �1/3 and we consistently use C(0)

1,2 at leading order in ↵s. We neglect

weak annihilation contributions from Q3�6 as the corresponding Wilson coefficients in the SM are

strongly GIM suppressed. The minus sign for ⇢0 is due to isospin.

Varying the decay constants and µc within [mc/
p
2,
p
2mc] we find

CWA,⇢0

7
2 [�0.010,�0.0011] ·

GeV
�D

,

CWA,!
7

2 [0.0097, 0.0011] ·
GeV
�D

,

CWA,⇢+

7
2 [0.029, 0.038] ·

GeV
�D

,

CWA,K⇤+

7
2 [�0.034,�0.047] ·

GeV
�D

. (17)

Note that non-factorizable power corrections (inducing A0
7
) could in principle be calculated with

LCSR, see, e.g., [29] and that non-local corrections to weak annihilation by means of QCD sum

rules are additionally power suppressed [30].
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7
) could in principle be calculated with

LCSR, see, e.g., [29] and that non-local corrections to weak annihilation by means of QCD sum

rules are additionally power suppressed [30].
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/mb) and �HQET

B > �QCD

B at one-loop

QCD [27]. We use �D ⇠ ⇤QCD ⇠ O(0.1GeV).

Taking µh = 1GeV, varying the Gegenbauer moments and decay constants (but not the form
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CHSI,⇢
7
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�D
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CHSI,!
7
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�D
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CHSI,K⇤+

7
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�D

. (15)

We neglect isospin breaking in the Gegenbauer moments of the ⇢. Contributions induced by Q(0)
8

are discussed in section II C.

The leading (⇠ ↵0
s (⇤QCD/mc)1) weak annihilation contribution to D0

! (⇢0,!)�, D+
! ⇢+�

and Ds ! K⇤+� can be inferred from b-physics [14, 28]. We obtain
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7
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cdVud

✓
4

9
C(0)

1
+

1

3
C(0)

2

◆
,

CWA,!
7

=
2⇡2QufDf

(d)
! m!

TmD0mc�D
V ⇤
cdVud

✓
4

9
C(0)

1
+

1

3
C(0)

2

◆
,

CWA,⇢+

7
=

2⇡2QdfDf⇢m⇢
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TmDsmc�D
V ⇤
csVusC

(0)

2
, (16)

where Qu = 2/3, Qd = �1/3 and we consistently use C(0)
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weak annihilation contributions from Q3�6 as the corresponding Wilson coefficients in the SM are
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hard spectator interac>on- adopted from B

scale dependence varied

SD contribu>ons C. Greub et al., PLB 382 (1996) 415; 
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*** Khodjamirian et al., hep-ph/9506242

Note: all SM th. predic>ons for 
BR(D0 → ρ0γ ) smaller than exp. rates!

10

branching ratio D0
! ⇢0� D0

! !� D+
! ⇢+� Ds ! K⇤+�

two-loop QCD (0.14� 2.0) · 10�8 (0.14� 2.0) · 10�8 (0.75� 1.0) · 10�8 (0.32� 5.5) · 10�8

HSI+WA (0.11� 3.8) · 10�6 (0.078� 5.2) · 10�6 (1.6� 1.9) · 10�4 (1.0� 1.4) · 10�4

hybrid (0.041� 1.17) · 10�5 (0.042� 1.12) · 10�5 (0.017� 2.33) · 10�4 (0.053� 1.54) · 10�4

[5, 6] (0.1� 1) · 10�5 (0.1� 0.9) · 10�5 (0.4� 6.3) · 10�5 (1.2� 5.1) · 10�5

[8] (0.1� 0.5) · 10�5 0.2 · 10�5 (2� 6) · 10�5 (0.8� 3) · 10�5

[9]a 3.8 · 10�6 – 4.6 · 10�6 –

data† (1.77± 0.31) · 10�5 < 2.4 · 10�4 – –

a
Uncertainties not available. We take a1 = 1.3 and a2 = �0.55 [34].

TABLE I: Branching ratios of D ! V � within the SM at two-loop QCD, from the hard spectator interaction

plus weak annihilation and the hybrid approach. We vary the form factors, decay constants, lifetimes,

Gegenbauer moments, relative strong phases and µc 2 [mc/
p
2,
p
2mc]. The branching ratios from the hard

spectator interaction plus weak annihilation scale as (0.1GeV)/�D)2. Also given are data by the Belle [15]

and the CLEO (at 90% CL) [35] collaborations as well as SM predictions from [5, 6], via pole diagrams and

VMD [8] and QCD sum rules [9]. †Statistical and systematic uncertainties are added in quadrature.

modes. The branching ratio from two-loop QCD eq. (7) is subleading in each case. The branching

ratios in the hybrid approach cover the ranges previously obtained in [5, 6, 8, 9]. The measured

D0
! ⇢0� branching ratio is somewhat above the SM prediction in the hybrid model.

The branching ratios of D ! ⇢� as a function of �D are shown in figure 2. The D+
! ⇢+�

SM branching ratio is . 2 · 10�4, a measurement would constrain �D efficiently. Specifically, we

find B(D+
! ⇢+�) ' [44, 2900] · B(D0

! ⇢0�) by means of hard spectator interaction plus weak

annihilation and in the hybrid model B(D+
! ⇢+�) ' [0.3, 280] · B(D0

! ⇢0�). The D0
! ⇢0�

branching ratio can be subject to stronger cancellations between the contributions in eq. (18) than

in the hybrid model. Assuming that the phase of each amplitude AI/II/III

PV/PC
is equal for D+

! ⇢+�

and D0
! ⇢0� reduces the possible isospin breaking to B(D+

! ⇢+�) ' [0.6, 140] · B(D0
! ⇢0�).

Note, isospin is already significantly broken by the lifetimes ⌧(D0)/⌧(D+) ' 0.4 [36].

The uncertainties in the hybrid model are dominated by the relative strong phases, followed by

the phenomenological fit coefficients a1 = 1.3± 0.1, a2 = �0.55± 0.1 [34] (also [37, 38]).

The branching ratios of D0
! (�, K̄⇤0,K⇤0)�, D+

! K⇤+� and Ds ! ⇢+� are given in table II.

The measurements by Belle [15] and BaBar [39] of B(D0
! K̄⇤0�) differ by 2.2�, yet both are in

the range of the hybrid model predictions. Interpreted in the QCD framework to the order we are

working, B(D0
! (K̄⇤0,�)�) data require a low value of �D below 0.1 GeV or a low charm mass

scale µc ⇠ mc/2, similar to B(D0
! ⇢0�) data assuming the SM. Quite generally the deficiency in

*
**
***

“poor convergence of the 1/mc and αs-expansion prohibits a sharp conclusion 
without further study “

Hybrid model: LD effects included in  form-factors for D →Vγ

D →Vγ
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D→ P1 P2 γ

”sizable effects of the dipole operators can be seen for differen>al branching ra>os and 
forward backward asymmetries – it is difficult to claim sensi>vity to NP due to the 
uncertain>es of the leading order calcula>on and the intrinsic uncertainty of the Breit-
Wigner contribu>ons. ”  – Adolph & Hiller 2104.08287, Adolph et al., 2009.14212,
SF et al., hep-ph/0204306, [hep-ph/0210423. 
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or flavor symmetry. A combined analysis of these partner modes allows therefore to gain insights

into the resonance dynamics and new physics simultaneously, as shown for instance for radiative

decays in [8, 9].

In this regard, radiative three-body D-decays turn out to be a useful laboratory to explore

QCD dynamics and to test the SM. Here we consider, in total ten, Cabibbo-favored (CF), singly

Cabibbo-suppressed (SCS), and doubly Cabibbo-suppressed (DCS) decays of D+ and Ds mesons

CF: Ds ! ⇡
+
⇡
0
� , Ds ! K

+
K

0
� , D

+
! ⇡

+
K

0
� , (D0

! ⇡
0
K

0
� , D

0
! ⇡

+
K

�
�)

SCS: D
+
! ⇡

+
⇡
0
� , Ds ! ⇡

+
K

0
� , Ds ! K

+
⇡
0
� ,

D
+
! K

+
K

0
� , (D0

! ⇡
+
⇡
�
� , D

0
! K

+
K

�
�)

DCS: D
+
! ⇡

+
K

0
� , D

+
! K

+
⇡
0
� , Ds ! K

+
K

0
�

(1)

The D0 decays given in parentheses are covered in [10]. The modes D+
! K

+
K

0
� and Ds ! ⇡

+
K

0
�

are |�s| = 2 processes and are not induced by dimension 6 operators, and not considered in this

works. Three-body radiative D decays have been investigated previously in [11, 12].

As in [10] we work out decay amplitudes in different QCD frameworks: leading order QCD

factorization (QCDF), heavy hadron chiral perturbation theory (HH�PT) and the soft photon

approximation, each of which is expected to hold in specific regions of phase space. We show that the

forward-backward asymmetry efficiently disentangles different resonance contributions and therefore

probes the QCD frameworks. These tests can be performed with SM-like modes, the CF and DCS

ones from (1), and assist NP searches in the SCS ones.

This paper is organized as follows: In Sec. II we give the kinematics and observables for D ! PP�

decays, the weak effective low energy Lagrangian and briefly review QCD frameworks. We also

present the weak annihilation contribution in QCDF. Analytical results in HH�PT are presented

in Appendix A. SM predictions are shown in Sec. III. We work out predictions with BSM physics

in Sec. IV. In Sec. V we summarize. In appendix A we provide HH�PT-amplitudes and Feynman

diagrams for CF, SCS and DCS modes, and a list of differences we found with previous works [11]

on D
+
! ⇡

+
K

0
� in appendix B.
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CP asymmetry in charm radia've decays 

2

implications of the recent measurements by Belle [15]

B(D0
! ⇢0�) = (1.77± 0.30± 0.07) · 10�5 ,

ACP (D
0
! ⇢0�) = 0.056± 0.152± 0.006 , (1)

where the CP asymmetry ACP is defined as1

ACP (D ! V �) =
�(D ! V �)� �(D̄ ! V̄ �)

�(D ! V �) + �(D̄ ! V̄ �)
. (2)

We compare data (1) to the SM predictions and derive model-independent constraints on BSM

couplings. We further discuss two specific BSM scenarios, leptoquark models and the minimal

supersymmetric standard model with flavor mixing (SUSY). For the former we point out that large

logarithms from the leading 1-loop diagrams with leptons and leptoquarks require resummation.

The outcome is numerically of relevance for the interpretation of radiative charm decays.

We further obtain analytical expressions for the contributions from the QCD-penguin operators

to the effective dipole coefficient at 2-loop QCD. This extends the description of radiative and

semileptonic |�C| = |�U | = 1 processes at this order [3, 11, 17].

While one expects the heavy quark and ↵s-expansion to perform worse than in b-physics an

actual quantitative evaluation of the individual contributions in radiative charm decays has not

been done to date. Our motivation is to fill this gap and detail the expansion’s performance when

compared to the hybrid model, and to data. In view of the importance of charm for probing flavor

in and beyond the SM seeking after opportunities for any, possibly data-driven improvement of the

theory-description is worthwhile.

The organization of this paper is as follows: In section II we calculate weak annihilation and hard

scattering contributions to D ! V � decay amplitudes. In section III we present SM predictions for

branching ratios and CP asymmetries in this approach and in the hybrid model. We present model-

independent constraints on BSM physics and look into leptoquark models and SUSY within the

mass insertion approximation in section IV. Section V is on ⇤c ! p� decays and the testability of

a polarized ⇤c-induced angular asymmetry at future colliders [18, 19]. In section VI we summarize.

In appendix A and B we give the numerical input and D ! V form factors used in our analysis.

Amplitudes in the hybrid model are provided in appendix C. Details on the 2-loop contribution

from QCD-penguin operators are given in appendix D.

1
The CP asymmetry of D0 ! ⇢0� is mostly direct, analogous to the time-integrated CP asymmetry in D0 ! K+K�

[16]. We thank Alan Schwartz for providing us with this information. In this work, we refer to ACP as the direct

CP asymmetry, neglecting the small indirect contribution.

Hiller& de Boer 1701. 06392

LQs might give as large 

contribu>ons as SM

Introduction D → V γ Λc → pγ Summary

SM CP-asymmetry

Figure: For approach (1). Measured CP-asymmetry at one σ covers shown range, whereas measured
branching ratio at one σ is above it.

|ASM
CP | < 2 · 10−3 if branching ratio as measured assuming SM.
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in and beyond the SM seeking after opportunities for any, possibly data-driven improvement of the
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The organization of this paper is as follows: In section II we calculate weak annihilation and hard

scattering contributions to D ! V � decay amplitudes. In section III we present SM predictions for

branching ratios and CP asymmetries in this approach and in the hybrid model. We present model-

independent constraints on BSM physics and look into leptoquark models and SUSY within the

mass insertion approximation in section IV. Section V is on ⇤c ! p� decays and the testability of

a polarized ⇤c-induced angular asymmetry at future colliders [18, 19]. In section VI we summarize.

In appendix A and B we give the numerical input and D ! V form factors used in our analysis.

Amplitudes in the hybrid model are provided in appendix C. Details on the 2-loop contribution

from QCD-penguin operators are given in appendix D.

1
The CP asymmetry of D0 ! ⇢0� is mostly direct, analogous to the time-integrated CP asymmetry in D0 ! K+K�

[16]. We thank Alan Schwartz for providing us with this information. In this work, we refer to ACP as the direct

CP asymmetry, neglecting the small indirect contribution.

Experiment

Belle, 1603.03257

12

branching ratio D0
! �� D0

! K̄⇤0� D0
! K⇤0� D+

! K⇤+� Ds ! ⇢+�

WA (0.0074� 1.2) · 10�5 (0.011� 1.6) · 10�4 (0.032� 4.4) · 10�7 (0.73� 1.1) · 10�5 (1.8� 2.9) · 10�3

hybrid (0.24� 2.8) · 10�5 (0.26� 4.6) · 10�4 (0.076� 1.3) · 10�6 (0.48� 7.6) · 10�6 (0.11� 1.3) · 10�3

[5, 6] (0.4� 1.9) · 10�5 (6� 36) · 10�5 (0.03� 0.2) · 10�5 (0.03� 0.44) · 10�5 (20� 80) · 10�5

[8] (0.1� 3.4) · 10�5 (7� 12) · 10�5 0.1 · 10�6 (0.1� 0.3) · 10�5 (6� 38) · 10�5

[9]a – 1.8 · 10�4 – – 4.7 · 10�5

Belle [15]† (2.76± 0.21) · 10�5 (4.66± 0.30) · 10�4 – – –

BaBar [39]†b (2.81± 0.41) · 10�5 (3.31± 0.34) · 10�4 – – –

a
Uncertainties not available. We use a1 = 1.3 and a2 = �0.55 [34].

b
We update the normalization [36].

TABLE II: Branching ratios of D0
! (�, K̄⇤0,K⇤0)�, D+

! K⇤+� and Ds ! ⇢+� within the SM from weak

annihilation and within the hybrid framework [5, 6] (appendix C). We vary the decay constants, lifetimes

and µc 2 [mc/
p
2,
p
2mc]. The branching ratios induced by weak annihilation scale as (0.1GeV)/�D)2. Also

given are available data by the Belle [15] and BaBar [39] collaborations, as well as SM predictions obtained

in [5, 6], via pole diagrams and VMD [8] and QCD sum rules [9]. †Statistical and systematic uncertainties

are added in quadrature.

finite CP asymmetry, estimated in equation (28). Taking into account a percent level uū + dd̄

content in the � [36] values of ACP up to O(10�4) in the SM and up to O(10�3) in BSM models

can arise in D0
! �� decays. Effects from rescattering at the �-mass are roughly y . 0.1, hence

corresponding CP asymmetries can reach O(10�3) in the SM and O(10�2) in BSM scenarios. The

following asymmetries have been measured [15],

ACP (D
0
! ��) = �0.094± 0.066± 0.001 , ACP (D

0
! K̄⇤0�) = �0.003± 0.020± 0.000 . (29)

ACP (D0
! ��) exhibits presently a mild tension with zero.

We stress that in our numerical evaluations we vary all relative strong (unknown) phases, includ-

ing those between the WA+HS contributions and the perturbative ones. In view of the appreciable

uncertainties we refrain from putting an exact upper limit on the SM-induced CP asymmetries, but

consider, to be specific, CP asymmetries at percent-level and higher as an indicator of BSM physics,

consistent with [4]. This is supported by the large measured branching fractions, which indicate

unsuppressed WA topologies. For the FCNC decays this suggests no large cancellations between the

contributions in eq. (18), allowing for possible additional suppressions of CP asymmetries beyond

CKM factors.
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ACP (D
0
! ��) = �0.094± 0.066± 0.001 , ACP (D

0
! K̄⇤0�) = �0.003± 0.020± 0.000 . (29)

ACP (D0
! ��) exhibits presently a mild tension with zero.
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CP asymmetries in c → uγ transi>ons cons>tute SM null tests 

large uncertain>es!



the photon polariza>on and therefore A∆ in 
D0 → ρ0(→ π+π−)γ becomes a null test of  the SM. 

D0 → ρ0γ 

the polariza>on frac>on r 
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B. D
0
! ⇢

0
� decays

The WA-contributions of D0
! ⇢

0
� and D

0
! K̄

⇤0
� are related by U-spin. Therefore, in the

SM,

A
SM
L,R(⇢

0) = AL,R(K̄
⇤0)⇥ [U-spin corrections] . (17)

Here we neglected contributions from the soft gluon operator c ! u�g [25], see also [26], to D ! ⇢
0
�,
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0
|0i / mV fV . For the modes at hand, fL,R = m⇢f⇢/(mK⇤0fK⇤) '
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r
SM = r0 , (18)

subject to corrections of the order fR/fL. Eq. (18) provides, once r0 is known from D
0
! K̄

⇤0
�

data, a SM-prediction for D
0
! ⇢

0
�. Hence, up to U-spin breaking,

A
�
SM(D0

! ⇢
0
�) ' ⇠

K̄⇤0⇠⇢0A
�(D0

! K̄
⇤0
�) . (19)

Any sizeable deviation from eq. (19) would signal BSM physics in the c ! u transition which

contributes to D
0
! ⇢

0
�, but not to D

0
! K̄

⇤0
�. On the other hand, experimental confirmation

of eq. (19) would establish c ! u� amplitudes other than WA ones to be subleading.

C. D
0
! �� decays

The decay D
0
! �� is not a pure WA-induced decay due to the dd̄+uū admixture, or rescattering

[32]. We parameterize such effects by a complex-valued parameter y, and y . O(0.1) as follows [6]

AL,R(�) ' A
WA
L,R(�) + y

⇣
A

WA
L,R(⇢

0)�A
7,8
L,R

(⇢0)
⌘
, (20)

9

D0 → φγ or D0 → K 0̄∗γ decays  (SM-dominated)

Authors  varied the form 
factor, the two-loop QCD 
and hard spectator 
interac>on plus weak 
annihila>on within 
uncertain>es, where λD ∈
[0.1, 0.6] GeV, Aʹ7 -
contribu>ons and rela>ve 
strong phases. 
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We consider now the impact of the chromomagnetic dipole operator. The CP asymmetry induced

by the matrix element of Q(0)
8

estimated within LCSR reads [40]

ACP

��
hQ8,Q0

8i
⇠ �Im


2C8 +

1

2
C 0
8

�
, (32)

which, together with data eq. (1), yields the constraint |Im[�C(0)
8
]| . O(0.1). CP violation in charm

is also constrained by data on �ACP = ACP (K+K�)�ACP (⇡+⇡�) ⇠ �2Im[C8 �C 0
8
] sin �KK�⇡⇡

[40, 41], where �ACP = �0.00134±0.00070 [42]. To escape a potentially strong bound on Im[�C8�

�C 0
8
] at permille level requires suppression by the unknown strong phase difference between K+K�

and ⇡+⇡�, �KK�⇡⇡, or some cancellations between different sources of BSM CP violation.

The Wilson coefficients �C(0)
7
(M) and �C(0)

8
(M) are generically related within BSM models,

where M denotes the matching scale, of the order of the electroweak scale or higher. In addition,

�C(0)
7,8 are related by the renormalization group evolution. At one-loop QCD

�C(0)
7
(µc) = a7 �C

(0)
7
(M) +

16

3
(a7 � a8)�C

(0)
8
(M) , �C(0)

8
(µc) = a8 �C

(0)
8
(M) , (33)

where

a7 =

✓
↵s(M)

↵s(µt)

◆
16/21✓↵s(µt)

↵s(µb)

◆
16/23✓↵s(µb)

↵s(µc)

◆
16/25

,

a8 =

✓
↵s(M)

↵s(µt)

◆
14/21✓↵s(µt)

↵s(µb)

◆
14/23✓↵s(µb)

↵s(µc)

◆
14/25

. (34)

Including effects of hQ(0)
8
i, eq. (23), and neglecting SM contributions, we find

�A(0)
7

��
Q

(0)
8

' 0.4 �C(0)
7
(1TeV)� (0.3 + 0.1i) �C(0)

8
(1TeV) . (35)

Additionally, we find the mixing via Q(0)
3�6

, [17] and appendix D, neglecting the SM,

�A(0)
7

��
Q

(0)
3�6

' (0.3� 0.1i) �C(0)
3
(1TeV) + (0.7 + 0.1i) �C(0)

4
(1TeV)

+ (�3.5� 1.9i) �C(0)
5
(1TeV) + (�0.6 + 1.1i) �C(0)

6
(1TeV) . (36)

BSM effects from 4-quark operators are, however, strongly constrained by ✏0/✏ and D � D̄ mixing,

and we do not consider this possibility any further.

To compete with the SM �C(0)(M) ⇠ O(0.1 � 1) is required, which is difficult to achieve given

the loop factor and possible further flavor suppressions. However, BSM CP asymmetries around a

percent require �C(M) of a few permille only but need sizable phases. The impact of �C 0(M) on CP

asymmetries is suppressed due to the hierarchy between the left and right-chiral SM contribution

and since there is no interference between them in the branching ratio.

Chromo-magne>c operator important 
for the CP asymmetry
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mixes under renormalization with Oq

2,

Oq

1 = (ūL �µ T
a
qL) (q̄L �

µ
T

a
cL) . (6)

The operators (5) and (6) are called current–current operators and are also respon-
sible for non-leptonic D-meson decays.

At µ > mb, the treatment of light quarks as massless leads to a fully e↵ective
GIM mechanism causing the cancellation of penguin contributions,6 as already seen
in Eq. (2). Penguin contributions appear when the b quark is integrated out as
an e↵ective degree of freedom at its threshold, see Fig. 2(d). After the matching,
the Wilson coe�cients are evolved from mb to mc using the RGEs, which induces
mixing between di↵erent |�c| = |�u| = 1 operators, given by Eq. (4).18

The last step is the evaluation of the Wilson coe�cients down tomc. The compu-
tation of the matrix elements associated to certain operators result in “e↵ective” co-
e�cients which account for e↵ects of nonzero light quark masses. Strictly speaking,
the e↵ective coe�cients are not Wilson coe�cients, since they contain low-energy
e↵ects. Wilson coe�cients are process universal, independent of the operator basis,
regularization and renormalization schemes.19 The e↵ective coe�cients Ce↵

7,9, which
are the only nonvanishing ones, at the charm scale µc read18,20

C e↵
7 (q2 ⇡ 0) ' �0.0011 � 0.0041 i ,

C e↵
9 (q2) ' �0.021


V

⇤
cd
Vud L(q

2
,md, µc) + V

⇤
cs
Vus L(q

2
,ms, µc)

�
,

(7)

where q
2 is the dilepton invariant mass squared and L(q2,mq, µc) is a function

that accounts for the low dynamical e↵ects due to mq 6= 0. The explicit form of
L(q2,mq, µc) can be found in Ref. 18. The coe�cients Ce↵

7,9 are dominated by the
matrix elements Oq

1,2. The q
2-dependence of Ce↵

7 (q2 ⇡ 0) is negligible. At µc = mc,
one obtains |Ce↵

9 | . 0.01, while Im[Ce↵
7 ] increases from �0.004 at q2 = 0 to �0.001

at high q
2.21

All other SM Wilson coe�cients in Eq. (3) do not receive any contribution,a

C0 SM
i

= CSM
S

= CSM
T

= CSM
T5 = CSM

10 = 0 . (8)

Especially CSM
10 = 0 distincts charm FCNCs from K or B physics. Since C10 corre-

sponds to an axial vector coupling for the leptonic part, e↵ects on the V –A structure
of the SM are shut o↵ at the charm scale and charm physics within the SM is dom-
inated by QCD and quantum electrodynamics (QED) e↵ects.

2.2. Long-distance description

The OPE allows for the separation of short-distance and long-distance e↵ects. In
order to fully assess the decay amplitude of rare c ! u`

+
`
� transitions, besides the

aQED corrections contribute to Eq. (8), however they are negligible with respect to the results

from QCD, i.e. CQED
10 (µc) < 0.01 C9(µc), see Ref. 21.
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LD dynamics:    Resonance contribu>ons 
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transfer q. In contrast, for a tensorial T (n = 2) current, due to its antisymmetric
Lorentz structure, only one FF appears

hD(p)|u�↵� c|P (k)i = i (p↵ q� � q↵p�)F
T(q2) . (11)

Currently, FFs can only be computed using methods such as lattice gauge theory,
QCD light-cone sum rules (LCSR)c or fitting theory/modelsd to experimental data.
Table 1 summarizes the number of FFs (second column) needed for exemplary
decays modes (first column), as well as how they can be extracted (third column).e

2.2.2. Resonance contributions

Often charm decay modes are dominated by resonance contributions. These e↵ects
can be parameterized by fitting Breit–Wigner distributions to experimental data.
The main contribution in hc ! F `

+
`
� decays results from hc ! FM

⇤ with M
⇤ !

�
⇤ ! `

+
`
� which induces resonance e↵ects on O9,P that can be phenomenologically

parameterized by18,40

CR

9 = a⇢0 e
i �⇢0

✓
1

q2 � m
2
⇢0 + im⇢0�⇢0

� 1

3

1

q2 � m2
!
+ im!�!

◆
+

a� e
i ��

q2 � m
2
�
+ im���

,

CR

P
=

a⌘ e
i �⌘

q2 � m2
⌘
+ im⌘�⌘

+
a⌘0

q2 � m
2
⌘0 + im⌘0�⌘0

, (12)

where aM is the resonance parameter with M = ⇢
0
,�, ⌘, ⌘

0
,
f and isospin has been

employed in Eq. (12) to relate the ⇢
0 to the !. Here, mM and �M denote the mass

and the total decay rate of M , respectively. The aM parameters can be extracted
from measurements of branching fractions B(hc ! FM) and B(M ! `

+
`
�), and

are given in Table 2 for some examples studied recently. The strong phases �⇢0,�,⌘

are the largest source of uncertainty. They can only be constrained if experimental
input on branching fractions in resonance-dominated regions is provided, which is
often not the case. In most numerical analyses, they are varied between �⇡ and ⇡.

The theoretical description of resonance-dominated decays is challenging and
requires further investigations. Studies of these e↵ects in the context of QCD fac-
torization can be found in Refs. 41, 42, 43.

Resonance contributions in radiative decays D ! V �, with V a vector meson,
can be included through phenomenological models. For example, the model consid-
ered in Refs. 46 and 47 is a mixture of factorization, heavy quark e↵ective theory
and chiral theory. The parameters of this model are unknown and have to be ex-
tracted from experimental data, allowing implicitly for a breaking of the SU(3)F
flavor symmetry.

cLCSR calculations are valid only at low q2.
dFor instance, the heavy hadron chiral perturbation theory (HH�PT),38 the covariant light front
quark model (CLFQM)34 and the constituent quark model (CQM).35
eUsing spectator invariance one can relate the FFs of Ds ! K⇤ to D ! (⇢,!) FFs.21,38
fAlong this work, we use the following abbreviations for the resonances: ⇢0(770) ⌘ ⇢0, !(782) ⌘ !,
K⇤0(892) ⌘ K⇤0, �(1020) ⌘ �, K⇤+(892) ⌘ K⇤+, ⇢+(770) ⌘ ⇢+, ⌘0(958) ⌘ ⌘0.

Only for D, different for B and K in SM
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0 to the !. Here, mM and �M denote the mass

and the total decay rate of M , respectively. The aM parameters can be extracted
from measurements of branching fractions B(hc ! FM) and B(M ! `

+
`
�), and

are given in Table 2 for some examples studied recently. The strong phases �⇢0,�,⌘

are the largest source of uncertainty. They can only be constrained if experimental
input on branching fractions in resonance-dominated regions is provided, which is
often not the case. In most numerical analyses, they are varied between �⇡ and ⇡.

The theoretical description of resonance-dominated decays is challenging and
requires further investigations. Studies of these e↵ects in the context of QCD fac-
torization can be found in Refs. 41, 42, 43.

Resonance contributions in radiative decays D ! V �, with V a vector meson,
can be included through phenomenological models. For example, the model consid-
ered in Refs. 46 and 47 is a mixture of factorization, heavy quark e↵ective theory
and chiral theory. The parameters of this model are unknown and have to be ex-
tracted from experimental data, allowing implicitly for a breaking of the SU(3)F
flavor symmetry.

cLCSR calculations are valid only at low q2.
dFor instance, the heavy hadron chiral perturbation theory (HH�PT),38 the covariant light front
quark model (CLFQM)34 and the constituent quark model (CQM).35
eUsing spectator invariance one can relate the FFs of Ds ! K⇤ to D ! (⇢,!) FFs.21,38
fAlong this work, we use the following abbreviations for the resonances: ⇢0(770) ⌘ ⇢0, !(782) ⌘ !,
K⇤0(892) ⌘ K⇤0, �(1020) ⌘ �, K⇤+(892) ⌘ K⇤+, ⇢+(770) ⌘ ⇢+, ⌘0(958) ⌘ ⌘0.

D ! ⇡l+l�

Gisbert et al. 2011.09478, 

SD dynamics 
SM



SM predic>on: Long distance contribu>ons
most important!

peaks at ρ,ω,ϕ and η resonances

Gisbert etal.,2011.09478
de Boer, Hiller, 1510.00311,
SF and Kosnik, 1510.00965
Bause et al, 1909.11108

D ! ⇡l+l�

LaZce for form factors
HFLAV, 1909.12524 
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SM in D ! `+`�
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Helicity suppression
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experimental upper limits on B(D+ ! ⇡
+
µ
+
µ
�) < 6.7 · 10�8 at 90% CL presented

in Sec. 4, and neglecting SM contributions, we obtain the following bounds for
muons:
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Note that coe�cients in Eq. (19) are slightly improved with respect to Ref. 44.
Right-handed currents can be included replacing C ! C + C0.

The decay D
0 ! µ

+
µ
� provides additional information on C(µ)(0)

S,P,10 via the exper-
imental upper bound presented in Eq. (13). The short-distance contributions can
be written as
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where fD is the D
0 meson decay constant, see Sec. 2.2.1. Albeit the active helicity

suppression in Eq. (20), it gives the best constraints on NP contributions to C(µ)
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where the SM contributions have again been neglected since the relevant Wilson
coe�cients are zero in the SM, as discussed in Sec. 2.1. The most sizeable con-
tribution in the SM is estimated to originate from long-distance contributions in
D

0 ! �
⇤
�
⇤ ! µ

+
µ
�.61,94,95 Using the current limit B(D0 ! ��) < 8.5 · 10�7 at

90% CL,114 we obtain61
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well below the current experimental limit (see Eq. (13)). Equation (22) can be con-
sidered as an upper limit and any measurement significantly exceeding this bound
would signal NP.

Constraints on dielectron modes are weaker than dimuon ones, using the upper
limits on B(D+ ! ⇡

+
e
+
e
�) < 1.1 ·10�6 and B(D0 ! e

+
e
�) < 7.9 ·10�8 at 90% CL

presented in Sec. 4, one obtains18
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to reconstruct final states including neutral particles and electrons.
Older results published by CLEO II and the Fermilab E653 and E791 collabo-

rations still hold the most stringent limits for some decay channels, see Refs. 90, 91,
92, 93 for details. These measurements are not discussed in detail in this review,
however, their results will be added to the summary tables for completeness. All
experimental limits in this section are quoted at a 90% confidence level (CL).

4.1. Searches for purely leptonic decays

Hadronic uncertainties on theoretical predictions are minimal in purely leptonic de-
cays. However, their decay rates are subject to an additional helicity suppression,
making them extremely rare. In SM, these decays are dominated by long-distance
contributions from D

0 ! �
⇤
�
⇤ ! `

+
`
� (Refs. 61, 94, 95) with an estimated branch-

ing fraction of order 10�11 for muons, see Sec. 5. Experimentally, the detection of
final states consisting of two leptons is rather simple, generally allowing to set more
stringent limits on the branching fractions compared to decays to final states in-
volving hadrons. The possibility of NP searches in rare charm decays triggered the
attention of experimental particle physicists already in 1988 and first searches for
the rare decays D0 ! e

+
e
�, D0 ! µ

+
µ
� and the lepton flavor violating (LFV) de-

cay D
0 ! µ

±
e
⌥ started by the CLEO and ARGUS collaborations.96,97 The world’s

most stringent limit nowadays on D
0 ! e

+
e
� decays has been set by Belle in 2010,

analyzing a dataset corresponding to an integrated luminosity of 660 fb�1 collected
at a center-of-mass energy at or close to the ⌥ (4S) resonance.? The best limits on
the decays D0 ! µ

+
µ
� and D

0 ! µ
±
e
⌥ have been published by LHCb in the years

201398 and 2016,99 respectively, using datasets corresponding to integrated lumi-
nosities of 0.9 fb�1 and 3.0 fb�1. The best upper limits on the branching fractions
of purely leptonic rare charm decays are?, 98, 99

B(D0 ! e
+
e
�) < 7.9 ⇥ 10�8

,

B(D0 ! µ
+
µ
�) < 6.2 ⇥ 10�9

,

B(D0 ! µ
±
e
⌥) < 1.3 ⇥ 10�8

.

(13)

4.2. Searches for semi-leptonic decays

Searches for semi-leptonic decays of neutral D0 and charged D
+, D+

s
charm mesons

into two leptons and additional hadrons cover a large variety of final states, and we
will briefly discuss the most recent publications. Singly Cabibbo-suppressed decays
with two oppositely charged leptons `

+
`
� (` = e, µ) in the final state of the form

D ! F `
+
`
� are sensitive to FCNC processes. Here, F can be one or several neutral

(⇡0, K0
S , ⌘, ⇢

0, !, K⇤0, �) and/or charged (⇡+, K+, ⇢+, K⇤+) mesons. Final states
comprising two leptons of di↵erent flavor correspond to LFV modes, while modes
with two leptons carrying the same electrical charge are lepton number violating
(LNV). To date, no indications of non-resonant short-distance contributions to rare
decay modes or hints for forbidden modes exist.

Belle &LHCb Experiment:

Gisbert et al. 2011.09478, 
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RK with full Run 1 and Run 2 LHCb data

The measured value of RK is:

RK = 0.846 +0.042
�0.039 (stat.) +0.013

�0.012 (syst.)

dominant systematic e↵ect: fit model
I e↵ects such as calibration of trigger & kinematics

are at permille-level

p-value under SM hypothesis: 0.0010

significance: 3.1� (evidence for LFU violation in
B+

! K+`+`� decays)

0.5 1 1.5
KR

-1LHCb 9 fb
4c/2 < 6.0 GeV2q1.1 < 

Belle
4c/2 < 6.0 GeV2q1.0 < 

BaBar
4c/2 < 8.12 GeV2q0.1 < 
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Dan Moise (Imperial College London) Test of LFU at LHCb 23rd March 2021 11 / 12

3.1σ

NP in rare charm decays – from B to D 

Search for NP in up sector at low energies (charm factories)
at high energies LHC

B anomalies explained by NP Can this NP be seen in charm rare decays, D0 - D0 

oscilla>ons ...

_

Unfortunately GIM mechanism is in the ac>on for FCNC in charm physics ! 



NP explaining both B anomalies 

B ! K(⇤)µ+µ�

LNP =
1

(⇤D)2
2 c̄L�µbL⌧̄ �

µ⌫L LNP =
1

(⇤K)2
s̄L�µbLµ̄L�

µµL

⇤D ' 3TeV ⇤K ' 30TeV

1

(⇤K)2
=

CK

⇤2
CK ' 0.01

suppression factor 14

NP in FCNC                                                
has to be suppressed   

Rexp
D(⇤) > RSM

D(⇤) Rexp
K(⇤) < RSM

K(⇤)

⇤D ' ⇤K ⌘ ⇤
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Charged current charm  meson decays and New Physics  

LSM =
4GFp

2
Vcss̄L�

µcL ⌫̄l�µl LNP =
2

⇤2
c

s̄L�
µcL ⌫̄l�µl

PDG 2020

Electro-magne>c correc>on 1-3%

1 % error in 

�(D+
s ! l+⌫l)

Message:
Even if there is NP at 3 TeV scale 
the effect on  charm leptonic decay 
can be ~ 1%!

⇤c ⇠ 2.5 TeV

11 71. Leptonic Decays of Charged Pseudoscalar Mesons

finding [34]
fD+ ≠ fD = 0.58(1)(7) MeV , fB+ ≠ fB = ≠0.53(5)(7) MeV . (71.17)

These results agree with independent estimates of the strong-isospin-breaking corrections to heavy-
light meson decay constants from Borelized sum rules [80]. Combined with the determinations
of fD and fB from the same work, Eq. (71.17) implies that the corrections to the SU(3)-flavor
breaking ratios are

fDs

fD+
= fDs

fD

!
1 ≠ 0.0027(3)

"
,

fBs

fB+
= fBs

fB

!
1 + 0.0028(5)

"
. (71.18)

These estimated strong-isospin-breaking corrections to fD and fDs/fD above are commensurate
with the uncertainties on the (2+1+1)-flavor FLAG averages in Table 71.4. Consequently, it is
important to account isospin-breaking e�ects before combining the theoretical decay constants
with the corresponding experimental decay rates.

To obtain the charged D+-meson decay constant, we apply the correction in Eq. (71.17) to the
(2+1+1)-flavor 2019 FLAG average for the D-meson decay constant in the isospin-symmetric limit.
Similarly we use Eq. (71.18) to correct the (2+1+1)-flavor 2019 FLAG average for fDs/fD. We
take the four-flavor FLAG 2019 average for fDs directly. Our final preferred theoretical values for
the charmed pseudoscalar-meson decay constants are

fD+ = 212.6(7) MeV , fDs = 249.9(5) MeV ,
fDs

fD+
= 1.175(2) . (71.19)

For all three quantities in Eq. (71.19), the uncertainties are roughly half the size of those in our
previous review [26,49].

71.4 Bottom mesons
71.4.1 Experimental rate measurements

The Belle and BaBar collaborations have found evidence for B≠
æ ·≠‹ decay in e+e≠

æ B≠B+

collisions at the Ã (4S) energy. The analysis relies on reconstructing a hadronic or semi-leptonic B
decay tag, finding a · candidate in the remaining track and photon candidates, and examining the
extra energy in the event which should be close to zero for a real ·≠ decay to e≠‹‹̄ or µ≠‹‹̄ opposite
a B+ tag. While the BaBar results have remained unchanged, Belle reanalyzed both samples of
their data. The branching fraction using hadronic tags changed from 1.79 +0.56 +0.46

≠0.49 ≠0.51 ◊ 10≠4 [81]
to 0.72+0.27

≠0.25 ± 0.11 ◊ 10≠4 [82], while the corresponding change using semileponic tags was from
1.54+0.38+0.29

≠0.37≠0.31 to 1.25 ± 0.28 ± 0.27. These changes demonstrate the di�culty of the analysis. The
results are listed in Table 71.5.

Because there are large backgrounds under the signals for these measurements, as well as sub-
stantial systematic errors, the significances of the individual results are still below the 5‡ discovery
threshold. Belle quotes 4.6‡ for their combined hadronic and semileptonic tags, while BaBar quotes
3.3‡ and 2.3 ‡, for hadronic and semileptonic tags. Greater precision is necessary to determine if
any e�ects beyond the Standard Model are present.

We do not correct the measured branching ratios in Table 71.5 for radiative corrections because
the experimental uncertainties are so large. The radiative corrections are expected to be bigger,
however, for B æ µ‹ leptonic decays because the corrections are no longer helicity suppressed [6],
and may be a significant fraction of the purely leptonic rate. More theoretical work is needed to
understand radiative corrections to leptonic B decays in anticipation of future measurements with
greater precision, and of new decay channels.

1st June, 2020 8:31am
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For all three quantities in Eq. (71.19), the uncertainties are roughly half the size of those in our
previous review [26,49].

71.4 Bottom mesons
71.4.1 Experimental rate measurements

The Belle and BaBar collaborations have found evidence for B≠
æ ·≠‹ decay in e+e≠

æ B≠B+

collisions at the Ã (4S) energy. The analysis relies on reconstructing a hadronic or semi-leptonic B
decay tag, finding a · candidate in the remaining track and photon candidates, and examining the
extra energy in the event which should be close to zero for a real ·≠ decay to e≠‹‹̄ or µ≠‹‹̄ opposite
a B+ tag. While the BaBar results have remained unchanged, Belle reanalyzed both samples of
their data. The branching fraction using hadronic tags changed from 1.79 +0.56 +0.46

≠0.49 ≠0.51 ◊ 10≠4 [81]
to 0.72+0.27

≠0.25 ± 0.11 ◊ 10≠4 [82], while the corresponding change using semileponic tags was from
1.54+0.38+0.29

≠0.37≠0.31 to 1.25 ± 0.28 ± 0.27. These changes demonstrate the di�culty of the analysis. The
results are listed in Table 71.5.

Because there are large backgrounds under the signals for these measurements, as well as sub-
stantial systematic errors, the significances of the individual results are still below the 5‡ discovery
threshold. Belle quotes 4.6‡ for their combined hadronic and semileptonic tags, while BaBar quotes
3.3‡ and 2.3 ‡, for hadronic and semileptonic tags. Greater precision is necessary to determine if
any e�ects beyond the Standard Model are present.

We do not correct the measured branching ratios in Table 71.5 for radiative corrections because
the experimental uncertainties are so large. The radiative corrections are expected to be bigger,
however, for B æ µ‹ leptonic decays because the corrections are no longer helicity suppressed [6],
and may be a significant fraction of the purely leptonic rate. More theoretical work is needed to
understand radiative corrections to leptonic B decays in anticipation of future measurements with
greater precision, and of new decay channels.
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|Vcd| and |Vcs| from leptonic decays within the standard model:

|Vcd| = 0.217(5)(3)(1) and |Vcs| = 0.983(13)(14)(2) , (71.24)

where the errors are from the measured branching fractions, radiative corrections, and decay con-
stants, respectively. These results enable a test of the unitarity of the second row of the CKM
matrix. We obtain

|Vcd|
2 + |Vcs|

2 + |Vcb|
2

≠ 1 = 0.016(37) , (71.25)

in agreement with three-generation unitarity.
The uncertainty on |Vcd| in Eq. (71.24) is limited by the measurement error on the D+

æ µ+‹
decay rate. For |Vcs|, however, the experimental and radiative-correction errors are commensurate.
It is worth noting that the value of |Vcs| from leptonic Ds decays has decreased substantially from
the value of 1.007(17) in the previous version of this review [26, 49], and is now below unity as
expected in the three-generation CKM framework. This change is due to our new, more consistent
treatment of the radiative corrections, which lower the purely leptonic decay rates for the µ+‹ and
·+‹ channels by 2.8% and 1%, respectively. We emphasize, however, that we have taken a generous
100% uncertainty on these estimates, and that more theoretical work is needed to really pin down
the sizes of the radiative corrections to D(s)-meson leptonic decays.

The CKM matrix elements |Vcd| and |Vcs| can also be obtained from semileptonic D+
æ fi0¸+‹

and D+
s æ K0¸+‹ decays, respectively. Here experimental measurements determine the product

of the form factor times the CKM element, and theory provides the value for the form factor
at zero four-momentum transfer between the initial D(s) meson and the final pion or kaon. The
latest experimental averages from the Heavy Flavor Averaging Group (HFLAV) are fDfi

+ (0)|Vcd| =
0.1426(19) and fDsK

+ (0)|Vcs| = 0.7226(34) [108]. There are not enough published lattice-QCD
calculations of the zero-momentum D(s)-meson semileptonic form factors with Nf Ø 3 to permit
an average by the FLAG Collaboration. Taking the most precise three-flavor form-factor results
fDfi

+ (0) = 0.666(29) and fDsK
+ (0) = 0.747(19) from the HPQCD Collaboration [109, 110] gives

for the CKM matrix elements |Vcd| = 0.2141(97) and |Vcs| = 0.967(25), in agreement with those
from leptonic decays in Eq. (71.24). A newer, four-flavor calculation of the form factors by the
ETM Collaboration, however, yields a smaller value of fDfi

+ (0) = 0.612(35) by 1.2‡ and a larger
fDsK

+ (0) = 0.765(31) by 0.5‡. These imply |Vcd| = 0.233(14) and |Vcs| = 0.945(39), which are about
1‡ above and below the values from leptonic decays in Eq. (71.24), respectively. Independent lattice-
QCD calculations of the D+

æ fi0¸+‹ and D+
s æ K0¸+‹ form factors now in progress [111, 112]

may help clarify the picture.
We can combine the experimental measurements of fD+ |Vcd| and fD+

s
|Vcs| from Tables 71.2

and 71.3 with |Vcd| = 0.22438(44) and |Vcs| = 0.97359(10) from the PDG 2018 global unitarity-
triangle analysis [50] to infer “experimental” values for the decay constants within the standard
model. We take the CKM elements from the global fit because they are based on many input
quantities, thereby reducing the sensitivity to any one outlying measurement or calculation. We
obtain for the decay constants

f “exp”
D+ = 205.8(4.5)(0.4)(2.7) MeV , f “exp”

D+
s

= 252.4(3.2)(0.03)(3.5) MeV , (71.26)
A

fD+
s

fD+

B “exp”
= 1.226(31)(2)(3) . (71.27)

where the uncertainties are from the errors on ≈ (0), CKM matrix elements, and radiative cor-
rections, respectively. For the decay-constant ratio, we expect most of the radiative corrections
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B. Leptoquark models

We consider contributions from scalar S1,2,3 and vector V2,3, Ṽ1,2 leptoquark representations to

c ! u� processes, see [11, 43–46] for Lagrangians and details 2. In this section we denote by M

the mass of the leptoquark and by �L/R leptoquark couplings to left-/right-handed leptons. For

vector-like couplings we omit the chirality index.

Due to the light leptons in the loop �LQC
(0)
1�8

(µ = M) = 0, however, the following vector (V )

and scalar (S) operators are induced at tree-level

O(l)
V = (ūL�µlL)(lL�

µcL) , O(l)
S = (ūLlR)(lLcR) (37)

plus chirality-flipped contributions. Here, schematically, C(l)
V (µ = M) = ��⇤/M2 and

C(l)
S (µ = M) = �R�⇤

L/M
2. At one-loop QCD C(l)

V (µc) = C(l)
V (M) and C(l)

S (µ) =

(↵s(M)/↵s(µ))8/(2�0)C(l)
S (M), where �0 = 11 � 2/3nf and nf is the number of active flavors,

hence thresholds need to be taken into account.

At the scale µ = m⌧ the ⌧ lepton is to be integrated out. Since numerically m⌧ ⇠
p
2mc we

include the tau-loop contributions in the matrix element of O(l)
V,S , see figure 5. The contribution of

c u

l l

O(l)

1

FIG. 5: Diagram inducing c ! u� within leptoquark models.

O(l)(0)
V vanishes to all orders in ↵s. From the matrix element of O(l)(0)

S we obtain

�LQA
(0)
7
(µc) =

�Ql

4
p
2GF

ml

mc

✓
1 + ln

µ2
c

m2

l

◆✓
↵s(M)

↵s(µt)

◆
12/21✓↵s(µt)

↵s(µb)

◆
12/23✓↵s(µb)

↵s(µc)

◆
12/25 ⌫(0)

M2
. (38)

Here, Ql denotes the electric charge of the leptons. The couplings ⌫(0) within leptoquark models are

given in table III. Note that �LQA
(0)
8
(µc) is additionally ↵e/(4⇡) suppressed and will be neglected

throughout.

Constraints on ⌧ couplings are worked out and given in table IV, where we followed [11] and used

[36]. The representations V2,3 turn about to be not relevant for c ! u� decays and no constraints

2
In [11] the notation differs from the one used here by means of charge conjugated fields. Here we write q ! q̄C for

the leptoquarks S1, S3, V2 and Ṽ2 in [11] and adjust their couplings correspondingly. Moreover, here an additional

sign for all vector leptoquarks is accounted for. Conclusions in [11] are unaffected.

Within LQ models the c → uγ branching ra>os are SM-like with CP asymmetries 
at (0.01) for S1,2 and V 2̃ and SM-like for S3. 
Vector LQ  V ̃1   ACP ~ O(10%). The largest effects arise from τ-loops. 

Hiller& de Boer 1701. 06392
SF and Košnik, 1510.00965

S3 can explain 
RK(*) !
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⌧� ! K�⌫⌧

�mD

D+ ! ⌧+⌫⌧

D+
s ! ⌧+⌫⌧

K+ ! ⇡+⌫⌫̄

Constraints from 
Leptoquarks in  c → uγ

Even for τ in the loop too small contribu>on
(mτ /mLQ)2 suppression! 
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!

• study of angular distribu>ons          SM – null tests
• simpler then in B decays due to dominance of long distance physics
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• NP induced integrated CP asymmetries can reach few percent
• sensi>ve on C10

(‘)

LHCb, 1707.08377

Tests of LFU

LHCb , 1806.10793
consistent with SM

10

butions are termed S,P,...-wave, respectively. Due to the lower mass of the D-mesons relative to the

B-ones, there are fewer resonances and ones with lower spin contributing in charm. Lowest lying

resonances with sizable branching ratios into ⇡⇡ are the ⇢ and scalars � = f0(500) and f0(980). At

spin 2 there is the f2(1270). For K
+
K

�, it is essentially the �, and for K⇡ there is the K
⇤(892),

the scalars  and K
⇤
0 (1430) and the spin 2 resonance K

⇤
2 (1430).

We model the resonance structure in p
2 for D0

! ⇡
+
⇡
�
l
+
l
� decays by the ⇢-contribution, which

is dominant at least in the wider vicinity of p2 ⇡ m
2
⇢. D ! ⇢ form factors are taken from [34],

see appendix. D-waves and higher are phase space suppressed relative to the ⇢ and contribute to

small q2 . 0.4GeV2 only. Further study including scalar contributions, which are rather wide and

less known, is beyond the scope of this work, which aims at identifying null tests and illustrating

the sensitivity to BSM physics. We stress, however, that since there is no S-wave contribution to

I3,6,9 [13] these angular coefficients are unaffected by scalars. In addition, the S-P interference terms

in I4,5,7,8 can be separated from the P-wave contribution by angular analysis, therefore scalars can

be experimentally subtracted in these coefficients.

The other type of resonances contribute in q
2 as D ! P1P2�

⇤, �⇤ ! l
+
l
� via !, ⇢

0
,� and ⌘

(0).

We model these contributions with a phenomenological Breit-Wigner shape for C9 ! C
R
9 for vector

and CP ! C
R
P for pseudoscalar mesons [6, 8]

C
R
9 = a⇢e

i�⇢

✓
1

q2 �m2
⇢ + im⇢�⇢

�
1

3

1

q2 �m2
! + im!�!

◆
+

a�e
i��

q2 �m
2
� + im���

,

C
R
P =

a⌘e
i�⌘

q2 �m2
⌘ + im⌘�⌘

+
a⌘0

q2 �m
2
⌘0 + im⌘0�⌘0

, (26)

where mM ,�M denotes the mass and total width, respectively, of the resonance M = ⌘
(0)
, ⇢

0
,!,�,

and we used isospin to relate the ⇢
0 to the !. Corresponding transversity form factors are given

in the appendix, eqs. (45)-(48). LHCb [17] has provided branching ratios in q
2-bins around the

resonances ⇢/! and �,

B(D0
! ⇡

+
⇡
�
µ
+
µ
�)|[0.565�0.950]GeV = (40.6± 5.7)⇥ 10�8

, (27)

B(D0
! ⇡

+
⇡
�
µ
+
µ
�)|[0.950�1.100]GeV = (45.4± 5.9)⇥ 10�8

, (28)

B(D0
! K

+
K

�
µ
+
µ
�)|[>0.565]GeV = (12.0± 2.7)⇥ 10�8

, (29)

where we added uncertainties in quadrature and neglected correlations. The resonance parameters

in C
R
9,P are in general p2-dependent. We assume that the dominant p

2-dependence is taken care of

by the ⇢-lineshape specified in the appendix such that the aM are fixed by (27), (28) at p
2
⇡ m

2
⇢:

a
⇡⇡
� ' 0.3GeV2

, a
⇡⇡
⇢ ' 0.7GeV2

. (30)
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C9 = �C10 = ±0.5i C
0
9 = �C

0
10 = ±0.5i

hA5i [�0.04, 0.04] [�0.03, 0.03]

hA6i [�0.06, 0.05] [�0.06, 0.06]

hA8i [�0.02, 0.02] [�0.02, 0.02]

hA9i [�0.03, 0.03] [�0.03, 0.03]

Table II: Ranges for the high q
2, q2min = (1.1GeV)2, integrated CP asymmetries hAii for D

0
! ⇡

+
⇡
�
µ
+
µ
�

decays for different BSM benchmarks, varying strong phases.

C. Testing lepton universality

LNU-ratios in semileptonic decays [13, 39, 40]

R
D
P1P2

=

R q2max

q2min
dB/dq

2(D ! P1P2µ
+
µ
�)

R q2max

q2min
dB/dq2(D ! P1P2e

+e�)
, (40)

with the same cuts in the dielectron and dimuon measurement provide yet another null test of the

SM in charm as R
D
P1P2

|SM ' 1. Phase space corrections of the order m
2
µ/m

2
c amount to percent

level effects. Electromagnetic effects are another source of non-universality, and expected at order

↵em/(4⇡) ⇥ logarithms, parametrically suppressed [25, 28, 41]. A detailed calculation is beyond

the scope of this work. Within the SM we obtain for q
2
min = 4m2

µ and q
2
max = (mD �mP1 �mP2)

2

R
D SM
⇡⇡ = 1.00±O(%) , R

D SM
KK = 1.00±O(%) . (41)

Beyond the SM, RD
⇡⇡ can be modified significantly. Varying strong phases and Wilson coefficients

C
(0)
9,10 one at a time within allowed ranges (9), we obtain R

D
⇡⇡|BSM 2 [0.85, 0.99] and R

D
KK |BSM 2

[0.94, 0.97]. The latter is barely distinguishable from (41), as well as R
D
⇡⇡ and R

D
KK in leptoquark

models, e.g., [6, 40]. It is advantageous to consider the LNU-ratios in bins with a smaller SM

contribution to increase the BSM sensitivity. For ⇡⇡, this is, for instance, the high q
2 region

above the �, q2min = (1.1GeV)2, as in [17], and with the SM prediction (41) intact. Here, in this

high q
2 bin, leptoquark effects are within R

D
⇡⇡|

high q2

LQ 2 [0.7, 4.4], consistent with related sizable

SM deviations in D ! ⇡l
+
l
� decays at high q

2 [40]. Such sizable deviations from universality are

possible for the scalar and vector SU(2)L-singlet and doublet representations S1,2, Ṽ1,2, respectively,

which escape kaon bounds because there is no coupling to quark doublets [6]. The other leptoquark

representations give SM-like values for R
D
P1P2

.

For D
0
! K

+
K

�
l
+
l
� decays we investigate possibilities to enhance the BSM sensitivity by

lowering q
2
max. This increases the sensitivity to lepton mass effects such that (41) does not hold
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and sin 2�, for AFB and A2�, respectively; and to the uncertainty on the nuisance charge
asymmetry, for ACP . The total systematic uncertainties amount to less than 20% of the
statistical uncertainties for both decay modes and all dimuon-mass regions (Table 1).

The analysis is repeated on statistically independent data subsets chosen according to
criteria likely to reveal biases from specific instrumental e↵ects. These criteria include
the data-taking year, the magnetic-field orientation, the number of primary vertices in
the event, the per-event track multiplicity, the trigger classification, the D⇤+ transverse
momentum and the impact parameter of the D0 candidate with respect to the primary
vertex. The resulting variations of the measured asymmetries are consistent with statistical
fluctuations, with p-values between 3% and 95% and without deviations from a flat
distribution.

In summary, measurements of angular and CP asymmetries in D0
! ⇡+⇡�µ+µ�

and D0
! K+K�µ+µ� decays are performed using the proton-proton collision data

collected with the LHCb experiment between 2011 and 2016. This is the first time such
measurements are performed with rare decays of charm hadrons. The asymmetries are
measured both integrated and as a function of dimuon mass. The integrated asymmetries
are

AFB(D0
! ⇡+⇡�µ+µ�) = ( 3.3± 3.7± 0.6)%,

A2�(D0
! ⇡+⇡�µ+µ�) = (�0.6± 3.7± 0.6)%,

ACP (D0
! ⇡+⇡�µ+µ�) = ( 4.9± 3.8± 0.7)%,

AFB(D0
! K+K�µ+µ�) = (0± 11± 2)%,

A2�(D0
! K+K�µ+µ�) = (9± 11± 1)%,

ACP (D0
! K+K�µ+µ�) = (0± 11± 2)%,

where the first uncertainty is statistical and the second systematic. These measurements,
as well as the asymmetries in each dimuon-mass region, are consistent with zero and will
help constrain scenarios of physics beyond the SM [4–8,10, 11].
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Maximally allowed values of the 
Wilson coefficients in the low and 
high energy bins, according to 
LHCb 1304.6365 :
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Figure 2. Comparison of short-distance spectrum sensitivities to di↵erent Wilson coe�cients. Grey regions indicate the LHCb
experimental low- and high-q2bins.

|C̃i|max

BR(⇡µµ)I BR(⇡µµ)II BR(D0 ! µµ)

C̃7 2.4 1.6 -

C̃9 2.1 1.3 -

C̃10 1.4 0.92 0.63

C̃S 4.5 0.38 0.049

C̃P 3.6 0.37 0.049

C̃T 4.1 0.76 -

C̃T5 4.4 0.74 -

C̃9 = ±C̃10 1.3 0.81 0.63

Table II. Maximal allowed values of the Wilson coe�cient moduli, |C̃i| = |VubV
⇤
cbCi|, calculated in the nonresonant regions of

D+ ! ⇡+µ+µ� in the low lepton invariant mass region (q2 2 [0.0625, 0.276] GeV2), denoted by I, in the high invariant mass
region (q2 2 [1.56, 4.00] GeV2), denoted by II, and from the upper bound BR(D0 ! µ+µ�) < 7.6 ⇥ 10�9 [13]. The last row
gives the maximal value for the case where C̃9 = ±C̃10. All the quoted bounds have been derived for real Ci. The bounds for
C̃i apply also to the chirally flipped coe�cients C̃0

j .

shown in Fig. 3.

Figure 3. Forward-backward asymmetry for the resonant background itself (orange) and in the scenario with CS = 0.049/�b,
CT = 0.2/�b (cyan).

We turn to the discussion of specific models the in next section.

Best bounds from 

D0 ! µ+µ�

0.56

0.56

0.043
0.043

|C̃i| = |VubV
⇤
cbCi|

q2 2 [1.56, 4.00]GeV 2

q2 2 [0.0625, 0.276]GeV 2

region I region  II

0.043



Model of NP                              Effect on W.c. Size of the effect

Scalar leptoquark
(3,2,7/6) 

CS,CP, CS’,CP‘,CT,CT5, 
C9,C!0,C9’,C10’ VcbVub|C9, C10|< 0.34 

Vector leptoquark
(3,1,5/3) 

C9’ = C10’ VcbVub|C9’, C10’|< 0.24 

Two Higgs doublet 
Model type III CS,CP, CS’,CP‘

VcbVub|CS – CS’|< 0.005 

VcbVub|CP – CP’|< 0.005 

Z’ model C9’,C10’ VcbVub|C9’,|< 0.001
VcbVub|C10’| < 0.014
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1510.00311 (de Beor and Hiller)
1705.02251 (Sahoo and Mohanta)
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FIG. 3: The differential branching fraction dB(D+
! ⇡

+
µ
+
µ
�)/dq2 at high q

2. The solid blue curve is the

non-resonant SM prediction at µc = mc and the lighter blue band its µc-uncertainty, the dashed black line

denotes the 90% CL experimental upper limit [28] and the orange band shows the resonant contributions.

The additional curves illustrate two viable, sample BSM scenarios, |C9| = |C10| = 0.6 (dot-dashed cyan

curve) and C
(0)
i = 0.05 (dotted purple curve).

To discuss LFV we introduce the following effective Lagrangian

L
weak
eff (µ ⇠ mc) =

4GF
p
2

↵e

4⇡

X

i

⇣
K

(e)
i

O
(e)
i

+K
(µ)
i

O
(µ)
i

⌘
, (c ! ue

±
µ
⌥) , (33)

where the K
(l)
i

denote Wilson coefficients and the operators O
(l)
i

read

O
(e)
9 = (ū�µPLc) (e�

µ
µ) , O

(µ)
9 = (ū�µPLc) (µ�

µ
e) , (34)

and all others in analogous notation to Eq. (28). The LFV Wilson coefficients are constrained by

B(D0
! e

+
µ
� + e

�
µ
+) < 2.6 · 10�7, B(D+

! ⇡
+
e
+
µ
�) < 2.9 · 10�6 and B(D+

! ⇡
+
e
�
µ
+) <

3.6 · 10�6 at CL=90% [29] as
���K(l)

S,P
�K

(l)0
S,P

��� . 0.4 ,
���K(l)

9,10 �K
(l)0
9,10

��� . 6 ,
���K(l)

T,T5

��� . 7 , l = e, µ . (35)

The observables in the D ! Pl
+
l
� angular distribution, AFB and FH , Eqs. (D2), (D3) can

be sizable while respecting the model-independent bounds. We find that, upon q
2-integration,

|AFB(D+
! ⇡

+
µ
+
µ
�)| . 0.6, |AFB(D+

! ⇡
+
e
+
e
�)| . 0.8, FH(D+

! ⇡
+
µ
+
µ
�) . 1.5 and

c ! uµ±e⌥
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9 = (ū�µPLc) (µ�

µ
e) , (34)

and all others in analogous notation to Eq. (28). The LFV Wilson coefficients are constrained by

B(D0
! e

+
µ
� + e

�
µ
+) < 2.6 · 10�7, B(D+

! ⇡
+
e
+
µ
�) < 2.9 · 10�6 and B(D+

! ⇡
+
e
�
µ
+) <

3.6 · 10�6 at CL=90% [29] as
���K(l)

S,P
�K

(l)0
S,P

��� . 0.4 ,
���K(l)

9,10 �K
(l)0
9,10

��� . 6 ,
���K(l)

T,T5

��� . 7 , l = e, µ . (35)

The observables in the D ! Pl
+
l
� angular distribution, AFB and FH , Eqs. (D2), (D3) can

be sizable while respecting the model-independent bounds. We find that, upon q
2-integration,

|AFB(D+
! ⇡

+
µ
+
µ
�)| . 0.6, |AFB(D+

! ⇡
+
e
+
e
�)| . 0.8, FH(D+

! ⇡
+
µ
+
µ
�) . 1.5 and

BR(D0 ! e+µ� + e�µ+) < 2.6⇥ 10�7

BR(D+ ! ⇡+e+µ�) < 2.9⇥ 10�6

BR(D+ ! ⇡+e�µ+) < 3.6⇥ 10�6

11

FIG. 3: The differential branching fraction dB(D+
! ⇡

+
µ
+
µ
�)/dq2 at high q

2. The solid blue curve is the

non-resonant SM prediction at µc = mc and the lighter blue band its µc-uncertainty, the dashed black line

denotes the 90% CL experimental upper limit [28] and the orange band shows the resonant contributions.

The additional curves illustrate two viable, sample BSM scenarios, |C9| = |C10| = 0.6 (dot-dashed cyan

curve) and C
(0)
i = 0.05 (dotted purple curve).

To discuss LFV we introduce the following effective Lagrangian

L
weak
eff (µ ⇠ mc) =

4GF
p
2

↵e

4⇡

X

i

⇣
K

(e)
i

O
(e)
i

+K
(µ)
i

O
(µ)
i

⌘
, (c ! ue

±
µ
⌥) , (33)

where the K
(l)
i

denote Wilson coefficients and the operators O
(l)
i

read

O
(e)
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Lepton flavor viola'on
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Λc→pγ

Hiller& de Boer 1701. 06392

If Λc-baryons are produced polarized, such as at Z, 
angular asymmetries in  Λc → pγ can probe 
chirality-flipped contribu>ons 

22

FIG. 6: The angular asymmetry (47) of ⇤c ! p� decays as a function of r = A0
7/A7 for P⇤c = �0.44. The

bands represent the statistical uncertainties for N = 103 (orange) and N = 105 (purple). Within the SM

and leptoquark models r . 0.2, indicated by the dashed vertical line, and corresponding A�-ranges shown

by the horizontal bands. Within SUSY all values r . O(1) are possible.

above the QCD factorization range given, suggesting, to the order we are working, a low value of

the parameter �D . 0.1 GeV or low charm mass scale. One has to keep in mind, however, that

poor convergence of the 1/mc and ↵s-expansion prohibits a sharp conclusion without further study.

Decays of charged mesons with color allowed weak annihilation contribution are better suited for

extracting �D as there is lesser chance for large cancellations, see also figure 2. The measured

branching ratios are close to the top end of the ones obtained in the hybrid model. D0
! �� and

D0
! K̄⇤0� belong to the class of those decays with no direct contribution from electromagnetic

dipole operators. Corresponding decays are listed in table II, their branching ratios have essentially

no sensitivity to BSM physics unlike the CP asymmetry in D0
! ��, cf. equations (28), (29).

The measured D0
! ⇢0� branching ratio provides a model-independent upper limit on the decay

amplitudes given in eq. (30), which is similar to the one from D ! ⇡µµ decays [11]. If B(D0
! ⇢0�)

is saturated with BSM physics or in the SM, B(D0
! (⇢0/!)�) are very close to each other. For

intermediate scenarios the two branching ratios can differ by orders of magnitude [7], and indicate

BSM physics.

CP asymmetries in c ! u� transitions constitute SM null tests. We find ASM

CP . few · 10�3

for D0
! ⇢0�, see figure 3, and similar for other radiative rare charm decays. Among the modes

20

V. ON ⇤c ! p�

We investigate possibilities to probe the handedness of the c ! u� current in the decay ⇤c ! p�

with polarization asymmetries, that arise once ⇤c’s are produced polarized. We follow closely

related works on ⇤b ! ⇤� decays [54, 55].

The ⇤c ! p� branching ratio is not measured to date. Quite generally we assume

B(⇤c ! p�) ⇠ O(10�5) , (45)

in agreement with naive expectations from B(D0
! ⇢0�) 3. Note, we employ equation (45) only to

estimate uncertainties. B(⇤c ! p�) should be determined experimentally.

The number of ⇤c ! p� events N , modulo reconstruction efficiencies, can be obtained from

N = N(cc̄) f(c ! ⇤c)B(⇤c ! p�) ⇠ N(cc̄) · 10�6 , (46)

where f(c ! ⇤c) ' 0.06 [63] is the fragmentation fraction of charm to ⇤c-baryons and N(cc̄) the

number of cc̄ produced. At the forthcoming Belle II experiment, where �(e+e� ! c̄c) ' 1.3 nb,

L ' 5 ab�1 within a year [2], N ⇠ [103, 104]. At a future e+e�-collider running at the Z (FCC-ee),

where N(Z) ⇠ 1012 within one year [19] and B(Z ! cc̄) ' 0.12 [36], N ⇠ 105. This environment

suggests a measurement of the ⇤c ! p� branching ratio, the ⇤c polarization and the angular

asymmetry A� of ⇤c ! p� decays. The latter is defined in the ⇤c rest frame by the angle between

the ⇤c spin and the proton momentum, that is, the forward-backward asymmetry of the photon

momentum relative to the ⇤c boost, and normalized to the width. It reads [54]

A� = �
P⇤c

2

1� |r|2

1 + |r|2
, (47)

where P⇤c denotes the (longitudinal) ⇤c polarization and r = A0
7
/A7. A�

! P⇤c/2 for r ! 1

and A�
! �P⇤c/2 for r ! 0. Calculating A7, A0

7
in the SM is a difficult task and beyond the

scope of our work. In the subsequent estimates of BSM sensitivity we assume that approximately

A(0)
7

⇠ �C(0)
7

for large BSM effects and A0
7
⌧ A7 in SM-like situations. A� is measurable in the

laboratory frame for a boost ~� = ~p⇤c/E⇤c , where ~p⇤c denotes the ⇤c three-momentum in the

laboratory frame, as

hqki|~�| = �E⇤
�

✓���~�
���+

2

3
A�

◆
. (48)

3
Via weak annihilation r(⇤c ! p�/D0 ! ⇢0�) ⇠

p
2 due to color counting, via resonances r(⇤c ! p�/D0 ! ⇢0�) ⇠

1 due to the amplitude AIII,⇤c!p�
[56] and r(⇤c ! p�/D0 ! ⇢0�) '

p
2f?/T ⇠ 1 via SM effective and BSM

Wilson coefficients. Here, the form factor f? = fT
?(0) = fT5

? (0) is defined as in [57] and calculated within QCD

LCSR [58, 59], a covariant confined quark model [60] and a relativistic quark model [61]. Within a constituent

quark model B⇤c!p� = 2.2 · 10�5
[62] in agreement with eq. (45).
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?(0) = fT5

? (0) is defined as in [57] and calculated within QCD

LCSR [58, 59], a covariant confined quark model [60] and a relativistic quark model [61]. Within a constituent

quark model B⇤c!p� = 2.2 · 10�5
[62] in agreement with eq. (45).
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FIG. 6: The angular asymmetry (47) of ⇤c ! p� decays as a function of r = A0
7/A7 for P⇤c = �0.44. The

bands represent the statistical uncertainties for N = 103 (orange) and N = 105 (purple). Within the SM

and leptoquark models r . 0.2, indicated by the dashed vertical line, and corresponding A�-ranges shown

by the horizontal bands. Within SUSY all values r . O(1) are possible.

above the QCD factorization range given, suggesting, to the order we are working, a low value of

the parameter �D . 0.1 GeV or low charm mass scale. One has to keep in mind, however, that

poor convergence of the 1/mc and ↵s-expansion prohibits a sharp conclusion without further study.

Decays of charged mesons with color allowed weak annihilation contribution are better suited for

extracting �D as there is lesser chance for large cancellations, see also figure 2. The measured

branching ratios are close to the top end of the ones obtained in the hybrid model. D0
! �� and

D0
! K̄⇤0� belong to the class of those decays with no direct contribution from electromagnetic

dipole operators. Corresponding decays are listed in table II, their branching ratios have essentially

no sensitivity to BSM physics unlike the CP asymmetry in D0
! ��, cf. equations (28), (29).

The measured D0
! ⇢0� branching ratio provides a model-independent upper limit on the decay

amplitudes given in eq. (30), which is similar to the one from D ! ⇡µµ decays [11]. If B(D0
! ⇢0�)

is saturated with BSM physics or in the SM, B(D0
! (⇢0/!)�) are very close to each other. For

intermediate scenarios the two branching ratios can differ by orders of magnitude [7], and indicate

BSM physics.

CP asymmetries in c ! u� transitions constitute SM null tests. We find ASM

CP . few · 10�3

for D0
! ⇢0�, see figure 3, and similar for other radiative rare charm decays. Among the modes

LQ

SUSY



Charm meson decays to invisible fermions

Bause et al. 2010.02225 predicted rather large branching ra>os 
for D decays to 𝜋 and invisibles, based on Belle result 

SM

Coloured Scalars Mediated Rare Charm Meson Decays to Invisible Fermions

Svjetlana Fajfer⇤ and Anja Novosel†
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We consider e↵ects of coloured scalar mediators in decays c ! u invisibles. In particular, in
these processes, as invisibles, we consider massive right-handed fermions. The coloured scalar S̄1 ⌘
(3̄, 1,�2/3), due to its coupling to weak singlets up-quarks and invisible right-handed fermions (�),
is particularly interesting. Then, we consider R̃2 ⌘ (3̄, 2, 1/6), which as a weak doublet is a subject
of severe low-energy constraints. The � mass is considered in the range (mK � m⇡)/2  m� 
(mD �m⇡)/2. We determine branching ratios for D ! ��̄, D ! ��̄� and D ! ⇡�� for several �
masses, using most constraining bounds. For S̄1, the most constraining is D0 � D̄0 mixing, while in
the case of R̃2 the strongest constraint comes from B ! K /E. We find in decays mediated by S̄1 that
branching ratios can be B(D ! ��̄) < 10�8 for m� = 0.8 GeV, B(D ! ��̄�) ⇠ 10�8 for m� = 0.18
GeV, while B(D+ ! ⇡+��̄) can reach ⇠ 10�8 for m� = 0.18 GeV. In the case of R̃2 these decay
rates are very suppressed. We find that future tau-charm factories and Belle II experiments o↵er
good opportunities to search for such processes. Both S̄1 and R̃2 might have masses within LHC
reach.

I. INTRODUCTION

Low-energy constraints of physics beyond Standard
Model (BSM) are well established for down-like quarks by
numerous searches in processes with hadrons containing
one b or/and s quark. However, in the up-quark sector,
searches are performed in top decays, suitable for LHC
studies, while in charm hadron processes at b-factories
or/and ⌧ -charm factories. Recently, an extensive study
on c ! u⌫⌫̄ appeared in Ref. [1], pointing out that ob-
servables very small in the Standard Model (SM) o↵er
unique (null) tests of BSM physics. Namely, for charm
flavour changing neutral current (FCNC) processes, se-
vere Glashow-Iliopoulos-Maiani (GIM) suppression oc-
curs. The decay D

0
! ⌫⌫̄ amplitude is helicity sup-

pressed in the SM. The authors of [2] made very detailed
study of heavy meson decays to invisibles, assuming that
the invisibles can be scalars or fermions with both he-
licites. They found out that in the SM branching ratio
B(D0

! ⌫⌫̄) = 1.1 ⇥ 10�31. Then the authors of [3]
found that the decay width of D0

! invisibles in the SM
is actually dominated by the contribution of D0

! ⌫⌫̄⌫⌫̄.
These studies’ main message is that SM provides no ir-
reducible background to analysis of invisibles in decays
of charm (and beauty) mesons. They also suggested [2],
that in searches for a Dark Matter candidate, it might
be important to investigate process with ��̄� in the fi-
nal state, since a massless photon eliminates the helicity
suppression. We also determine branching ratios for such
decay modes. The authors of Ref. [1] computed the ex-
pected event rate for the charm hadron decays to a final
hadronic state and neutrino - anti-neutrino states. They
found out that in experiments like Belle II, which can
reach per-mile e�ciencies or better, these processes can

⇤ Electronic address:svjetlana.fajfer@ijs.si
† Electronic address:anja.novosel@ijs.si

be seen. In addition future FCC-ee might be capable of
measuring branching ratios of O(10�6) down to O(10�8),
in particular D0, D+

(s) and ⇤+
c decay modes.

On the other hand, the Belle collaboration already
reached bound of the branching ratio for B(D0

!

invisibles) = 9.4 ⇥ 10�5 and the Belle II experiment is
expected to improve it [4]. The other e+e� machines as
BESSIII [5] and future FCC-ee running colliders at the Z
energies [6, 7] with a significant charm production with
B(Z ! cc̄) ' 0.22 [7] provide us with excellent tools for
precision study of charm decays.

In this work we focus on the particular scenarios with
coloured scalars or leptoquarks as mediators of the invisi-
ble fermions interaction with quarks. The coloured scalar
might have the electric charge of 2/3 or �1/3 depending
on the interactions with up or down quarks. Instead of
using general assumption on the lepton flavour structure
from [1] and justifying Belle bound from [8], we rely on
observables coming from the D

0
� D̄

0 oscillations and in
the case of weak doublets, we include constraints from
other flavour processes.

Motivated by previous works of Refs. [1, 2, 9–12], we
investigate c ! u�̄� with � being a massive SU(2)L
singlet. Coloured scalars carry out interactions between
invisible fermions and quarks. Namely, leptoquarks usu-
ally denote the boson interacting with quarks and lep-
tons. However, the state S̄1 does not interact with the
SM leptons and, therefore, it is more appropriate to call it
coloured scalar. Our approach is rather minimalistic due
to only two Yukawa couplings and the mass of coloured
scalar. The e↵ective Lagrangian and coloured scalar me-
diators are introduced in Sec. II. In Sec. III we describe
e↵ects of S̄1 mediator in rare charm decays, while in Sec.
IV we give details of R̃2 mediation in the same processes.
Sec. V contains conclusions and outlook.
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Jožef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia and
Faculty of Mathematics and Physics, University of Ljubljana, Jadranska 19, 1000 Ljubljana, Slovenia

(Dated: February 2, 2021)

We consider e↵ects of coloured scalar mediators in decays c ! u invisibles. In particular, in
these processes, as invisibles, we consider massive right-handed fermions. The coloured scalar S̄1 ⌘
(3̄, 1,�2/3), due to its coupling to weak singlets up-quarks and invisible right-handed fermions (�),
is particularly interesting. Then, we consider R̃2 ⌘ (3̄, 2, 1/6), which as a weak doublet is a subject
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rates are very suppressed. We find that future tau-charm factories and Belle II experiments o↵er
good opportunities to search for such processes. Both S̄1 and R̃2 might have masses within LHC
reach.

I. INTRODUCTION

Low-energy constraints of physics beyond Standard
Model (BSM) are well established for down-like quarks by
numerous searches in processes with hadrons containing
one b or/and s quark. However, in the up-quark sector,
searches are performed in top decays, suitable for LHC
studies, while in charm hadron processes at b-factories
or/and ⌧ -charm factories. Recently, an extensive study
on c ! u⌫⌫̄ appeared in Ref. [1], pointing out that ob-
servables very small in the Standard Model (SM) o↵er
unique (null) tests of BSM physics. Namely, for charm
flavour changing neutral current (FCNC) processes, se-
vere Glashow-Iliopoulos-Maiani (GIM) suppression oc-
curs. The decay D

0
! ⌫⌫̄ amplitude is helicity sup-

pressed in the SM. The authors of [2] made very detailed
study of heavy meson decays to invisibles, assuming that
the invisibles can be scalars or fermions with both he-
licites. They found out that in the SM branching ratio
B(D0

! ⌫⌫̄) = 1.1 ⇥ 10�31. Then the authors of [3]
found that the decay width of D0

! invisibles in the SM
is actually dominated by the contribution of D0

! ⌫⌫̄⌫⌫̄.
These studies’ main message is that SM provides no ir-
reducible background to analysis of invisibles in decays
of charm (and beauty) mesons. They also suggested [2],
that in searches for a Dark Matter candidate, it might
be important to investigate process with ��̄� in the fi-
nal state, since a massless photon eliminates the helicity
suppression. We also determine branching ratios for such
decay modes. The authors of Ref. [1] computed the ex-
pected event rate for the charm hadron decays to a final
hadronic state and neutrino - anti-neutrino states. They
found out that in experiments like Belle II, which can
reach per-mile e�ciencies or better, these processes can
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be seen. In addition future FCC-ee might be capable of
measuring branching ratios of O(10�6) down to O(10�8),
in particular D0, D+

(s) and ⇤+
c decay modes.

On the other hand, the Belle collaboration already
reached bound of the branching ratio for B(D0

!

invisibles) = 9.4 ⇥ 10�5 and the Belle II experiment is
expected to improve it [4]. The other e+e� machines as
BESSIII [5] and future FCC-ee running colliders at the Z
energies [6, 7] with a significant charm production with
B(Z ! cc̄) ' 0.22 [7] provide us with excellent tools for
precision study of charm decays.

In this work we focus on the particular scenarios with
coloured scalars or leptoquarks as mediators of the invisi-
ble fermions interaction with quarks. The coloured scalar
might have the electric charge of 2/3 or �1/3 depending
on the interactions with up or down quarks. Instead of
using general assumption on the lepton flavour structure
from [1] and justifying Belle bound from [8], we rely on
observables coming from the D

0
� D̄

0 oscillations and in
the case of weak doublets, we include constraints from
other flavour processes.

Motivated by previous works of Refs. [1, 2, 9–12], we
investigate c ! u�̄� with � being a massive SU(2)L
singlet. Coloured scalars carry out interactions between
invisible fermions and quarks. Namely, leptoquarks usu-
ally denote the boson interacting with quarks and lep-
tons. However, the state S̄1 does not interact with the
SM leptons and, therefore, it is more appropriate to call it
coloured scalar. Our approach is rather minimalistic due
to only two Yukawa couplings and the mass of coloured
scalar. The e↵ective Lagrangian and coloured scalar me-
diators are introduced in Sec. II. In Sec. III we describe
e↵ects of S̄1 mediator in rare charm decays, while in Sec.
IV we give details of R̃2 mediation in the same processes.
Sec. V contains conclusions and outlook.

dominates over two –body decay

Improvements are expected at BESIII and FCC-ee

But models in 2010.02225  do not consider a “realis>c” models in 
which  flavour onbservables  define the parameter space.

Bha�acharaya et al., 1809.04606

BR(D0 ! invisibles) < 9.4⇥ 10�5
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weak e↵ective hamiltonian for c ! u⌫⌫̄ transitions in
Section II. In Section III we analyze the decay distri-
butions of D(s) ! P ⌫⌫̄, D(s) ! P+P� ⌫⌫̄, P = ⇡,K
⇤+
c ! p ⌫⌫̄, ⌅+

c ! ⌃+ ⌫⌫̄ and inclusive modes D ! X⌫⌫̄.
We obtain model-independent predictions for branching
ratios in Section IV. We also consider the implications
and constraints from right-handed (RH) neutrinos and
lepton number violating (LNV) interactions in the charm
sector. Predictions for tree-level NP mediators, such as
Z 0 and leptoquark (LQ) models are discussed in Section
V. We conclude in Section VI. Appendix A provides de-
tails on the SU(2)L-link and probing LU and cLFC. Ap-
pendix B contains formulae for form factors.

II. LOW-ENERGY EFFECTIVE HAMILTONIAN

In the absence of light RH neutrinos, as in the SM,
|�c| = |�u| = 1 dineutrino transitions can be described
by two operators amended by flavor indices in the weak
e↵ective hamiltonian

H⌫i⌫̄j

e↵ = �4GFp
2

↵e

4⇡

⇣
CUij
L Qij

L + CUij
R Qij

R

⌘
+ H.c. , (2)

with the four-fermion operators

Qij
L(R) = (ūL(R)�µcL(R)) (⌫̄jL�

µ⌫iL) , (3)

and i, j denote the neutrino flavors (mass eigenstates).
Here, GF denotes Fermi’s constant and ↵e is the fine
structure constant. No further dimension six operators
exist in H⌫i⌫̄j

e↵ .
Since the neutrino flavor indices are not experimen-

tally tagged, dineutrino branching ratios are obtained by
adding all dineutrino flavors incoherently

B(c ! u ⌫⌫̄) =
X

i,j

B(c ! u ⌫j ⌫̄i) . (4)

Therefore, all branching ratios depend on at most two
combinations of Wilson coe�cients that can be chosen
as

x±
U =

X

i,j

��CUij
L ± CUij

R

��2 . (5)

As it enters inclusive rates, the following term turns out
to be useful for the discussion of experimental limits

xU =
x+
U + x�

U

2
=

X

i,j

⇣
|CUij

L

��2 + |CUij
R

��2
⌘
. (6)

xU , and therefore x±
U  2xU , are presently not con-

strained by direct experimental information on |�c| =
|�u| = 1 dineutrino transitions. On the other hand,
model-independent upper limits on xU have been derived
using SU(2)L-invariance and data on charged lepton pro-
cesses [10]. With upper limits depending on the charged

lepton flavor structure, limits are obtained in three sce-
narios: LU, cLFC and general lepton flavor structure.

Specifically, writing the weak e↵ective hamiltonian for
charged dileptons as

H`i`j
e↵ � �4GFp

2

↵e

4⇡

⇣
KUij

L Oij
L + KUij

R Oij
R

⌘
+H.c., (7)

with dileptonic operators

Oij
L(R) = (ūL(R)�µcL(R)) (¯̀jL�

µ`iL) , (8)

analogous to the weak hamiltonian for dineutrinos (2),
the LU, cLFC limits corresponding to flavor structures
in the Wilson coe�cients can be identified as

KU
L,R|LU=

0

@
k 0 0
0 k 0
0 0 k

1

A , KU
L,R|cLFC=

0

@
ke 0 0
0 kµ 0
0 0 k⌧

1

A , (9)

while “general” means that all entries in the coe�cient
matrix are arbitrarily filled, allowing for cLFV. Here,
k, k` are the parameters in the coe�cient matrix.

Given a relation [10] between the neutrino Cij
L,R and the

charged lepton Kij
L,R couplings bounds on the latter im-

ply limits on the former. Note, this relation involves also
down-sector couplings to charged leptons, KD

L,R, with
analogous flavor patterns as in the up-sector (9). Clearly
the limits depend on the flavor structure.

Using input provided in Appendix A, to which we also
refer for details, the upper limits read

xU . 34 , (LU) (10)

xU . 196 , (cLFC) (11)

xU . 716 , (general) , (12)

which include leading order corrections from the Wolfen-
stein parameter � ' 0.2, therefore providing larger up-
per limits than in Ref. [10]. We employ these model-
independent, data-driven limits in the following Section
III as benchmarks for di↵erential decay distributions. In
Section IV we present upper limits on the branching ra-
tios using (10)-(12). We also discuss the impact of RH
neutrinos.

We remark that the charged lepton data yielding (10)-
(12) are from LHC’s Drell-Yan studies [11, 12]. In con-
trast to constraints from rare decays, here operators do
not interfere and large cancellations are avoided. On
the other hand, especially in the down-sector rare decay
data can imply significantly stronger constraints. Yet,
as discussed in Appendix A, the upper limits on the xU

including kaon constraints remain within the same or-
der of magnitude as in (10)-(12). Therefore, we choose
total model-independence and conservatively present re-
sults for (10)-(12).
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Lepton universality and lepton flavor conservation tests with dineutrino modes

Rigo Bause,∗ Hector Gisbert,† Marcel Golz,‡ and Gudrun Hiller§

Fakultät für Physik, TU Dortmund, Otto-Hahn-Str. 4, D-44221 Dortmund, Germany

SU(2)L-invariance links charged dilepton and dineutrino couplings. This relation allows to per-
form tests of lepton universality (LU) and charged lepton flavor conservation (cLFC) with flavor-
summed dineutrino observables, assuming only standard model (SM)-like light neutrinos. We obtain
model-independent upper limits on |∆c| = |∆u| = 1 branching ratios, for D → P νν̄, D → PP ′ νν̄,
P, P ′ = π,K, baryonic Λ+

c → p νν̄, and Ξ+
c → Σ+ νν̄ and inclusive decays, the largest of which do

not exceed few×10−5, and 10−5 if cLFC holds, and 10−6 if LU is intact.

Introduction.— Approximate symmetries of the standard
model (SM) provide powerful means to search for new
physics (NP). In this letter we exploit the SU(2)L-link
between left-handed charged lepton and neutrino cou-
plings and propose to use it to put quantitatively lepton
universality (LU) and charged lepton flavor conservation
(cLFC) to the test with flavor-summed dineutrino ob-
servables routed in the relation (2). The latter is inde-
pendent of the neutrino mixing matrix and holds for NP
contributions from above the weak scale.
We give the relation (2) aiming at application to |∆c| =
|∆u| = 1 processes but emphasize that it holds anal-
ogously for other flavor changing or conserving quark
transitions, both up- and down-sector ones. The situ-
ation, however, for c → u νν̄ transitions is quite unique
as the SM amplitude is entirely negligible due to an ef-
ficient Glashow-Iliopoulos-Maiani (GIM)-suppression [1]
and the current lack of experimental constraints 1.
Tests of lepton flavor structure with c → u νν̄ modes
are a new result of this work. While the connection be-
tween flavor violation and dineutrino branching ratios
has been discussed for kaons [3] and B-decays, e.g. [4],
(2) is new; it explicitly relates dilepton Wilson coeffi-
cients and dineutrino branching ratios to enable quanti-
tative data-driven predictions, which can shed light on
todays flavor anomalies posing a challenge to LU.
Model-independent relation and lepton flavor.— Con-
sider the SU(2)L×U(1)Y -invariant effective theory with
semileptonic (axial-) vector four-fermion operators in-
duced by NP at a scale sufficiently separated from the
weak scale v = (

√
2GF )−1/2 $ 246GeV at lowest or-

der [5]

Leff ⊃
C(1)

!q

v2
Q̄γµQ L̄γµL+

C(3)
!q

v2
Q̄γµτ

aQ L̄γµτaL

+
C!u

v2
ŪγµU L̄γµL+

C!d

v2
D̄γµD L̄γµL .

(1)

∗Electronic address: rigo.bause@tu-dortmund.de
†Electronic address: hector.gisbert@tu-dortmund.de
‡Electronic address: marcel.golz@tu-dortmund.de
§Electronic address: ghiller@physik.uni-dortmund.de
1 The D0 → νν̄ branching ratio induced by (axial-)vector opera-
tors is helicity suppressed by two powers of neutrino mass, and
negligible. The Belle result B(D0 → νν̄) < 9.4 · 10−5 at 90%
CL [2] can therefore be safely avoided.

Here, τa are Pauli-matrices, Q and L denote left-handed
quark and lepton SU(2)L-doublets and U,D stand for
right-handed up-singlet, down-singlet quarks, respec-
tively, with flavor indices suppressed for brevity. No
further dimension six four-fermion operators exist that
contribute at lowest order to dineutrino modes assuming
only SM-like light neutrinos. Operators with quarks or
leptons with two Higgs fields Φ and a covariant derivative
Dµ, Q̄γµQΦ†DµΦ, Q̄γµτaQΦ†DµτaΦ, ŪγµUΦ†DµΦ,
D̄γµDΦ†DµΦ and L̄γµLΦ†DµΦ, L̄γµτaLΦ†DµτaΦ in-
duce modified Z-couplings which give tree level contri-
butions to dineutrino modes – the lepton ones conserve
quark flavor, the quark ones obey LU, mixed ones are of
higher order in Leff . These operators are constrained by
electroweak and top observables, or mixing [6, 7] and are
negligible for the purpose of this work. The (axial-)vector
operators (1), which are invariant under QCD-evolution
[8], therefore provide a model-independent basis. Elec-
troweak renormalization group running can be neglected
in view of the precision aimed at with this study.
Writing the operators (1) in SU(2)L-components one can
read off couplings to dineutrinos (CP

A ) and to charged
dileptons (KP

A ), where P = U (P = D) refers to the up-
quark sector (down-quark sector) and A = L(R) denotes
left- (right-) handed quark currents

CU
L = KD

L = C(1)
!q + C(3)

!q , CU
R = KU

R = C!u ,

CD
L = KU

L = C(1)
!q − C(3)

!q , CD
R = KD

R = C!d .

Model-independently holds CP
R = KP

R . While CP
L is not

fixed in general by KP
L due to the different relative signs

between C(1)
!q and C(3)

!q , CU
L is related to KD

L and CD
L to

KU
L . We exploit this SU(2)L-link for charm physics.

Going to mass eigenstates Qα = (uLα, VαβdLβ), Li =
(νLi,W ∗

ki$Lk) with the Cabibbo-Kobayashi-Maskawa
(CKM) and Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrices V and W , respectively, and summing lepton fla-
vors i, j incoherently, we obtain the trace identity

∑

ν=i,j

(

|CUij
L

∣

∣

2
+ |CUij

R

∣
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⇤+
c ! p ⌫⌫̄, ⌅+

c ! ⌃+ ⌫⌫̄ and inclusive modes D ! X⌫⌫̄.
We obtain model-independent predictions for branching
ratios in Section IV. We also consider the implications
and constraints from right-handed (RH) neutrinos and
lepton number violating (LNV) interactions in the charm
sector. Predictions for tree-level NP mediators, such as
Z 0 and leptoquark (LQ) models are discussed in Section
V. We conclude in Section VI. Appendix A provides de-
tails on the SU(2)L-link and probing LU and cLFC. Ap-
pendix B contains formulae for form factors.

II. LOW-ENERGY EFFECTIVE HAMILTONIAN

In the absence of light RH neutrinos, as in the SM,
|�c| = |�u| = 1 dineutrino transitions can be described
by two operators amended by flavor indices in the weak
e↵ective hamiltonian

H⌫i⌫̄j

e↵ = �4GFp
2

↵e

4⇡

⇣
CUij
L Qij

L + CUij
R Qij

R

⌘
+ H.c. , (2)

with the four-fermion operators

Qij
L(R) = (ūL(R)�µcL(R)) (⌫̄jL�

µ⌫iL) , (3)

and i, j denote the neutrino flavors (mass eigenstates).
Here, GF denotes Fermi’s constant and ↵e is the fine
structure constant. No further dimension six operators
exist in H⌫i⌫̄j

e↵ .
Since the neutrino flavor indices are not experimen-

tally tagged, dineutrino branching ratios are obtained by
adding all dineutrino flavors incoherently

B(c ! u ⌫⌫̄) =
X

i,j

B(c ! u ⌫j ⌫̄i) . (4)

Therefore, all branching ratios depend on at most two
combinations of Wilson coe�cients that can be chosen
as

x±
U =

X

i,j

��CUij
L ± CUij

R

��2 . (5)

As it enters inclusive rates, the following term turns out
to be useful for the discussion of experimental limits

xU =
x+
U + x�

U

2
=

X

i,j

⇣
|CUij

L

��2 + |CUij
R

��2
⌘
. (6)

xU , and therefore x±
U  2xU , are presently not con-

strained by direct experimental information on |�c| =
|�u| = 1 dineutrino transitions. On the other hand,
model-independent upper limits on xU have been derived
using SU(2)L-invariance and data on charged lepton pro-
cesses [10]. With upper limits depending on the charged

lepton flavor structure, limits are obtained in three sce-
narios: LU, cLFC and general lepton flavor structure.

Specifically, writing the weak e↵ective hamiltonian for
charged dileptons as

H`i`j
e↵ � �4GFp

2

↵e

4⇡

⇣
KUij

L Oij
L + KUij

R Oij
R

⌘
+H.c., (7)

with dileptonic operators

Oij
L(R) = (ūL(R)�µcL(R)) (¯̀jL�

µ`iL) , (8)

analogous to the weak hamiltonian for dineutrinos (2),
the LU, cLFC limits corresponding to flavor structures
in the Wilson coe�cients can be identified as

KU
L,R|LU=

0

@
k 0 0
0 k 0
0 0 k

1

A , KU
L,R|cLFC=

0

@
ke 0 0
0 kµ 0
0 0 k⌧

1

A , (9)

while “general” means that all entries in the coe�cient
matrix are arbitrarily filled, allowing for cLFV. Here,
k, k` are the parameters in the coe�cient matrix.

Given a relation [10] between the neutrino Cij
L,R and the

charged lepton Kij
L,R couplings bounds on the latter im-

ply limits on the former. Note, this relation involves also
down-sector couplings to charged leptons, KD

L,R, with
analogous flavor patterns as in the up-sector (9). Clearly
the limits depend on the flavor structure.

Using input provided in Appendix A, to which we also
refer for details, the upper limits read

xU . 34 , (LU) (10)

xU . 196 , (cLFC) (11)

xU . 716 , (general) , (12)

which include leading order corrections from the Wolfen-
stein parameter � ' 0.2, therefore providing larger up-
per limits than in Ref. [10]. We employ these model-
independent, data-driven limits in the following Section
III as benchmarks for di↵erential decay distributions. In
Section IV we present upper limits on the branching ra-
tios using (10)-(12). We also discuss the impact of RH
neutrinos.

We remark that the charged lepton data yielding (10)-
(12) are from LHC’s Drell-Yan studies [11, 12]. In con-
trast to constraints from rare decays, here operators do
not interfere and large cancellations are avoided. On
the other hand, especially in the down-sector rare decay
data can imply significantly stronger constraints. Yet,
as discussed in Appendix A, the upper limits on the xU

including kaon constraints remain within the same or-
der of magnitude as in (10)-(12). Therefore, we choose
total model-independence and conservatively present re-
sults for (10)-(12).
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k, k` are the parameters in the coe�cient matrix.

Given a relation [10] between the neutrino Cij
L,R and the

charged lepton Kij
L,R couplings bounds on the latter im-

ply limits on the former. Note, this relation involves also
down-sector couplings to charged leptons, KD

L,R, with
analogous flavor patterns as in the up-sector (9). Clearly
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Using input provided in Appendix A, to which we also
refer for details, the upper limits read

xU . 34 , (LU) (10)

xU . 196 , (cLFC) (11)

xU . 716 , (general) , (12)

which include leading order corrections from the Wolfen-
stein parameter � ' 0.2, therefore providing larger up-
per limits than in Ref. [10]. We employ these model-
independent, data-driven limits in the following Section
III as benchmarks for di↵erential decay distributions. In
Section IV we present upper limits on the branching ra-
tios using (10)-(12). We also discuss the impact of RH
neutrinos.

We remark that the charged lepton data yielding (10)-
(12) are from LHC’s Drell-Yan studies [11, 12]. In con-
trast to constraints from rare decays, here operators do
not interfere and large cancellations are avoided. On
the other hand, especially in the down-sector rare decay
data can imply significantly stronger constraints. Yet,
as discussed in Appendix A, the upper limits on the xU

including kaon constraints remain within the same or-
der of magnitude as in (10)-(12). Therefore, we choose
total model-independence and conservatively present re-
sults for (10)-(12).
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xU , and therefore x±
U  2xU , are presently not con-

strained by direct experimental information on |�c| =
|�u| = 1 dineutrino transitions. On the other hand,
model-independent upper limits on xU have been derived
using SU(2)L-invariance and data on charged lepton pro-
cesses [10]. With upper limits depending on the charged
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while “general” means that all entries in the coe�cient
matrix are arbitrarily filled, allowing for cLFV. Here,
k, k` are the parameters in the coe�cient matrix.

Given a relation [10] between the neutrino Cij
L,R and the

charged lepton Kij
L,R couplings bounds on the latter im-

ply limits on the former. Note, this relation involves also
down-sector couplings to charged leptons, KD

L,R, with
analogous flavor patterns as in the up-sector (9). Clearly
the limits depend on the flavor structure.

Using input provided in Appendix A, to which we also
refer for details, the upper limits read

xU . 34 , (LU) (10)

xU . 196 , (cLFC) (11)

xU . 716 , (general) , (12)

which include leading order corrections from the Wolfen-
stein parameter � ' 0.2, therefore providing larger up-
per limits than in Ref. [10]. We employ these model-
independent, data-driven limits in the following Section
III as benchmarks for di↵erential decay distributions. In
Section IV we present upper limits on the branching ra-
tios using (10)-(12). We also discuss the impact of RH
neutrinos.

We remark that the charged lepton data yielding (10)-
(12) are from LHC’s Drell-Yan studies [11, 12]. In con-
trast to constraints from rare decays, here operators do
not interfere and large cancellations are avoided. On
the other hand, especially in the down-sector rare decay
data can imply significantly stronger constraints. Yet,
as discussed in Appendix A, the upper limits on the xU

including kaon constraints remain within the same or-
der of magnitude as in (10)-(12). Therefore, we choose
total model-independence and conservatively present re-
sults for (10)-(12).
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L,R, with
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which include leading order corrections from the Wolfen-
stein parameter � ' 0.2, therefore providing larger up-
per limits than in Ref. [10]. We employ these model-
independent, data-driven limits in the following Section
III as benchmarks for di↵erential decay distributions. In
Section IV we present upper limits on the branching ra-
tios using (10)-(12). We also discuss the impact of RH
neutrinos.

We remark that the charged lepton data yielding (10)-
(12) are from LHC’s Drell-Yan studies [11, 12]. In con-
trast to constraints from rare decays, here operators do
not interfere and large cancellations are avoided. On
the other hand, especially in the down-sector rare decay
data can imply significantly stronger constraints. Yet,
as discussed in Appendix A, the upper limits on the xU

including kaon constraints remain within the same or-
der of magnitude as in (10)-(12). Therefore, we choose
total model-independence and conservatively present re-
sults for (10)-(12).

From charged leptons D → P l+l-

Bounds from LHC Drell-Yan study pp → l1 l2 
(charged leptons) 
Fuentes-Mar>n et al., 2003.12421,
Angelescu et al, 2002.05684;

In down sector rare decays are more constraining.
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and those with quark chirality mixing

Qij
S(P ) = (ūLcR) (⌫̄j (�5) ⌫i) ,

Qij
T (T5) =

1

2
(ū�µ⌫ c) (⌫̄j �

µ⌫ (�5) ⌫i) ,
(29)

in addition to the chirality-flipped Q0 operators which
are obtained from the Q’s by interchanging left-handed
(L) and right-handed (R) chiral fields, L $ R. While
for the SM-like neutrino case the definition of xU was
useful, with light RH neutrinos it is convenient to define
the following combination of Wilson coe�cients, as

yU =
X

i,j

⇣
|Cij

S � C0ij
S |2 + |Cij

P � C0ij
P |2

⌘
. (30)

This particular combination enters the branching ratio of
D0 ! ⌫⌫̄ decays, which is constrained by Belle [25]

B(D0 ! inv.) < 9.4 · 10�5 , (31)

at 90 % CL. From here we obtain the constraint

yU . 64⇡3 m2
c B(D0 ! inv.)

G2
F ↵2

e m
5
D f2

D ⌧D
⇠ 67 , (32)

with the decay constant fD = 0.212GeV [26]. Contribu-
tions from vector and axial-vector operators to D0 ! ⌫⌫̄
are helicity suppressed by two powers of the neutrino
mass, and negligible. Tensor operators do not contribute
to D0 ! ⌫⌫̄ decays at all. Only scalar and pseudoscalar
operators as in yU are therefore constrained by (31).

Considering either Cij
P,S = 0 or C0ij

P,S = 0, the branch-

ing ratio of D ! P ⌫⌫̄ decays, which unlike D0 ! ⌫⌫̄,
depends on the sum of Cij

P,S and C0ij
P,S , can be written as

B(D ! P ⌫⌫̄)S,P = ADP
0 yU , (33)

with

ADP
0 =

Z q2max

q2min

dq2 aDP
0 (q2) , (34)

and

aDP
0 (q2) =

⌧D G2
F ↵2

e �(m
2
D,m2

P , q
2)

1
2

1024⇡5 m3
D

⇥ q2

m2
c

(m2
D � m2

P )
2 (fDP

0 (q2))2 , (35)

where q2min and q2max are the kinematic limits of D !
P ⌫⌫̄, see Section IIIA. We provide the impact exem-
plarily on D ! P ⌫⌫̄ decays since there is no specific
enhancement or suppression in semileptonic decays for
S, P -operators. Using Eq. (33) together with Eq. (32),
we obtain the following limits

B
�
D0 ! ⇡0 ⌫⌫̄

�
S,P

. 2.4 · 10�6 ,

B
�
D+ ! ⇡+ ⌫⌫̄

�
S,P

. 12.2 · 10�6 ,

B
�
D+

s ! K+ ⌫⌫̄
�
S,P

. 2.3 · 10�6 .

(36)

These represent corrections of ⇠ 20% to the general fla-
vor branching ratio limits for D ! P ⌫⌫̄ decays given in
TABLE III. The upper limits based on lepton flavor con-
servation receive order one corrections, but the overall
size of Bmax

cLFC remains. The upper limits based on LU are
overwhelmed by (36).
On the other hand, e↵ects from scalar and pseu-

doscalar operators could become irrelevant, if an im-
proved bound for B(D0 ! inv.) would become available.
Requiring the e↵ect of S, P -operators on the D ! P ⌫⌫̄
branching ratios assuming LU to be less than ⇠ 10%,
and thus within the uncertainties, we find yU . 1.7 and

B(D0 ! inv.) . 2 · 10�6 . (37)

An improvement of the current bound Eq. (31) by two
orders of magnitude as in (37) would exclude large scalar
and pseudoscalar contributions to rare dineutrino charm
decays and thus reinforce our framework and the LU lim-
its from TABLE III.

D. Bounding Lepton Number Violation

Since the final states are invisibles, Eq. (31) provides
opportunities to probe exotic BSM physics. In particular,
the final state could be two neutrinos, allowing to probe
LNV in �L = 2 transitions. While such processes are
forbidden in the SM, they occur in neutrino mass models
of Majorana type.
To discuss the implication of LNV on our study

we work within the standard model e↵ective theory
(SMEFT), which has already been instrumental in
Ref. [10] to achieve model-independent links between left-
handed dineutrino and charged dilepton couplings, as de-
tailed in Appendix A. In SMEFT higher dimensional op-
erators consistent with Lorentz- and SU(3)C ⇥SU(2)L⇥
U(1)Y -invariance are composed out of SM degrees of free-
dom. It is assumed that the scale of NP, here the scale
of LNV, ⇤LNV, is su�ciently separated from the weak
scale.
The lowest order contribution to c ! u ⌫⌫ modes at

tree level is induced by a single dimension seven opera-
tor [27],

O(7)
4a = L↵

i L�
j Q̄

b
↵ Ū c

a H
⇢ ✏�⇢ , (38)

with leptons L = (⌫L, `L), quarks Q = (uL, dL) and the
Higgs H = (H+, H0), all of which are SU(2)L-doublets,
and the singlet up-type quarks U . Here, the superscript c
denotes charge conjugation and ↵,� are SU(2)L indices,
while i, j, a, b are flavor indices.

Following [28], we account for the di↵erent contractions
between SU(2)L indices and rewrite Eq. (38) using four-

spinor notation. We find that O(7)
4a induces contributions

to the chirality flipping operators in the weak e↵ective
hamiltonian (29). The contribution to the scalar and

These limits are data-driven and will go down if improved bounds 
from charged leptons become available! 
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II. COLOURED SCALARS IN c ! u��̄

In experimental searches, the transition c !

u invisibles might be approached in processes c ! u/E

with /E being missing energy. Therefore, invisibles can
be either SM neutrinos or new right-handed neutral
fermions (having quantum numbers of right-handed neu-
trinos), or scalars/vectors as suggested in Ref. [2]. The
authors of Refs. [1, 9] considered in detail general frame-
work of New Physics (NP) in c ! u invisibles, relying on
SU(2)L invariance and data on charged lepton processes
[9]. They found that these assumptions allow upper lim-
its as large as few 10�5, while in the limit of lepton uni-
versality branching ratios can be as large as 10�6. To
consider invisible fermions, having quantum numbers of
right-handed neutrinos, and being massive, we extend the
e↵ective Lagrangian by additional operators as described
in Refs. [3, 13]

Le↵ =
p
2GF


c
LL(uL�µcL)(⌫L�

µ
⌫
0
L)

+ c
RR(uR�µcR)(⌫R�

µ
⌫
0
R) + c

LR(uL�µcL)(⌫R�
µ
⌫
0
R)

+ c
RL(uR�µcR)(⌫L�

µ
⌫
0
L) + g

LL(uLcR)(⌫L⌫
0
R)

+ g
RR(uRcL)(⌫R⌫

0
L) + g

LR(uLcR)(⌫R⌫
0
L)

+ g
RL(uRcL)(⌫L⌫

0
R) + h

LL(uL�
µ⌫
cR)(⌫L�µ⌫⌫

0
R)

+ h
RR(uR�

µ⌫
cL)(⌫R�µ⌫⌫

0
L)

�
+ h. c..

(1)

In Ref. [1] right-handed massless neutrinos are consid-
ered. Also, in Ref. [12] authors considered charm me-
son decays to invisible fermions, which have negligible
masses. In the following, we consider massive right-
handed fermions and use further the notation ⌫R ⌘ �R.
Following [13], we write in Table I interactions of the
coloured scalar S̄1 and R̃2 with the up quarks and R̃2

and S1 with down quarks.

Cloured Scalar Invisible fermion

S1 = (3̄, 1, 1/3) d̄C i
R �jS1

S̄1 = (3̄, 1,�2/3) ūC i
R �j S̄1

R̃2 = (3̄, 2, 1/6) ūi
L�

jR̃2/3
2

R̃2 = (3̄, 2, 1/6) d̄iL�
jR̃�1/3

2

Table I. The coloured scalars S̄1, S1 and R̃2 interactions with
invisible fermions and quarks. Here we use only right-handed
couplings of S1. Indices i, j refer to quark generations.

We concentrate only on coloured scalar and scalar
leptoquark due to di�culties with vector leptoquarks.
Namely, the simplest way to consider vector leptoquarks
in an ultra-violet complete theory is when they play the
role of gauge bosons. For example, U1 is one of the gauge
bosons in some of Pati-Salam unification schemes [14, 15].
However, other particles with masses close to U1 with

many new parameters in such theories, making it rather
di�cult to use without additional assumptions.
Coloured scalars contributing to transition c ! u��̄

have following Lagrangians, as already anticipated in in
[13]

L(S̄1) � ȳ
RR
1 ij ū

C i
R �

j
R S̄1 + h.c.. (2)

L(R̃2) � (V ỹ
LR
2 )ij ū

i
L �

j
RR̃

2/3
2 + ỹ

LR
2 ij d̄

i
L �

j
RR̃

�1/3
2 + h.c..

(3)
Here, we give only terms containing interactions of
quarks with right-handed �. The S1 scalar leptoquark,
in principle, might mediate c ! u��̄ on the loop level,
with one W boson changing down-like quarks to u and c.
Obviously, such a loop process is also suppressed by loop
factor 1/(16⇡2) and GF making it negligible. Also, due
to the right-handed nature of �, one can immediately see
that in the case of S̄1, the e↵ective Lagrangian has only
one contribution

Le↵ =
p
2GF c

RR
�
ūR�µcR

�
(�̄R�

µ
�R) , (4)

with

c
RR =

v
2

2M2
S̄1

ȳ
RR
1 c� ȳ

RR⇤
1u� . (5)

In the case of R̃2

Le↵ =
p
2GF c

LR
�
ūL�µcL

�
(�̄R��R) , (6)

with

c
LR = �

v
2

2M2
R̃2

⇣
V ỹ

LR
2

⌘

u�

⇣
V ỹ

LR
2

⌘⇤

c�
. (7)

For the mass of �, kinematically allowed, in the c ! u��̄

decay, one can relate this amplitude to b ! s��̄ or in
s ! d��̄. However, it was found [16] that the exper-
imental rates for K ! ⇡⌫⌫̄ are very close to the SM
rate [17], leaving very little room for NP contributions.
Therefore, we avoid this kinematic region and consider
mass of � to be m� � (mK � m⇡)/2, while the charm
decays allow m�  (mD �m⇡)/2. For our further study
it is very important that � is a weak singlet and there-
fore LHC searches of high-pT lepton tails [18, 19] are not
applicable for the constraints of interactions in the cases
we consider. However, further study of final states con-
taining mono-jets and missing at LHC and future High
luminosity colliders will shed more light on these pro-
cesses.

III. S̄1 IN c ! u��̄

Due to its quantum numbers, the coloured scalar S̄1

and � can interact only with up-like quarks. Most gener-
ally, the number of �’s can be three and the matrix y

RR
1 ij

coloured singlet
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LR
2 )ij ū
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C i
R �

j
R S̄1 + h.c.. (2)

L(R̃2) � (V ỹ
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ūL�µcL

�
(�̄R��R) , (6)

with

c
LR = �

v
2

2M2
R̃2

⇣
V ỹ
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Constraints from charm mixing

3

can have 9⇥2 parameters. Here, we consider one �, that
can couple to both u and c quarks. These two couplings
might enter in amplitudes for processes with down-like
quarks at loop-level, as discussed in [20]. Obviously, due
to the right-handed nature of �, one can immediately see
that in the case of S̄1, the e↵ective Lagrangian has only
the contribution

Le↵ =
p
2GF

v
2

2M2
ȳ
RR
1 c�ȳ

RR⇤
1u� (uR�µcR)(�R�

µ
�R). (8)

First, we discuss constraints from D
0
� D̄

0 mixing and
then consider exclusive decays D

0
! ��̄, D

0
! �̄��,

and D ! ⇡��̄. The authors of Ref. [12] considered
scalar leptoquarks allowing each up-quark can couple to
di↵erent flavour of lepton or right-handed neutrino. In
such a way, they avoid constraints from the D

0
� D̄

0

mixing.

1. Constraints from D0 � D̄0

The strongest constraints on � interactions with u and
c comes from the D

0
� D̄

0 oscillations. The interactions
in Eqs. (2) and (3) can generate transition D

0
� D̄

0.
Coloured scalar S̄1 contributes to the operator entering
the e↵ective Lagrangian [13, 21]

L
Dmix
e↵ = �C6

�
c̄�µPRu

�
(c̄�µ

PRu) , (9)

with the Wilson coe�cient given by

C6 =
1

64⇡2M2
S̄1

⇣
ȳ
RR
1 c�

⌘2 ⇣
ȳ
RR⇤
1u�

⌘2
. (10)

The standard way to write the hadronic matrix ele-
ment is

⌦
D̄

0
|(ū�µPRc)(ū�µ

PRc)|D0
↵
= 2

3m
2
Df

2
DBD, with

the bag parameter BD(3GeV) = 0.757(27)(4) calculated
in the MS scheme, which was computed by the lattice
QCD [22] and the D meson decay constant defined as⌦
0|ū�µ�5c)|D(p)

↵
= ifDpµ, with fD = 0.2042 GeV [23].

Due to large nonperturbative contributions, the SM con-
tribution is not well known. Therefore, in the absence of
CP violation, the robust bound on the product of the
couplings can be obtained by requiring that the mix-
ing frequency should be smaller than the world aver-
age x = 2|M12|/� = (0.43+0.10

�0.11)% by HFLAV [24]. The
bound on this Wilson coe�cient can be derived following
[20, 25]

��rC6(MS̄1
)
�� 2mDf

2
DBD

3�D
< x, (11)

with a renormalisation factor r = 0.76 due to running of
C6 from scale MS̄1

' 1.5 TeV down to 3 GeV. One can
derive |C6| < 2.3⇥ 10�13 GeV�2 or

���ȳRR
1 c� ȳ

RR⇤
1u�

��� < 1.2⇥ 10�5
MS̄1

/GeV. (12)

c
RR

<
0.363GeV

MS̄1
(GeV)

. (13)

2. D0 ! ��̄

The amplitude for this process can be written as

M(D0
! ��̄) =

p
2

2
GF fDc

RR
m�ū�(p1)�5v�(p2), (14)

giving the branching ratio

B(D0
! ��̄) =

1

�D

G
2
F f

2
DmD

16⇡

���cRR
���
2
m

2
�

s

1�
4m2

�

m
2
D

.

(15)
Using Belle bound B(D0

! ��̄) < 9.4⇥10�5 [8], one can
find easily the bound on Wilson coe�cient

��cRR
��
Belle

<

0.046. This value is derived for the mass m� = 0.8 GeV.
We analyse the dependence on the mass of S̄1, allowing
the mass of � to be (mK �m⇡)/2 < m� < (mD�m⇡)/2,
and assume the branching ratio for B(D0

! ��̄) <

10�10, 10�9 and 10�8, with
���ȳRR

1 c� ȳ
RR⇤
1u�

��� = 1. We present

our result in Fig. 2 and find that mass of S̄1, using these
reasonable assumptions, can be within LHC reach.

m� (GeV) B(D0 ! ��̄)D�D̄

0.18 < 1.1⇥ 10�9

0.50 < 7.4⇥ 10�9

0.80 < 1.1⇥ 10�8

Table II. Branching ratios for B(D0 ! ��̄) for three selected
values of m�. The constraints from the D0 � D̄0 mixing is
used, with cRR  3.63⇥ 10�4, assuming MS̄1

= 1000 GeV.
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can have 9⇥2 parameters. Here, we consider one �, that
can couple to both u and c quarks. These two couplings
might enter in amplitudes for processes with down-like
quarks at loop-level, as discussed in [20]. Obviously, due
to the right-handed nature of �, one can immediately see
that in the case of S̄1, the e↵ective Lagrangian has only
the contribution

Le↵ =
p
2GF

v
2

2M2
ȳ
RR
1 c�ȳ

RR⇤
1u� (uR�µcR)(�R�

µ
�R). (8)

First, we discuss constraints from D
0
� D̄

0 mixing and
then consider exclusive decays D

0
! ��̄, D

0
! �̄��,

and D ! ⇡��̄. The authors of Ref. [12] considered
scalar leptoquarks allowing each up-quark can couple to
di↵erent flavour of lepton or right-handed neutrino. In
such a way, they avoid constraints from the D

0
� D̄

0

mixing.

1. Constraints from D0 � D̄0

The strongest constraints on � interactions with u and
c comes from the D

0
� D̄

0 oscillations. The interactions
in Eqs. (2) and (3) can generate transition D

0
� D̄

0.
Coloured scalar S̄1 contributes to the operator entering
the e↵ective Lagrangian [13, 21]

L
Dmix
e↵ = �C6

�
c̄�µPRu

�
(c̄�µ

PRu) , (9)

with the Wilson coe�cient given by

C6 =
1

64⇡2M2
S̄1

⇣
ȳ
RR
1 c�

⌘2 ⇣
ȳ
RR⇤
1u�

⌘2
. (10)

The standard way to write the hadronic matrix ele-
ment is

⌦
D̄

0
|(ū�µPRc)(ū�µ

PRc)|D0
↵
= 2

3m
2
Df

2
DBD, with

the bag parameter BD(3GeV) = 0.757(27)(4) calculated
in the MS scheme, which was computed by the lattice
QCD [22] and the D meson decay constant defined as⌦
0|ū�µ�5c)|D(p)

↵
= ifDpµ, with fD = 0.2042 GeV [23].

Due to large nonperturbative contributions, the SM con-
tribution is not well known. Therefore, in the absence of
CP violation, the robust bound on the product of the
couplings can be obtained by requiring that the mix-
ing frequency should be smaller than the world aver-
age x = 2|M12|/� = (0.43+0.10

�0.11)% by HFLAV [24]. The
bound on this Wilson coe�cient can be derived following
[20, 25]

��rC6(MS̄1
)
�� 2mDf

2
DBD

3�D
< x, (11)

with a renormalisation factor r = 0.76 due to running of
C6 from scale MS̄1

' 1.5 TeV down to 3 GeV. One can
derive |C6| < 2.3⇥ 10�13 GeV�2 or

���ȳRR
1 c� ȳ

RR⇤
1u�

��� < 1.2⇥ 10�5
MS̄1

/GeV. (12)

c
RR

<
0.363GeV

MS̄1
(GeV)

. (13)

2. D0 ! ��̄

The amplitude for this process can be written as

M(D0
! ��̄) =

p
2

2
GF fDc

RR
m�ū�(p1)�5v�(p2), (14)

giving the branching ratio

B(D0
! ��̄) =

1

�D

G
2
F f

2
DmD

16⇡

���cRR
���
2
m

2
�

s

1�
4m2

�

m
2
D

.

(15)
Using Belle bound B(D0

! ��̄) < 9.4⇥10�5 [8], one can
find easily the bound on Wilson coe�cient

��cRR
��
Belle

<

0.046. This value is derived for the mass m� = 0.8 GeV.
We analyse the dependence on the mass of S̄1, allowing
the mass of � to be (mK �m⇡)/2 < m� < (mD�m⇡)/2,
and assume the branching ratio for B(D0

! ��̄) <

10�10, 10�9 and 10�8, with
���ȳRR

1 c� ȳ
RR⇤
1u�

��� = 1. We present

our result in Fig. 2 and find that mass of S̄1, using these
reasonable assumptions, can be within LHC reach.

m� (GeV) B(D0 ! ��̄)D�D̄

0.18 < 1.1⇥ 10�9

0.50 < 7.4⇥ 10�9

0.80 < 1.1⇥ 10�8

Table II. Branching ratios for B(D0 ! ��̄) for three selected
values of m�. The constraints from the D0 � D̄0 mixing is
used, with cRR  3.63⇥ 10�4, assuming MS̄1

= 1000 GeV.
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function of the S̄1 mass. The pink line denotes the bound de-
rived from Belle result [8], while the turquoise one is obtained
with the bound from D0 � D̄0 oscillations.
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II. COLOURED SCALARS IN c ! u��̄

In experimental searches, the transition c !

u invisibles might be approached in processes c ! u/E

with /E being missing energy. Therefore, invisibles can
be either SM neutrinos or new right-handed neutral
fermions (having quantum numbers of right-handed neu-
trinos), or scalars/vectors as suggested in Ref. [2]. The
authors of Refs. [1, 9] considered in detail general frame-
work of New Physics (NP) in c ! u invisibles, relying on
SU(2)L invariance and data on charged lepton processes
[9]. They found that these assumptions allow upper lim-
its as large as few 10�5, while in the limit of lepton uni-
versality branching ratios can be as large as 10�6. To
consider invisible fermions, having quantum numbers of
right-handed neutrinos, and being massive, we extend the
e↵ective Lagrangian by additional operators as described
in Refs. [3, 13]

Le↵ =
p
2GF


c
LL(uL�µcL)(⌫L�

µ
⌫
0
L)

+ c
RR(uR�µcR)(⌫R�

µ
⌫
0
R) + c

LR(uL�µcL)(⌫R�
µ
⌫
0
R)

+ c
RL(uR�µcR)(⌫L�

µ
⌫
0
L) + g

LL(uLcR)(⌫L⌫
0
R)

+ g
RR(uRcL)(⌫R⌫

0
L) + g

LR(uLcR)(⌫R⌫
0
L)

+ g
RL(uRcL)(⌫L⌫

0
R) + h

LL(uL�
µ⌫
cR)(⌫L�µ⌫⌫

0
R)

+ h
RR(uR�

µ⌫
cL)(⌫R�µ⌫⌫

0
L)

�
+ h. c..

(1)

In Ref. [1] right-handed massless neutrinos are consid-
ered. Also, in Ref. [12] authors considered charm me-
son decays to invisible fermions, which have negligible
masses. In the following, we consider massive right-
handed fermions and use further the notation ⌫R ⌘ �R.
Following [13], we write in Table I interactions of the
coloured scalar S̄1 and R̃2 with the up quarks and R̃2

and S1 with down quarks.

Cloured Scalar Invisible fermion

S1 = (3̄, 1, 1/3) d̄C i
R �jS1

S̄1 = (3̄, 1,�2/3) ūC i
R �j S̄1

R̃2 = (3̄, 2, 1/6) ūi
L�

jR̃2/3
2

R̃2 = (3̄, 2, 1/6) d̄iL�
jR̃�1/3

2

Table I. The coloured scalars S̄1, S1 and R̃2 interactions with
invisible fermions and quarks. Here we use only right-handed
couplings of S1. Indices i, j refer to quark generations.

We concentrate only on coloured scalar and scalar
leptoquark due to di�culties with vector leptoquarks.
Namely, the simplest way to consider vector leptoquarks
in an ultra-violet complete theory is when they play the
role of gauge bosons. For example, U1 is one of the gauge
bosons in some of Pati-Salam unification schemes [14, 15].
However, other particles with masses close to U1 with

many new parameters in such theories, making it rather
di�cult to use without additional assumptions.
Coloured scalars contributing to transition c ! u��̄

have following Lagrangians, as already anticipated in in
[13]

L(S̄1) � ȳ
RR
1 ij ū

C i
R �

j
R S̄1 + h.c.. (2)

L(R̃2) � (V ỹ
LR
2 )ij ū

i
L �

j
RR̃

2/3
2 + ỹ

LR
2 ij d̄

i
L �

j
RR̃

�1/3
2 + h.c..

(3)
Here, we give only terms containing interactions of
quarks with right-handed �. The S1 scalar leptoquark,
in principle, might mediate c ! u��̄ on the loop level,
with one W boson changing down-like quarks to u and c.
Obviously, such a loop process is also suppressed by loop
factor 1/(16⇡2) and GF making it negligible. Also, due
to the right-handed nature of �, one can immediately see
that in the case of S̄1, the e↵ective Lagrangian has only
one contribution

Le↵ =
p
2GF c

RR
�
ūR�µcR

�
(�̄R�

µ
�R) , (4)

with

c
RR =

v
2

2M2
S̄1

ȳ
RR
1 c� ȳ

RR⇤
1u� . (5)

In the case of R̃2

Le↵ =
p
2GF c

LR
�
ūL�µcL

�
(�̄R��R) , (6)

with

c
LR = �

v
2

2M2
R̃2

⇣
V ỹ

LR
2

⌘

u�

⇣
V ỹ

LR
2

⌘⇤

c�
. (7)

For the mass of �, kinematically allowed, in the c ! u��̄

decay, one can relate this amplitude to b ! s��̄ or in
s ! d��̄. However, it was found [16] that the exper-
imental rates for K ! ⇡⌫⌫̄ are very close to the SM
rate [17], leaving very little room for NP contributions.
Therefore, we avoid this kinematic region and consider
mass of � to be m� � (mK � m⇡)/2, while the charm
decays allow m�  (mD �m⇡)/2. For our further study
it is very important that � is a weak singlet and there-
fore LHC searches of high-pT lepton tails [18, 19] are not
applicable for the constraints of interactions in the cases
we consider. However, further study of final states con-
taining mono-jets and missing at LHC and future High
luminosity colliders will shed more light on these pro-
cesses.

III. S̄1 IN c ! u��̄

Due to its quantum numbers, the coloured scalar S̄1

and � can interact only with up-like quarks. Most gener-
ally, the number of �’s can be three and the matrix y

RR
1 ij

Invisible fermions and scalar leptoquarks 
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The neutron can decay to n ! ⇡0� for the mass of 0.7987
GeV < m� < 0.8045 GeV, while decay p ! ⇡�� is for-
bidden at tree-level by the dimension-9 operator. How-
ever, the dimension-9 operator might induce p ! �l+⌫l

with l = e, µ, forcing the mass of S̄1 to be at GUT scale.
In the case when the neutron decays and the proton is

stable, the mass of � has a very narrow range. The S̄1

can mediate n ! �� at loop-level with mass of coloured
scalar S̄1 of the order TeV scale, appropriate for the LHC
searches. The contributions of c and t coupling to � are
largest in this case. The decay rate of n ! �� can reach
⇠ 10�6, which is in agreement with the Borexino exper-
iment bound. Further searches of such decays by Kam-
Land and other experiments would help to distinguish
between the models of invisible fermions. An interesting
proposal to search for invisible fermions by their capture
by atomic nuclei was done in Ref. [23] suggesting that
the large volume neutrino experiments can be used for
such searches. This opens up new possibility for searches
at DUNE, and at various xenon experiment as explained
by the authors [23].

Further, we searched for possible signatures of the
fermionic invisible particles, coupling to up-quarks via
S̄1 and found that at tree-level one can produce ⇤ ! ��
decay. Obtaining the experimental bound on such decay
rate would be very important for the model presented
in this paper as well as for obtaining the constraint on
the u quark coupling to �. Search for J/ ! ��̄ would
shed more light on the possible charm quark coupling to
invisible fermions. There are ongoing searches at LHC
which will shed more light on the eventual existence of
coloured scalars.
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VII. APPENDICES

A. Di-quark couplings

The contributions from the di-quark couplings in La-
grangian (1) appear in the oscillations of Bs�B̄s, Bd�B̄d

and K0�K̄0 mesons (see Fig. 12 ). In the case of Bs�B̄s,
there are contributions from the two box diagrams with d
quarks within the box. In the case of Bd �B̄d (K0�K̄0),
internal s (b) quarks contribute. The couplings (z̄1)ij are
antisymmetric ((z̄1)ij = �(z̄1)ji). The contributions of
S̄1 box diagrams in the case of the Bs � B̄s oscillation

are

LNP
�B=2 = � 1

128⇡2

�
z̄RR
1 13

�2 �
z̄RR
1 23

�⇤ 2

M2
S̄1

�
s̄�µPRb

�
(s̄�µPRb) .

(28)

dA dC

dC dA

dB

dB

dA dC

dC dA

dB dB

Figure 12. The diagrams showing oscillations of mesons

consisting of down quark and down anti-quark. The dA for

A = 1, 2, 3 corresponds d, s, b quarks.

This result can be understood in terms of the recent
study of new physics in the Bs � B̄s oscillation in [54].
The authors of [54] introduced the following notation of
the New Physics (NP) contribution containing the right-
handed operators as

LNP
�B=2 � �4GFp

2
(VtbV

⇤
ts)

2CRR
bs

�
s̄�µPRb

�
(s̄�µPRb) .

(29)
Following their notation, one can write the modification
of the SM contribution by the NP as in Ref. [54]

�MSM+NP
s

�MSM
s

=

�����1 +
⌘6/23

RSM
loop

CRR
bs

����� (30)

They found that RSM
loop = (1.31 ± 0.010) ⇥ 10�3 and ⌘ =

↵s(µNP )/↵s(µb). Relying on the Lattice QCD results of
the two collaborations FNAL/MILC [55], HPQCD [56],
the FLAG averaging group [57] published following re-
sults, which we use in our calculations

�MFLAG2019
s = (20.1+1.2

�1.6) ps�1 = (1.13+0.07
�0.09) �Mexp

s ,

�MFLAG2019
d = (0.582+0.049

�0.056) ps�1 = (1.15+0.10
�0.11) �Mexp

d .

(31)

From these results, one can easily determine bound

�
z̄RR
1 21

�2 �
z̄RR
1 31

�⇤ 2

M2
S̄1

 1.17 ⇥ 10�4 GeV�2, (32)

while in the case of Bd � B̄d, following procedure of [54],
by appropriate replacements s $ d, the constraint is

�
z̄RR
1 21

�2 �
z̄RR
1 32

�⇤ 2

M2
S̄1

 2.58 ⇥ 10�5 GeV�2. (33)

c

u

𝜒
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can have 9⇥2 parameters. Here, we consider one �, that
can couple to both u and c quarks. These two couplings
might enter in amplitudes for processes with down-like
quarks at loop-level, as discussed in [20]. Obviously, due
to the right-handed nature of �, one can immediately see
that in the case of S̄1, the e↵ective Lagrangian has only
the contribution

Le↵ =
p
2GF

v
2

2M2
ȳ
RR
1 c�ȳ

RR⇤
1u� (uR�µcR)(�R�

µ
�R). (8)

First, we discuss constraints from D
0
� D̄

0 mixing and
then consider exclusive decays D

0
! ��̄, D

0
! �̄��,

and D ! ⇡��̄. The authors of Ref. [12] considered
scalar leptoquarks allowing each up-quark can couple to
di↵erent flavour of lepton or right-handed neutrino. In
such a way, they avoid constraints from the D

0
� D̄

0

mixing.

1. Constraints from D0 � D̄0

The strongest constraints on � interactions with u and
c comes from the D

0
� D̄

0 oscillations. The interactions
in Eqs. (2) and (3) can generate transition D

0
� D̄

0.
Coloured scalar S̄1 contributes to the operator entering
the e↵ective Lagrangian [13, 21]

L
Dmix
e↵ = �C6

�
c̄�µPRu

�
(c̄�µ

PRu) , (9)

with the Wilson coe�cient given by

C6 =
1

64⇡2M2
S̄1

⇣
ȳ
RR
1 c�

⌘2 ⇣
ȳ
RR⇤
1u�

⌘2
. (10)

The standard way to write the hadronic matrix ele-
ment is

⌦
D̄

0
|(ū�µPRc)(ū�µ

PRc)|D0
↵
= 2

3m
2
Df

2
DBD, with

the bag parameter BD(3GeV) = 0.757(27)(4) calculated
in the MS scheme, which was computed by the lattice
QCD [22] and the D meson decay constant defined as⌦
0|ū�µ�5c)|D(p)

↵
= ifDpµ, with fD = 0.2042 GeV [23].

Due to large nonperturbative contributions, the SM con-
tribution is not well known. Therefore, in the absence of
CP violation, the robust bound on the product of the
couplings can be obtained by requiring that the mix-
ing frequency should be smaller than the world aver-
age x = 2|M12|/� = (0.43+0.10

�0.11)% by HFLAV [24]. The
bound on this Wilson coe�cient can be derived following
[20, 25]

��rC6(MS̄1
)
�� 2mDf

2
DBD

3�D
< x, (11)

with a renormalisation factor r = 0.76 due to running of
C6 from scale MS̄1

' 1.5 TeV down to 3 GeV. One can
derive |C6| < 2.3⇥ 10�13 GeV�2 or

���ȳRR
1 c� ȳ

RR⇤
1u�

��� < 1.2⇥ 10�5
MS̄1

/GeV. (12)

c
RR

<
0.363GeV

MS̄1
(GeV)

. (13)

2. D0 ! ��̄

The amplitude for this process can be written as

M(D0
! ��̄) =

p
2

2
GF fDc

RR
m�ū�(p1)�5v�(p2), (14)

giving the branching ratio

B(D0
! ��̄) =

1

�D

G
2
F f

2
DmD

16⇡

���cRR
���
2
m

2
�

s

1�
4m2

�

m
2
D

.

(15)
Using Belle bound B(D0

! ��̄) < 9.4⇥10�5 [8], one can
find easily the bound on Wilson coe�cient

��cRR
��
Belle

<

0.046. This value is derived for the mass m� = 0.8 GeV.
We analyse the dependence on the mass of S̄1, allowing
the mass of � to be (mK �m⇡)/2 < m� < (mD�m⇡)/2,
and assume the branching ratio for B(D0

! ��̄) <

10�10, 10�9 and 10�8, with
���ȳRR

1 c� ȳ
RR⇤
1u�

��� = 1. We present

our result in Fig. 2 and find that mass of S̄1, using these
reasonable assumptions, can be within LHC reach.

m� (GeV) B(D0 ! ��̄)D�D̄

0.18 < 1.1⇥ 10�9

0.50 < 7.4⇥ 10�9

0.80 < 1.1⇥ 10�8

Table II. Branching ratios for B(D0 ! ��̄) for three selected
values of m�. The constraints from the D0 � D̄0 mixing is
used, with cRR  3.63⇥ 10�4, assuming MS̄1

= 1000 GeV.
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Figure 1. The product of Yukawa couplings
���ȳRR

1 c� ȳRR⇤
1u�

��� as a
function of the S̄1 mass. The pink line denotes the bound de-
rived from Belle result [8], while the turquoise one is obtained
with the bound from D0 � D̄0 oscillations.
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Figure 2. The allowed mass region for S̄1 in the range
(mK � m⇡)/2 < m� < (mD � m⇡)/2. The regions are ob-
tained assuming B(D0 ! ��̄) < 10�10, 10�9 and 10�8, for

the product
���ȳRR

1 c� ȳRR⇤
1u�

��� = 1.

3. D0 ! ��̄�

The authors of Ref. [2] suggested, that the helicity
suppression, present in the D0

! ��̄ amplitude form� =
0, is lifted by an additional photon in the final state and
therefore D

0
! ��̄� might bring additional information

on detection of invisibles in the final state. They found
that the branching decay is

B(D0
! ��̄�) =

G
2
FF

2
DQf

2
D|c

RR
|
2
m

2
D↵

1152⇡2�D

q
1� 4x2

�

Y (x�).

(16)

In the above equations x� = m�/mD, FDQ =
2/3(�1/(mD �mc) + 1/mc), fD = 0.2042 GeV [23] and
Y (x�) is given in Appendix. Coe�cient c

RR is con-
strained by Eq. (13). Comparing these results with

m� (GeV) B(D0 ! ��̄�)D�D̄ B(D0 ! ��̄�)Belle

0.18 < 2.1⇥ 10�11 < 1.3⇥ 10�7

0.50 < 6.9⇥ 10�12 < 6.3⇥ 10�9

0.80 < 8.4⇥ 10�14 < 2.2⇥ 10�10

Table III. Bounds on the branching ratio for B(D0 ! ��̄�).
In the second column the constraints from the D0�D̄0 mixing
is used, assuming MS̄1

= 1000 GeV. In the third column Belle
bound B(D0 ! /E) < 9.4⇥ 10�5 is used.

the SM result presented in Ref. [2] B(D0
! ⌫⌫̄�)SM =

3.96 ⇥ 10�14, we see that the existing Belle bound al-
lows significant branching ratio, while the bounds from
the D

0
� D̄

0 mixing, for larger values of m�, lead to the
branching ratio to be close to the SM results. Due to
the mass of �, the photon energy can be in the range
0  E�  (m2

D �m
2
�)/(2mD), which in principle would

distinguish the SM contribution from the contributions
with massive invisible fermions.

4. D ! ⇡��̄

The rare charm decays due to GIM-mechanism can-
cellation are usually dominated by long distance contri-
butions. Long distance contributions to exclusive de-
cay channel D ! ⇡⌫⌫̄ were considered in Ref. [26].
For example, the branching ratio BR(D+
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⌫⌫̄) < 5 ⇥ 10�16. The authors of [26] discussed an-

other possibility D
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⌫̄⌫ and found that

the branching ratio should be smaller than 1.8 ⇥ 10�16.
An interesting study of these e↵ects was done in Ref.
[27], implying that in order to avoid these e↵ects one
should make cuts in the invariant ��̄ mass square, q2cut <
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The amplitude for D ! ⇡��̄ can be written as

M(D ! ⇡��̄) =
p
2GF c

RR
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with q = p� k. We follow the update of the form-factors
in Ref. [28]. This enables us to write the amplitudes in
the form given in Ref. [21]
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We can the di↵erential decay rate distribution as
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D
. Note that in case of charged charm meson

there is a multiplication by 2 in the di↵erential decay
rate compared to neutral D.
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Figure 2. The allowed mass region for S̄1 in the range
(mK � m⇡)/2 < m� < (mD � m⇡)/2. The regions are ob-
tained assuming B(D0 ! ��̄) < 10�10, 10�9 and 10�8, for
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1u�

��� = 1.
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suppression, present in the D0

! ��̄ amplitude form� =
0, is lifted by an additional photon in the final state and
therefore D
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In the above equations x� = m�/mD, FDQ =
2/3(�1/(mD �mc) + 1/mc), fD = 0.2042 GeV [23] and
Y (x�) is given in Appendix. Coe�cient c

RR is con-
strained by Eq. (13). Comparing these results with

m� (GeV) B(D0 ! ��̄�)D�D̄ B(D0 ! ��̄�)Belle

0.18 < 2.1⇥ 10�11 < 1.3⇥ 10�7

0.50 < 6.9⇥ 10�12 < 6.3⇥ 10�9

0.80 < 8.4⇥ 10�14 < 2.2⇥ 10�10

Table III. Bounds on the branching ratio for B(D0 ! ��̄�).
In the second column the constraints from the D0�D̄0 mixing
is used, assuming MS̄1

= 1000 GeV. In the third column Belle
bound B(D0 ! /E) < 9.4⇥ 10�5 is used.
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Figure 3. Branching fraction for D+ ! ⇡+��̄ and D0 !
⇡0��̄ as a function of m�.

The integration bounds should be 4m2
�  q

2
 (mD �

m⇡)2 in the case of m� = 0.5, 0.8, while instead of
m� = 0.18 GeV, q

2
cut is used from Ref. [27], giving

the lowest mass of the invisibles should be searched
in the region m� �

p
q
2
cut/4 ' 0.29 GeV. This en-

ables us to avoid the region in which the e↵ects of
the long distance dynamics dominates. One can use

m� (GeV) B(D0 ! ⇡0��̄)D�D̄ B(D+ ! ⇡+��̄)D�D̄

0.18 < 5.9⇥ 10�9 < 3.0⇥ 10�8

0.50 < 3.2⇥ 10�9 < 1.6⇥ 10�8

0.80 < 1.5⇥ 10�10 < 7.6⇥ 10�10

Table IV. Branching ratios for B(D ! ⇡��̄). In the second
and the third columns the constraint from the D0�D̄0 mixing
is used, assuming the mass of MS̄1

= 1000 GeV. In the case
m� = 0.18, the cut in integration variable is done by taking
q2cut, as described in the text.

the Belle bound [8] for B(D ! /E) and determine c
RR

from D
0
! ��̄ for each � mass. We obtain B(D0

!

⇡
0
��̄)Belle  4.9 ⇥ 10�4

, 4.0 ⇥ 10�5
, 1.2 ⇥ 10�6 and

B(D+
! ⇡

+
��̄)Belle  2.5⇥10�3

, 2.1⇥10�4
, 6.1⇥10�6

for m� = 0.18, 0.5, 0.8 GeV respectively. Obviously, the
current Belle bound used in the Wilson coe�cient leads
to the significant increase of the branching ratios for both
decay modes. Although the charm meson mixing is very
constraining for the relevant couplings, the calculated
branching ratios reaching the order 10�8 might be possi-
ble to observe at the future tau-charm factories and Belle
II experiment.

IV. R̃2 IN c ! u��̄

The R̃2 leptoquark is a weak doublet and it inter-
acts with quark doublets (3). Therefore, the appropri-
ate couplings, ỹ

LR
2 s� ỹ

LR⇤
2 b� can be constrained from the

b ! s��̄ and s ! d��̄ decays, as well as from observ-
ables coming from the Bs � B̄s, Bd � B̄d, K0

� K̄
0 os-

cillations as in [20]. We consider the most constrain-
ing bounds coming from decays B ! K /E and from
the oscillations of Bs � B̄s, relevant for the � mass re-
gion (mK � m⇡)/2 < m� < (mD � m⇡)/2. The de-
cay B ! K /E was recently studied by the authors of

Ref. [29]. They pointed out that current bound on
the rate B ! K /E when the SM branching ratio for
B ! K⌫⌫̄ is subtracted from the experimental bound on
B(B+

! K
+ /E) is the most constraining. They derived

B(B ! K /E) < 9.7⇥ 10�6as the strongest bound among
B ! Hs /E (Hs is a hadron containing the s quark).

1. Constraints from B ! K /E and Bs � B̄s oscillations

The amplitude for B ! K��̄ can be written as

M(B ! K��̄) =
p
2GF c

LR
B ū�(p1)�µPRv�(p2)⌦

K(k)|ū�µ
PL|B(p)

↵
. (22)

In the case of Wilson coe�cient cLR
B it is easy to find [13]

c
LR
B = �

v
2

2M2
R̃2

ỹ
LR
2 s�ỹ

LR⇤
2 b� . (23)

The integration over the phase space depends on the mass
of m� we chose. Here we can choose a mass �, which we
used in D decays (mK �m⇡)/2 < m� < (mD �m⇡)/2.
The bounds on the Wilson coe�cient in Eq. (23) are
following |c

LR
B | < 3.3 ⇥ 10�4, < 4.9 ⇥ 10�4 and < 9.1 ⇥

10�4 for m� = 0.18, 0.50, 0.80 GeV.
There are two box diagrams with � within the box

contributing to the Bs�B̄s oscillations. The contribution
of R̃2 box diagrams to the e↵ective Lagrangian for the
Bs � B̄s oscillation is

L
NP
�B=2 = �

1

128⇡2

⇣
ỹ
LR
2 s�

⌘2 ⇣
ỹ
LR ⇤
2 b�

⌘2

M
2
R̃2

⇥
�
s̄�µPRb

�
(s̄�µ

PRb) . (24)

We can understand this result in terms of the recent
study of new physics in the Bs � B̄s oscillation in [30].
The authors of [30] introduced the following notation of
the New Physics (NP) contribution containing the right-
handed operators as

L
NP
�B=2 � �

4GF
p
2
(VtbV

⇤
ts)

2
C

RR
bs

�
s̄�µPRb

�
(s̄�µ

PRb) .

(25)
Following their notation, one can write the modification
of the SM contribution by the NP as in Ref. [30]

�M
SM+NP
s

�MSM
s

=

�����1 +
⌘
6/23

R
SM
loop

C
RR
bs

����� (26)

They found that RSM
loop = (1.31 ± 0.010) ⇥ 10�3 and ⌘ =

↵s(µNP )/↵s(µb). Relying on the Lattice QCD results of
the two collaborations FNAL/MILC [31], HPQCD [32],
the FLAG averaging group [33] published following re-
sults, which we use in our calculations

�M
FLAG2019
s = (20.1+1.2

�1.6) ps
�1 = (1.13+0.07

�0.09)�M
exp
s ,

(27)

Mass of scalar leptoquark is 
within LHC reach! 



LHC constraints on charm coupling to LQs:  high-mass 
ττ produc'on 

Processes in t-channel 
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Figure 1: Leading order Feynman diagrams for t-channel pp ! ⌧+⌧� production at the LHC mediated
by both third-generation LQs.

1 Collider constrains

As shown in ??, direct LHC searches for ⌧⌧ resonances can produce stringent bounds on NP
models for the RD(⇤) anomaly. These models will generate neutral currents with large couplings to
third generation fermions that enhance bb̄ ! ⌧+⌧� production at the LHC. With enough integrated
luminosity, the limits from ⌧⌧ searches are sensitive to couplings of order O(1) in the 1 TeV region. In
the leptoquark model proposed here, the fact that both S3 and R̃2 contribute to low-energy processes
implies smaller b� ⌧ Yukawa couplings to each leptoquark. These smaller Yukawas could potentially
evade direct search limits from ?? (the same mechanism has been employed in ??). Nevertheless,
fitting the low-energy anomalies and flavor constrains leeds to non-negligeable s� ⌧ couplings to both
leptoquarks. This will generate a large enhancement of ss̄ ! ⌧+⌧� production at the LHC. Given
that the PDF of the strange quark is enhanced in comparison to the bottom quark by a factor of ⇠ 3,
it is important to reinterpret the limits derived in ?? when both leptoquarks with sizeable s� ⌧ and
b� ⌧ couplings are included. In the following we confront the leptoquark model to existing 13 TeV Z 0

resonance searches in the high-mass tails of inclusive ⌧⌧ production. Besides ⌧⌧ resonance searches,
we have also analyzed direct searches exclusive for third generation leptoquarks, namely leptoquark
pair production from QCD interactions.

Discuss about other constrains such as di-muons and pair production of leptoquarks of second-gen...

1.1 High-mass ⌧⌧ production

Each leptoquark component contributes to pp ! ⌧+⌧� via qq̄ annihilation (q = s, c, b) in a t-channel

exchange of S4/3
3 , S1/3

3 and R̃2/3
2 as depicted in Fig.1. First we calculate the leading-order (LO)

fiducial cross-section of pp ! ⌧+⌧� in the leptoquark model defined by the following high-mass cuts:
pT (⌧) > 150 GeV (50 GeV) for the leading (sub-leading) ⌧ -lepton and an invariant mass cut for the
⌧⌧ pair of m⌧⌧ > 300 GeV. The fiducial cross-section is decomposed in the following way:

�fid
pp!⌧⌧ (ys⌧ , ỹs⌧ ,↵, ↵̃) = �(1)(y2s⌧ , ỹ

2
s⌧ ) + �(2)(↵, ↵̃) + �(3)

⇣ ↵2

y2s⌧
,
↵̃2

ỹ2s⌧

⌘
(1)

where ↵ ⌘ ys⌧yb⌧ and ↵̃ ⌘ ỹs⌧ ỹb⌧ . In order to keep the analysis simple we assume all Yukawa couplings
to be real and the CKM matrix to be V ⇡ 1. Here �(1), �(2) and �(3) correspond to the fiducial cross-
sections of the processes ss̄ (cc̄) ! ⌧+⌧� (Fig.1 a,c), sb̄ (s̄b) ! ⌧+⌧� (Fig.1 b) and bb̄ ! ⌧+⌧� (Fig.1
a), respectively. These can be expressed as the following quartic polynomials in the couplings:

�(1)(y2s⌧ , ỹ
2
s⌧ ) = y4s⌧ A

(1)
1 + ỹ4s⌧ A

(1)
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2
s⌧ A

(1)
3 (2)
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3 (3)
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Flavour anomalies generate s τ , bτ and cτ
rela>vely large couplings.

s quark pdf func>on for protons are ~ 3 >mes
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Summary & Outlook

• SM effec>ve weak Lagrangian very precisely known – SD dynamics,
(LD dynamics difficult to explain, without huge involvement of La�ce QCD). 

• New physics explaining B anomalies, leads to rather small effects in charge 
current transi>ons; 

• FCNC transi>on in charm rare decays suffer from strong GIM suppression, 
makes search for NP demanding; 

• LHC offers tests of FCNC at high energies; 

• Few proposals to test DM in charm physics scalar LQ mass in TeV region; 

• Charm physics complement any search for NP at low  and high energies! 



瓦拉

HVALA



Doršner, SF, Greljo, 
Kamenik , Košnik,  1603.04993

LQ=(SU(3)c, SU(2)L)Y
Q=I3+Y

no proton decay
at tree level 

Spin 0

Spin 1

No single scalar LQ to solve simultaneously  both anomalies!

Scalar LQ                            simpler UV comple>on;

Popular scenario: Leptoquarks as a resolu'on of B anomalies:

LQl

q

Only R2 and S1 might explain  (g-2)μ (both chirali>es are required with the enhancement factor
mt/mμ) Muller 1801.0338, Doršner, SF & Sumensari, 1910.03877. 

31

or LQ=(SU(3)c, SU(2)L, Y)
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Fuentas-Mar>n et al., 2003.12421

Charm Physics Confronts High-pT Lepton Tails 

due to its manifest SU(2)L gauge invariance, this framework allows to establish correlations with
kaon and tau physics.

The next four sections investigate, in steps, charged-current transitions. Namely, starting from
the effective field theory setup in Section 2, we study the set of constraints from charmed meson
decays in Section 3, the production of monoleptons at high-pT LHC in Section 4 and, finally, com-
pare the two in Section 5. The analysis is then repeated for neutral-current transitions in Section 6.
Complementary constraints implied by SU(2)L gauge symmetry are derived in Section 7. We
conclude in Section 8.

2 Theoretical framework: c ! diē↵⌫�

2.1 The high-energy effective theory

We focus on short-distance NP that can affect semileptonic charged-current charm transitions, par-
ticularly when charm number changes by one unit, �C = 1. Under the assumption of no new
degrees of freedom below (or at) the electroweak scale, NP effects can be fully described employ-
ing the SMEFT. The relevant Lagrangian is

LSMEFT �
1

v2

X

k

Ck Ok , (2.1)

where v ⇡ 246 GeV is the SM Higgs vacuum expectation value and the Wilson coefficients (WCs)
scale as Ck / v

2
/⇤2, with ⇤ being the scale of NP. We employ the Warsaw basis [50] for operators

of canonical dimension six, which is particularly suited for flavor physics as covariant derivatives
and field strengths are reduced in favor of fermionic currents using the equations of motion. The
most general set of semileptonic four-fermion SMEFT operators contributing to c ! d

i
ē
↵
⌫
� tran-

sitions are

O
(3)
lq = (l̄L�µ⌧

I
lL)(q̄L�

µ
⌧
I
qL) , Oledq = (l̄LeR)(d̄RqL) ,

O
(1)
lequ = (l̄pLeR)✏pr(q̄

r
LuR) , O

(3)
lequ = (l̄pL�µ⌫eR)✏pr(q̄

r
L�

µ⌫
uR) ,

(2.2)

with �µ⌫ = i
2 [�

µ
, �

⌫ ], ⌧ I the Pauli matrices, ✏pr the Levi-Civita symbol and {p, r} being SU(2)L
indices.1 The left-handed quark and lepton doublets are denoted by qL and lL, respectively, while
the right-handed singlets are uR, dR and eR. On the other hand, the SMEFT operators that modify
the W couplings to quarks read

O
(3)
�q = (�† i

$
D

I
µ �)(q̄L�

µ
⌧
I
qL) , O�ud = (�̃† iDµ�)(ūR�

µ
dR) , (2.3)

where � is the Higgs field and Dµ its covariant derivative. We neglect the chirality-flipping W

vertices of the type  ̄�µ⌫ �Fµ⌫ . Their effects are subleading relative to the operators in Eq. (2.3)
at low-energies, since they are charm mass suppressed, and to the operators in Eq. (2.2) at high-pT ,
due to their different high-energy behavior discussed in Section 4.1. We also neglect all modifica-
tions to the leptonic W vertices, since they are better probed in purely leptonic transitions.

1The SM extended by a light right-handed neutrino (⌫R) potentially accessible in charm decays would require sup-
plementing the SMEFT with a new set of operators such as (l̄L⌫R)(ūRqL). For the full list see Eq. (2.1) in Ref. [51].
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pare the two in Section 5. The analysis is then repeated for neutral-current transitions in Section 6.
Complementary constraints implied by SU(2)L gauge symmetry are derived in Section 7. We
conclude in Section 8.

2 Theoretical framework: c ! diē↵⌫�

2.1 The high-energy effective theory

We focus on short-distance NP that can affect semileptonic charged-current charm transitions, par-
ticularly when charm number changes by one unit, �C = 1. Under the assumption of no new
degrees of freedom below (or at) the electroweak scale, NP effects can be fully described employ-
ing the SMEFT. The relevant Lagrangian is

LSMEFT �
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X

k

Ck Ok , (2.1)

where v ⇡ 246 GeV is the SM Higgs vacuum expectation value and the Wilson coefficients (WCs)
scale as Ck / v

2
/⇤2, with ⇤ being the scale of NP. We employ the Warsaw basis [50] for operators

of canonical dimension six, which is particularly suited for flavor physics as covariant derivatives
and field strengths are reduced in favor of fermionic currents using the equations of motion. The
most general set of semileptonic four-fermion SMEFT operators contributing to c ! d

i
ē
↵
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� tran-

sitions are
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with �µ⌫ = i
2 [�

µ
, �

⌫ ], ⌧ I the Pauli matrices, ✏pr the Levi-Civita symbol and {p, r} being SU(2)L
indices.1 The left-handed quark and lepton doublets are denoted by qL and lL, respectively, while
the right-handed singlets are uR, dR and eR. On the other hand, the SMEFT operators that modify
the W couplings to quarks read

O
(3)
�q = (�† i

$
D

I
µ �)(q̄L�

µ
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I
qL) , O�ud = (�̃† iDµ�)(ūR�
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where � is the Higgs field and Dµ its covariant derivative. We neglect the chirality-flipping W

vertices of the type  ̄�µ⌫ �Fµ⌫ . Their effects are subleading relative to the operators in Eq. (2.3)
at low-energies, since they are charm mass suppressed, and to the operators in Eq. (2.2) at high-pT ,
due to their different high-energy behavior discussed in Section 4.1. We also neglect all modifica-
tions to the leptonic W vertices, since they are better probed in purely leptonic transitions.

1The SM extended by a light right-handed neutrino (⌫R) potentially accessible in charm decays would require sup-
plementing the SMEFT with a new set of operators such as (l̄L⌫R)(ūRqL). For the full list see Eq. (2.1) in Ref. [51].

– 3 –

due to its manifest SU(2)L gauge invariance, this framework allows to establish correlations with
kaon and tau physics.

The next four sections investigate, in steps, charged-current transitions. Namely, starting from
the effective field theory setup in Section 2, we study the set of constraints from charmed meson
decays in Section 3, the production of monoleptons at high-pT LHC in Section 4 and, finally, com-
pare the two in Section 5. The analysis is then repeated for neutral-current transitions in Section 6.
Complementary constraints implied by SU(2)L gauge symmetry are derived in Section 7. We
conclude in Section 8.

2 Theoretical framework: c ! diē↵⌫�

2.1 The high-energy effective theory

We focus on short-distance NP that can affect semileptonic charged-current charm transitions, par-
ticularly when charm number changes by one unit, �C = 1. Under the assumption of no new
degrees of freedom below (or at) the electroweak scale, NP effects can be fully described employ-
ing the SMEFT. The relevant Lagrangian is

LSMEFT �
1

v2

X

k

Ck Ok , (2.1)

where v ⇡ 246 GeV is the SM Higgs vacuum expectation value and the Wilson coefficients (WCs)
scale as Ck / v

2
/⇤2, with ⇤ being the scale of NP. We employ the Warsaw basis [50] for operators

of canonical dimension six, which is particularly suited for flavor physics as covariant derivatives
and field strengths are reduced in favor of fermionic currents using the equations of motion. The
most general set of semileptonic four-fermion SMEFT operators contributing to c ! d

i
ē
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Thus, the operators in Eqs. (2.2) and (2.3) capture all leading effects in the SMEFT in semilep-
tonic charm transitions. Unless stated otherwise, throughout this paper we work in the up-basis for
the SU(2)L multiplets, where

q
i
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u
i
L

Vij d
j
L

!
, l

↵
L =

 
⌫
↵
L

e
↵
L

!
, (2.4)

with V the CKM matrix, and use i, j = 1, 2, 3 and ↵,� = 1, 2, 3 to label quark and lepton flavor
indices, respectively. We also use ` to denote the light leptons e and µ, but not ⌧ . The matching of
the SMEFT to the low-energy effective theory is reported next, while we postpone the discussion
of SU(2)L relations to Section 7.

2.2 The low-energy effective theory

The low-energy effective Lagrangian involving c ! d
i
ē
↵
⌫
� transitions can be written as

LCC = �
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where the effective operators read

O
↵�i
VL
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(2.6)

Note that mixed chirality tensor operators vanish by Lorentz invariance. The extraction of the CKM
matrix in the SMEFT is a delicate exercise [52]. For our purposes here, Vcd and Vcs can be safely
obtained by exploiting unitarity in the Wolfenstein parametrization,

Vcd = ��c +O(�5
c),

Vcs = 1� �
2
c/2 +O(�4

c),
(2.7)

where �c is the sine of the Cabibbo angle. We assume that any contribution of NP to the inputs of
these unitarity relations is small compared to the precision achieved with charm weak transitions.
For instance, �c obtained from kaon decays receives strong constraints from the unitarity of the first
row of the CKM matrix (see e.g. Ref. [40]). Similarly, we neglect the effects of NP modifications
to GF as determined from muon decays.

The tree-level matching conditions between the SMEFT in Eq. (2.1) and the low-energy La-
grangian in Eq. (2.5) are
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FIG. 1: Diagrams driven by Ce↵
7 , weak annihilation and hard spectator interaction. The crosses indicate

photon emission. Diagrams not shown are additionally power suppressed.

The leading (⇠ ↵1
s (⇤QCD/mc)0) hard spectator interaction within QCD factorization adopted

from b-physics [14] (also [20–22]) can be written as
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v̄ = 1� v and Li2[x] = �
R x
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dt ln[1� t]/t and the decay constants fD, f?

V are given in appendix A.

We use md = 0. As Q(0)
8

-induced HSI contributions are negligible in the SM it follows that CHSI
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is driven by V ⇤
csVus. The transverse distribution at leading twist is to first order in Gegenbauer

polynomials
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Numerical input on the Gegenbauer moments aV?
1,2 is given in appendix A.
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We neglect isospin breaking in the Gegenbauer moments of the ⇢. Contributions induced by Q(0)
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are discussed in section II C.
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CWA,⇢+

7
=

2⇡2QdfDf⇢m⇢

TmD+mc�D
V ⇤
cdVudC

(0)

2
,

CWA,K⇤+

7
=

2⇡2QdfDsfK⇤mK⇤

TmDsmc�D
V ⇤
csVusC

(0)

2
, (16)

where Qu = 2/3, Qd = �1/3 and we consistently use C(0)

1,2 at leading order in ↵s. We neglect

weak annihilation contributions from Q3�6 as the corresponding Wilson coefficients in the SM are

strongly GIM suppressed. The minus sign for ⇢0 is due to isospin.

Varying the decay constants and µc within [mc/
p
2,
p
2mc] we find

CWA,⇢0

7
2 [�0.010,�0.0011] ·

GeV
�D

,

CWA,!
7

2 [0.0097, 0.0011] ·
GeV
�D

,

CWA,⇢+

7
2 [0.029, 0.038] ·

GeV
�D

,

CWA,K⇤+

7
2 [�0.034,�0.047] ·

GeV
�D

. (17)

Note that non-factorizable power corrections (inducing A0
7
) could in principle be calculated with

LCSR, see, e.g., [29] and that non-local corrections to weak annihilation by means of QCD sum

rules are additionally power suppressed [30].

Defini>ons
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second bracket. The SM prediction is then �mSM
s = (19.6 ± 1.6) ps�1. For the LQ contributions in Eq. (32) we use

the values of B(i)
Bs

(µ) from Ref. [60]. For the multiplicative renormalization of coefficients CS3
1 and C̃R̃2

1 we neglect
the running from ⇤ to mt, such that running effect to low scale is the same as in the SM, whereas for CR̃2S3

4,5 we use
the leading order mixing [62] to find CR̃2S3

4 (µ) = 0.61CR̃2S3
5 (⇤), CR̃2S3

5 (µ) = 0.88CR̃2S3
5 (⇤). For the ratios of bag

parameters we use central values to find B(5)
Bs

(µ)/B(1)
Bs

(µ) = 0.99, B(4)
Bs

(µ)/B(1)
Bs

(µ) = 1.07 [60]. Note that in this case
the experimental value �mexp

s = (17.757± 0.021) ps�1 has negligible uncertainty [48].

6. B ! K(⇤)⌫⌫̄

The B ! K(⇤)⌫⌫̄ decay offers an excellent probe of the lepton flavor conserving as well as lepton flavor violating
combination of the LQ couplings. Following [39] and with the help of notation in Refs. [43, 63, 64], we write the
effective Lagrangian:

Lb!s⌫̄⌫
e↵ =

GF↵

⇡
p
2
VtbV

⇤
ts

⇣
s̄�µ[C

ij
L PL + Cij

RPR]b
⌘
(⌫̄i�

µ(1� �5)⌫j). (34)

In the SM we have a contribution for each pair of neutrinos and therefore CSM,ij
L = CSM

L �ij where CSM
L = �6.38 ±

0.06 [63]. The respective contributions of S3 and R̃2 to the left- and right-handed operators are [41]:

CS3,ij
L =

⇡v2

2↵VtbV ⇤
tsm

2
S3

ybjy
⇤
si, CR̃2,ij

R = � ⇡v2

2↵VtbV ⇤
tsm

2
R̃2

ỹsj ỹ
⇤
bi. (35)

As discussed in [39] the SM branching ratio for both processes B ! K(⇤)⌫⌫̄ is modified by the same factor R⌫⌫ [64, 65],

R⌫⌫ � 1 =
⇡v2

3↵VtbV ⇤
tsC

SM
L

Re

"
(yy†)bs
m2

S3

� (ỹỹ†)sb
m2

R̃2

#

+
(⇡v2)2

12(↵VtbV ⇤
ts|CSM

L |)2

"
(yy†)bb(yy†)ss

m4
S3

+
(ỹỹ†)bb(ỹỹ†)ss

m4
R̃2

� 2Re[(yỹ†)bs(ỹy†)bs]

m2
S3
m2

R̃2

#
.

(36)

Among the possible final states, the strongest bound on R⌫⌫ is due to determination of Belle experiment of the upper
bound B(B ! K⇤⌫⌫̄) < 2.7⇥ 10�5 which translates to R⌫⌫ < 2.7, both at 90% C.L. [66].

7. Rare D decays

Due to the weak triplet nature S3 couples only to the weak doublets of quarks and leptons, the corrections to charged
current processes only rescale the SM charged current contributions. The relevant modification of the charged current
Lagrangian, following Ref. [41] is given by:

Lūidj ¯̀⌫k
= �4GFp

2

"
(VijU`k + gLij;`k)(ū

i
L�

µdjL)(
¯̀
L�µ⌫

k
L)

#
, (37)

with the coefficient determined by the S3 contribution as

gLij,lk = �1

4
(y†3V

T )li(y3)jk
v2

m2
LQ

. (38)

Following [41] one can determine easily the leptoquark correction to the FCNC transition c ! uµ+µ� by using the
effective Lagrangian:

Lc̄u ¯̀̀ = �4GFp
2

"
cLL
cu (c̄L�

µuL)(¯̀L�µ`L)

#
+ h.c., (39)

with

cLL
cu = � v2

2m2
S3

(V ⇤
csgsµ + V ⇤

cbgbµ)(V
⇤
us + Vubgbµ) (40)

CLL
cu = � v2

2m2
S3

(V ⇤
csgsµ + V ⇤

cbbbµ)(Vusgsµ + Vubbbµ)

100 >mes smaller than current LHCb bound!CLL
cu

(3,1,-1/3) introduced by Bauer and Neubert in 1511.01900 
to explain both B anomalies. In 1608.07583, Becirevic et al.,  showed that model 
cannot survive flavor constraints:

K ! µ⌫, B ! ⌧⌫, ⌧ ! µ� Ds ! ⌧⌫, D ! µ+µ�

(3,1,-1/3)

34

(3,3,-1/3) 



35

Scalar LQ  (3,2,7/6)

In the case of Δ C= 2  in                      
oscilla>on there is also a LQ  contribu>on  

8

The LQ Yukawa matrices YL and YR are written in the mass basis of up-type quarks and charged leptons with the
CKM and PMNS rotations present in the down-type quarks and neutrinos. Thus, the couplings of LQ component
with charge 5/3 are

L(5/3) = (¯̀RYLuL)�
(5/3)⇤ � (ūRYR`L)�

(5/3) + h.c. . (23)

The tree level amplitude induced by a nonchiral LQ state �(5/3) involves both chiralities of fermions and is matched
onto the set of (axial)vector, (pseudo)scalar, and (pseudo)tensor operators:

CP = CS = � ⇡

2
p
2GF↵�b

Y
L⇤
µu

Y
R⇤
cµ

m
2

�

,

�C
0
P
= C

0
S
= � ⇡

2
p
2GF↵�b

Y
L

µc
Y

R

uµ

m
2

�

,

CT = � ⇡

8
p
2GF↵�b

Y
R

uµ
Y

L

µc
+ Y

R⇤
cµ

Y
L⇤
µu

m
2

�

,

CT5 = � ⇡

8
p
2GF↵�b

�Y
R

uµ
Y

L

µc
+ Y

R⇤
cµ

Y
L⇤
µu

m
2

�

,

C10 = C9 =
⇡p

2GF↵�b

Y
L

µc
Y

L⇤
µu

m
2

�

�C
0
10

= C
0
9
=

⇡p
2GF↵�b

Y
R⇤
cµ

Y
R

uµ

m
2

�

.

(24)

In the minimal numerical scenario, strict bounds in the down-type quark sector can be evaded completely by putting
to zero the couplings to the left-handed quarks. In this case we are allowed to have significant contributions to
rare charm decays via the C

0
9
= �C

0
10

contributions for which the bound from the last line of Tab. II applies. The
contribution to D

0� D̄
0 mixing amplitude is matched onto the e↵ective Hamiltonian H = C6(ūR�

µ
cR)(ūR�µcR) with

the e↵ective coe�cient at scale m�

C6(m�) = �
�
Y

R⇤
cµ

Y
R

uµ

�2

64⇡2m
2

�

= � (GF↵)2

32⇡4
m

2

�
(C̃ 0

10
)2 . (25)

We have assumed that leptoquark does not couple to electrons or tau leptons. Hadronic matrix element of the above
operator in mixing is customarily expressed as

⌦
D̄

0
�� (ūR�µcR)(ūR�

µ
cR)

��D0
↵
= 2

3
m

2

D
f
2

D
B, where the bag parameter

in the MS scheme BD(3 GeV) = 0.757(27)(4) has been computed on the lattice by the ETM Collaboration with
2 + 1 + 1 dynamical fermions [39]. The SM part of the mixing amplitude is poorly known due to its nonperturbative
nature and the only robust bound on the LQ couplings is obtained by requirement that the mixing frequency (in the
absence of CP violation) has to be smaller than the world average x = 2|M12|/� = (0.49+0.14

�0.15
)% as quoted by the

HFAG [24],

|rC6(m�)|
2mDf

2

D
BD

3�D

< x , (26)

where r = 0.76 is a renormalization factor due to running of C6 from scale m� = 1 TeV down to 3 GeV [3]. Finally
we find a bound on C

0
9
slightly stronger but comparable to the one obtained from D

0 ! µ
+
µ
�:

|C6(m�)| < 2.5⇥ 10�13 GeV�2 =) |C̃ 0
9
, C̃

0
10
| < 0.34 . (27)

One can imagine an extension of this scenario which would include also scalar and tensor operators. Namely, we
consider a numerically tuned example with m� = 1 TeV and large Y

R

cµ
= 3. The bound on C

0
10

from D
0 ! µ

+
µ
�

would then impose the smallness of coupling Y
R

uµ
, Y R

uµ
< 0.007. Bounds of similar strength are expected from D

0�D̄
0

mixing. Now one can introduce a nonzero coupling to left-handed quark doublet Y L

µu
that would, together with large

Y
R

cµ
contribute to the Wilson coe�cients CS,P and CT,T5. However, a very strong bound on CS now emerges from

D
0 ! µ

+
µ
� and limits the left-handed coupling, Y L

µu
< 1.2⇥ 10�3. Thus we can realize

� C̃
0
10

= C̃
0
9
= 0.63 , 4C̃T = 4C̃T5 = C̃P = C̃S = �0.049 , (28)

together with small enough Y
L

µu
= 1.2 ⇥ 10�3 to comply with the constraints from B, K physics and four fermion

operator constraints [40].

8

The LQ Yukawa matrices YL and YR are written in the mass basis of up-type quarks and charged leptons with the
CKM and PMNS rotations present in the down-type quarks and neutrinos. Thus, the couplings of LQ component
with charge 5/3 are

L(5/3) = (¯̀RYLuL)�
(5/3)⇤ � (ūRYR`L)�

(5/3) + h.c. . (23)

The tree level amplitude induced by a nonchiral LQ state �(5/3) involves both chiralities of fermions and is matched
onto the set of (axial)vector, (pseudo)scalar, and (pseudo)tensor operators:

CP = CS = � ⇡

2
p
2GF↵�b

Y
L⇤
µu

Y
R⇤
cµ

m
2

�

,

�C
0
P
= C

0
S
= � ⇡

2
p
2GF↵�b

Y
L

µc
Y

R

uµ

m
2

�

,

CT = � ⇡

8
p
2GF↵�b

Y
R

uµ
Y

L

µc
+ Y

R⇤
cµ

Y
L⇤
µu

m
2

�

,

CT5 = � ⇡

8
p
2GF↵�b

�Y
R

uµ
Y

L

µc
+ Y

R⇤
cµ

Y
L⇤
µu

m
2

�

,

C10 = C9 =
⇡p

2GF↵�b

Y
L

µc
Y

L⇤
µu

m
2

�

�C
0
10

= C
0
9
=

⇡p
2GF↵�b

Y
R⇤
cµ

Y
R

uµ

m
2

�

.

(24)

In the minimal numerical scenario, strict bounds in the down-type quark sector can be evaded completely by putting
to zero the couplings to the left-handed quarks. In this case we are allowed to have significant contributions to
rare charm decays via the C

0
9
= �C

0
10

contributions for which the bound from the last line of Tab. II applies. The
contribution to D

0� D̄
0 mixing amplitude is matched onto the e↵ective Hamiltonian H = C6(ūR�

µ
cR)(ūR�µcR) with

the e↵ective coe�cient at scale m�

C6(m�) = �
�
Y

R⇤
cµ

Y
R

uµ

�2

64⇡2m
2

�

= � (GF↵)2

32⇡4
m

2

�
(C̃ 0

10
)2 . (25)

We have assumed that leptoquark does not couple to electrons or tau leptons. Hadronic matrix element of the above
operator in mixing is customarily expressed as

⌦
D̄

0
�� (ūR�µcR)(ūR�

µ
cR)

��D0
↵
= 2

3
m

2

D
f
2

D
B, where the bag parameter

in the MS scheme BD(3 GeV) = 0.757(27)(4) has been computed on the lattice by the ETM Collaboration with
2 + 1 + 1 dynamical fermions [39]. The SM part of the mixing amplitude is poorly known due to its nonperturbative
nature and the only robust bound on the LQ couplings is obtained by requirement that the mixing frequency (in the
absence of CP violation) has to be smaller than the world average x = 2|M12|/� = (0.49+0.14

�0.15
)% as quoted by the

HFAG [24],

|rC6(m�)|
2mDf

2

D
BD

3�D

< x , (26)

where r = 0.76 is a renormalization factor due to running of C6 from scale m� = 1 TeV down to 3 GeV [3]. Finally
we find a bound on C

0
9
slightly stronger but comparable to the one obtained from D

0 ! µ
+
µ
�:

|C6(m�)| < 2.5⇥ 10�13 GeV�2 =) |C̃ 0
9
, C̃

0
10
| < 0.34 . (27)

One can imagine an extension of this scenario which would include also scalar and tensor operators. Namely, we
consider a numerically tuned example with m� = 1 TeV and large Y

R

cµ
= 3. The bound on C

0
10

from D
0 ! µ

+
µ
�

would then impose the smallness of coupling Y
R

uµ
, Y R

uµ
< 0.007. Bounds of similar strength are expected from D

0�D̄
0

mixing. Now one can introduce a nonzero coupling to left-handed quark doublet Y L

µu
that would, together with large

Y
R

cµ
contribute to the Wilson coe�cients CS,P and CT,T5. However, a very strong bound on CS now emerges from

D
0 ! µ

+
µ
� and limits the left-handed coupling, Y L

µu
< 1.2⇥ 10�3. Thus we can realize

� C̃
0
10

= C̃
0
9
= 0.63 , 4C̃T = 4C̃T5 = C̃P = C̃S = �0.049 , (28)

together with small enough Y
L

µu
= 1.2 ⇥ 10�3 to comply with the constraints from B, K physics and four fermion

operator constraints [40].

Bound from ΔC =2 slightly stronger, 
but comparable  to the bound coming from 

D0 ! µ+µ�

R2 (3,2,7/6) can explain RD(*)
(Becirevic, Dorsner, SF,Faroughy, 
Kosnik, Sumensari, 1806.05689 
and can generate  c quark EDM)

Vector LQ(3,1,5/3)            

(for loop effects in B 
Camargo-Molina, Celis, Faroughy
1805.04917 )

not present in B physics at tree level!
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The LQ Yukawa matrices YL and YR are written in the mass basis of up-type quarks and charged leptons with the
CKM and PMNS rotations present in the down-type quarks and neutrinos. Thus, the couplings of LQ component
with charge 5/3 are

L(5/3) = (¯̀RYLuL)�
(5/3)⇤ � (ūRYR`L)�

(5/3) + h.c. . (23)

The tree level amplitude induced by a nonchiral LQ state �(5/3) involves both chiralities of fermions and is matched
onto the set of (axial)vector, (pseudo)scalar, and (pseudo)tensor operators:

CP = CS = � ⇡

2
p
2GF↵�b

Y
L⇤
µu

Y
R⇤
cµ

m
2

�

,

�C
0
P
= C

0
S
= � ⇡

2
p
2GF↵�b

Y
L

µc
Y

R

uµ

m
2

�

,

CT = � ⇡

8
p
2GF↵�b

Y
R

uµ
Y

L

µc
+ Y

R⇤
cµ

Y
L⇤
µu

m
2

�

,

CT5 = � ⇡

8
p
2GF↵�b

�Y
R

uµ
Y

L

µc
+ Y

R⇤
cµ

Y
L⇤
µu

m
2

�

,

C10 = C9 =
⇡p

2GF↵�b

Y
L

µc
Y

L⇤
µu

m
2

�

�C
0
10

= C
0
9
=

⇡p
2GF↵�b

Y
R⇤
cµ

Y
R

uµ

m
2

�

.

(24)

In the minimal numerical scenario, strict bounds in the down-type quark sector can be evaded completely by putting
to zero the couplings to the left-handed quarks. In this case we are allowed to have significant contributions to
rare charm decays via the C

0
9
= �C

0
10

contributions for which the bound from the last line of Tab. II applies. The
contribution to D

0� D̄
0 mixing amplitude is matched onto the e↵ective Hamiltonian H = C6(ūR�

µ
cR)(ūR�µcR) with

the e↵ective coe�cient at scale m�

C6(m�) = �
�
Y

R⇤
cµ

Y
R

uµ

�2

64⇡2m
2

�

= � (GF↵)2

32⇡4
m

2

�
(C̃ 0

10
)2 . (25)

We have assumed that leptoquark does not couple to electrons or tau leptons. Hadronic matrix element of the above
operator in mixing is customarily expressed as

⌦
D̄

0
�� (ūR�µcR)(ūR�

µ
cR)

��D0
↵
= 2

3
m

2

D
f
2

D
B, where the bag parameter

in the MS scheme BD(3 GeV) = 0.757(27)(4) has been computed on the lattice by the ETM Collaboration with
2 + 1 + 1 dynamical fermions [39]. The SM part of the mixing amplitude is poorly known due to its nonperturbative
nature and the only robust bound on the LQ couplings is obtained by requirement that the mixing frequency (in the
absence of CP violation) has to be smaller than the world average x = 2|M12|/� = (0.49+0.14

�0.15
)% as quoted by the

HFAG [24],

|rC6(m�)|
2mDf

2

D
BD

3�D

< x , (26)

where r = 0.76 is a renormalization factor due to running of C6 from scale m� = 1 TeV down to 3 GeV [3]. Finally
we find a bound on C

0
9
slightly stronger but comparable to the one obtained from D

0 ! µ
+
µ
�:

|C6(m�)| < 2.5⇥ 10�13 GeV�2 =) |C̃ 0
9
, C̃

0
10
| < 0.34 . (27)

One can imagine an extension of this scenario which would include also scalar and tensor operators. Namely, we
consider a numerically tuned example with m� = 1 TeV and large Y

R

cµ
= 3. The bound on C

0
10

from D
0 ! µ

+
µ
�

would then impose the smallness of coupling Y
R

uµ
, Y R

uµ
< 0.007. Bounds of similar strength are expected from D

0�D̄
0

mixing. Now one can introduce a nonzero coupling to left-handed quark doublet Y L

µu
that would, together with large

Y
R

cµ
contribute to the Wilson coe�cients CS,P and CT,T5. However, a very strong bound on CS now emerges from

D
0 ! µ

+
µ
� and limits the left-handed coupling, Y L

µu
< 1.2⇥ 10�3. Thus we can realize

� C̃
0
10

= C̃
0
9
= 0.63 , 4C̃T = 4C̃T5 = C̃P = C̃S = �0.049 , (28)

together with small enough Y
L

µu
= 1.2 ⇥ 10�3 to comply with the constraints from B, K physics and four fermion

operator constraints [40].
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2. Vector leptoquark (3, 1, 5/3)

The interactions of the vector LQ state V (5/3)(3, 1, 5/3) with the SM fermions are contained in a single term at the
renormalizable level:

L = Yij (¯̀i�µPRuj)V
(5/3)µ + h.c. . (29)

Generation indices are denoted by i, j. Integrating out V (5/3) results in the right-handed current operators:

C
0
9
= C

0
10

=
⇡p

2GF�b↵

YµcY
⇤
µu

m
2

V

. (30)

On the other hand, the same combination of couplings enters the D
0 � D̄

0 mixing. We employ the same type of
Hamiltonian as in the preceding Section this time the Wilson coe�cient:

C6(mV ) =
(YµuY

⇤
µc
)2

32⇡2m
2

V

=
(GF↵)2

16⇡4
m

2

V
(C̃ 0

10
)2 . (31)

Consequence of the bound (27) is that the rare decay Wilson coe�cients are limited:

|C̃ 0
9
, C̃

0
10
| < 0.24 . (32)

The above knowledge of C 0
9,10

implies that the branching ratio of D ! ⇡µ
+
µ
� in the high-q2 bin is at most 1.4⇥10�8,

where the long-distance uncertainties have been taken into account. The e↵ect is twice smaller than the existing
experimental bound.

C. Two Higgs doublet model type III

In the Two Higgs Doublet Model of type III (THDM III) the neutral Higgses have flavor changing couplings to the
fermions. The spectrum includes two neutral scalars, h and H, one pseudoscalar, A, and two charged scalars, H±. In
the scenario with MSSM-like scalar potential their masses and mixing angles are related [41],

tan� =
vu

vd
, tan 2↵ = tan 2�

m
2

A
+m

2

Z

m
2

A
�m

2

Z

,

m
2

H± = m
2

A
+m

2

W
m

2

H
= m

2

A
+m

2

Z
�m

2

h
,

(33)

where �, tan� = vu/vd, is the angle that diagonalizes the mass matrix of the charged states, ↵ is the mixing angle
of neutral scalars. The vacuum expectation values are normalized to the electroweak vacuum expectation value,
v/

p
2 =

p
v2
u
+ v

2

d
= 174 GeV. The part of the interaction Lagrangian responsible for FCNCs in the up-type quarks

and charged leptons is [41]

L =
y
(`)Hk

ijp
2

Hk
¯̀
L,i`R,j +

y
(u)Hk

ijp
2

HkūL,iuR,j + h.c. , Hk = (H,h,A) , (34)

and the neutral Yukawa couplings for the charged leptons and up-type quarks are

y
(`)Hk

ij
= x

k

d

m`i

vd
�ij � ✏

`

ij

�
x
k

d
tan� � x

k⇤
u

�
,

y
(u)Hk

ij
= x

k

u

mui

vu
�ij � ✏

u

ij

�
x
k

u
cot� � x

k⇤
d

�
,

(35)

respectively. The flavor o↵-diagonal terms ✏
`

fi
, ✏u

fi
are free parameters of the model. The coe�cients x

k

q
for Hk =

(H,h,A) are determined by the mixing angles of the neutral scalars and the VEVs [41]

x
k

u
= (� sin↵,� cos↵, i cos�) ,

x
k

d
= (� cos↵, sin↵, i sin�) .

(36)


