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A small (personal) selection of new physics (NP) 
that can be searched for at tau-charm energies: 

• Charged Lepton Flavour Violation (CLFV) 

• Tests of Lepton Flavour Universality (LFU) 

• Light dark matter/dark sectors



Charged Lepton Flavour Violation



Motivation

Neutrino masses/oscillations () Le, Lµ, L⌧
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Lepton family numbers are not conserved: why not charged 
lepton flavour violation (CLFV):                                                . µ ! e�, ⌧ ! µ�, µ ! eee, etc. ?
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In the SM + neutrino masses, CLFV 
rates suppressed by a factor

CLFV: clear signal of New Physics, stringent test of NP physics 
coupling to leptons, probe of scales way beyond the LHC reach
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In the SM, electroweak interactions are lepton flavour universal 
and (with massless neutrinos) lepton flavour conserving
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CLFV has been sought for more than 70 years…

 

A. Schöning, Heidelberg                                    4                                        ZPW2018, January 2017

History of LFV Decay experimentsHistory of LFV Decay experiments

Mu3e I

Mu3e II

A. Schöning  

Belle/BaBar

2020-2030
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Belle II prospects for tau LFV

Belle II Snowmass, arXiv:2207.06307
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⌧ ! ``0`0
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⌧ ! `P
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             limited  
by ISR background 
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not a problem at tau-charm factories!
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LFV quarkonium decays

LFVQD Present bounds on BR (90%CL)
J/ ! eµ 4.5⇥ 10�9 BESIII (2022) [16]
⌥(1S) ! eµ 3.6⇥ 10�7 Belle (2022) [17]
⌥(1S) ! eµ� 4.2⇥ 10�7 Belle (2022) [17]
J/ ! e⌧ 7.5⇥ 10�8 BESIII (2021) [18]
⌥(1S) ! e⌧ 2.4⇥ 10�6 Belle (2022) [17]
⌥(1S) ! e⌧� 6.5⇥ 10�6 Belle (2022) [17]
⌥(2S) ! e⌧ 3.2⇥ 10�6 BaBar (2010) [19]
⌥(3S) ! e⌧ 4.2⇥ 10�6 BaBar (2010) [19]
J/ ! µ⌧ 2.0⇥ 10�6 BES (2004) [20]
⌥(1S) ! µ⌧ 2.6⇥ 10�6 Belle (2022) [17]
⌥(1S) ! µ⌧� 6.1⇥ 10�6 Belle (2022) [17]
⌥(2S) ! µ⌧ 3.3⇥ 10�6 BaBar (2010) [19]
⌥(3S) ! µ⌧ 3.1⇥ 10�6 BaBar (2010) [19]

Table 1: Present 90%CL upper limits on vector quarkonium LFV decays. No limit is currently
available for LFV decays of (pseudo)scalar or other vector resonances.

processes under study. It has been shown that the B anomalies can be addressed by operators
involving 3rd-generation fermions only, the couplings to lighter generations being induced by field
rotations from the interaction basis to the mass basis [12–15].

The above considerations prompt us to address the experimental prospects of LFV processes
involving heavy quark flavours, either flavour-violating or flavour-conserving in the quark sector.
In this paper, we focus on the latter case, in particular on new physics that can induce LFV decays
of heavy quarkonia, that is, cc̄ and bb̄ bound states. The existing limits on LFV quarkonium decays
(LFVQD), concerning vector resonances only, are listed in Table 1. We note the recent results by
BESIII and Belle, which improved previous bounds notably and even searched for new channels
such as ⌥(1S) ! ``0�. The experimental prospects of these processes are even more interesting:
the extended run of BESIII [21] and the proposed Super-Tau-Charm Factory (STCF) [22–24] could
increase the sensitivity on the J/ ! `i`j decays by several orders of magnitude and, for the
first time, search for LFV decays of (pseudo)scalar charmonium states. Similarly, Belle II [25] is
expected to reach an integrated luminosity about two orders of magnitude larger than the previous
B factories, hence it should improve the limits on the ⌥(nS) modes by at least one order of
magnitude.

However, any new physics giving rise to this kind of decays would also induce other LFV
processes, in particular LFV muon or tau decays [26], as well as other high-energy LFV processes
such as LFV Z decays, which will give competitive limits at future high-energy e+e� colliders— see
Ref. [27]. The obvious question is then whether the stringent constraints on the latter processes
(see Table 2) still allow sizeable effects for LFV quarkonia decay. In other words, is it possible to
discover new physics searching for quarkonium LFV? The aim of this paper is to give a precise
quantitative answer to this question, providing model-independent indirect upper limits on the
LFV decay rates of quarkonia, in a similar way to what was done in Ref. [27] for LFV Z decays.

To be agnostic about the new dynamics that can give rise to these effects, we employ an
effective-field-theory approach, working within both the so-called Low-Energy Effective Field The-
ory (LEFT) [45], which involves QED⇥QCD invariant operators of fields below the EW scale, and
the Standard Model Effective Field Theory (SMEFT) where invariance under the full SM gauge
group and also heavy fields are considered [46, 47] — for a review cf. Ref. [48]. In this context,
new physics contributions to the quarkonium decays we are interested in are described by 2q2`
operators of the schematic form c̄ c ¯̀i`j and b̄ b ¯̀i`j (`i,j = e, µ, ⌧ , i 6= j). On the other hand,
diagrams obtained by closing the quark loop will induce (e.g. via a virtual photon exchange, as

2

BESIII continues taking data, a high-lumi Super Tau-Charm Factory (STCF) 
is being discussed with c.o.m. E ~2-7 GeV that could produce ~1013 J/𝜓 

(x1000 current BESIII), Belle II will collect x50-100 the data of Belle/BaBar
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What can we learn from these processes?

• In principle, ideal modes to test 2q2𝓁 operators involving heavy quarks            

(that could stem e.g. from by Z’/LQs with MFV-like couplings) 

• Searches for radiative modes and decays of (pseudo)scalar resonances 
would be sensitive to different LEFT operators than the vector ones 

• The question is: can we find new physics searching for these modes? 

• Tau/mu processes unavoidably induced: strong indirect constraints:

qq̄

`j

`i

`i

`j

q

f

f̄

Figure 1: Diagrammatic example of how the same EFT vertex (grey circle) generating quarkonia
LFV decays can induce other LFV processes at loop level.

2 EFT framework

As discussed in the introduction, we parameterise the effects of LFV new physics in terms of
non-renormalisable operators. Throughout this work, we assume that the new particles related
to the NP scale ⇤ responsible for LFV are much heavier than the EW scale, ⇤ � mW . In such
a scenario, in order to assess the NP effects across different scales, it is then convenient to work
within the SMEFT framework, whose Lagrangian consists of that of the SM extended with a tower
of higher-dimensional operators constructed by gauge-invariant combinations of the SM fields only
and suppressed by inverse powers of the scale ⇤:

Lsmeft = Lsm +
X

d>4

X

a

C(d)
a

⇤d�4
O

(d)
a , (1)

where O
(d)
a are the effective operators of dimension-d and the C(d)

a represent the corresponding
Wilson Coefficients (WCs), whose values depend on the renormalisation scale µ. Notice that we
are working with dimensionless SMEFT WCs. In the rest of the paper, we will focus on dimension-6
operators — that are expected to provide the dominant contributions to LFV processes — and adopt
the conventions of the Warsaw basis [47]. All dimension-6 SMEFT operators that can induce LFV
effects [56] are listed in Table 3.

In a specific UV-complete model, the WCs at the scale ⇤ can be determined by integrating out
the heavy NP fields. In the spirit of our model-independent approach, we will instead consider the
WC of the O(d)

a at µ = ⇤ as independent free parameters. However, at lower energies, the coefficients
of different operators will mix as an effect of the RGEs. In particular, multiple operators will be
induced at the EW scale even if the UV physics is assumed to match dominantly to a single operator
(or just a few of them) at the scale ⇤.

Below the EW scale, we work within the LEFT employing the basis introduced by Ref. [45]. As
we will see in the next section, the observables that we focus on — the LFV quarkonium decays —
and the LFV decays of muons and taus that will set indirect constraints on them can be induced
by dimension-5 photon dipole operators1

Ldipole = Ce�,pr (¯̀p�
µ⌫PR`r)Fµ⌫ + h.c. , (2)

by dimension-6 2q2` operators

L2q2` = CV,LL
eq,prst (¯̀p�

µPL`r)(q̄s�µPLqt) + CV,RR
eq,prst (¯̀p�

µPR`r)(q̄s�µPRqt)

+ CV,LR
eq,prst (¯̀p�

µPL`r)(q̄s�µPRqt) + CV,LR
qe,prst (q̄p�µPLqr)(¯̀s�

µPR`t)

+
h
CS,RL
eq,prst (¯̀pPR`r)(q̄sPLqt) + CS,RR

eq,prst (¯̀pPR`r)(q̄sPRqt)

+ CT,RR
eq,prst (¯̀p�µ⌫PR`r)(q̄s�

µ⌫PRqt) + h.c.
i
, (3)

1We adopt the following convention for the fermionic QED couplings: LQED = �eQf f̄⇢Af .

4

Effect summarised by the RGE running of the LEFT operators
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Indirect constraints on quarkonium LFV
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Figure 1: Diagrammatic example of how the same EFT vertex (grey circle) generating quarkonia
LFV decays can induce other LFV processes at loop level.

2 EFT framework

As discussed in the introduction, we parameterise the effects of LFV new physics in terms of
non-renormalisable operators. Throughout this work, we assume that the new particles related
to the NP scale ⇤ responsible for LFV are much heavier than the EW scale, ⇤ � mW . In such
a scenario, in order to assess the NP effects across different scales, it is then convenient to work
within the SMEFT framework, whose Lagrangian consists of that of the SM extended with a tower
of higher-dimensional operators constructed by gauge-invariant combinations of the SM fields only
and suppressed by inverse powers of the scale ⇤:

Lsmeft = Lsm +
X

d>4

X

a

C(d)
a

⇤d�4
O

(d)
a , (1)

where O
(d)
a are the effective operators of dimension-d and the C(d)

a represent the corresponding
Wilson Coefficients (WCs), whose values depend on the renormalisation scale µ. Notice that we
are working with dimensionless SMEFT WCs. In the rest of the paper, we will focus on dimension-6
operators — that are expected to provide the dominant contributions to LFV processes — and adopt
the conventions of the Warsaw basis [47]. All dimension-6 SMEFT operators that can induce LFV
effects [56] are listed in Table 3.

In a specific UV-complete model, the WCs at the scale ⇤ can be determined by integrating out
the heavy NP fields. In the spirit of our model-independent approach, we will instead consider the
WC of the O(d)

a at µ = ⇤ as independent free parameters. However, at lower energies, the coefficients
of different operators will mix as an effect of the RGEs. In particular, multiple operators will be
induced at the EW scale even if the UV physics is assumed to match dominantly to a single operator
(or just a few of them) at the scale ⇤.

Below the EW scale, we work within the LEFT employing the basis introduced by Ref. [45]. As
we will see in the next section, the observables that we focus on — the LFV quarkonium decays —
and the LFV decays of muons and taus that will set indirect constraints on them can be induced
by dimension-5 photon dipole operators1

Ldipole = Ce�,pr (¯̀p�
µ⌫PR`r)Fµ⌫ + h.c. , (2)

by dimension-6 2q2` operators

L2q2` = CV,LL
eq,prst (¯̀p�

µPL`r)(q̄s�µPLqt) + CV,RR
eq,prst (¯̀p�

µPR`r)(q̄s�µPRqt)

+ CV,LR
eq,prst (¯̀p�

µPL`r)(q̄s�µPRqt) + CV,LR
qe,prst (q̄p�µPLqr)(¯̀s�

µPR`t)

+
h
CS,RL
eq,prst (¯̀pPR`r)(q̄sPLqt) + CS,RR

eq,prst (¯̀pPR`r)(q̄sPRqt)

+ CT,RR
eq,prst (¯̀p�µ⌫PR`r)(q̄s�

µ⌫PRqt) + h.c.
i
, (3)

1We adopt the following convention for the fermionic QED couplings: LQED = �eQf f̄⇢Af .
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Operator Strongest constraint
Indirect upper limits on BR

J/ ! ``0  (2S) ! ``0

CV,LL
eu,µecc µ ! e, Au [1.6 - 0.07] ⇥ 10�15 [2.8 - 0.2] ⇥ 10�16

CV,LR
eu,µecc µ ! e, Au [1.5 - 0.07] ⇥ 10�15 [2.8 - 0.2] ⇥ 10�16

CT,RR
eu,µecc µ ! e� [3.4 - 0.5] ⇥ 10�21 [7.8 - 1.4] ⇥ 10�22

Ce�,µe µ ! e� [2.6 - 2.5] ⇥10�26 [6.3 - 0.5] ⇥10�27

CV,LL
eu,⌧ecc ⌧ ! ⇢e [6.6 - 0.1] ⇥ 10�9 [1.2 - 0.05] ⇥ 10�9

CV,LR
eu,⌧ecc ⌧ ! ⇢e [6.5 - 0.1] ⇥ 10�9 [1.2 - 0.04] ⇥ 10�9

CT,RR
eu,⌧ecc ⌧ ! e� [1.2 - 0.05] ⇥ 10�12 [2.3 - 0.2] ⇥ 10�13

Ce�,⌧e ⌧ ! e� [1.7 - 1.6] ⇥10�18 [4.7 - 3.5] ⇥10�19

CV,LL
eu,⌧µcc ⌧ ! ⇢µ [4.5 - 0.09] ⇥ 10�9 [7.9 - 0.3] ⇥ 10�10

CV,LR
eu,⌧µcc ⌧ ! ⇢µ [4.4 - 0.09] ⇥ 10�9 [7.9 - 0.3] ⇥ 10�10

CT,RR
eu,⌧µcc ⌧ ! µ� [1.6 - 0.07] ⇥ 10�12 [2.9 - 0.3] ⇥ 10�13

Ce�,⌧µ ⌧ ! µ� [2.2 - 2.1] ⇥10�18 [6.1 - 4.5] ⇥10�19

(a) Vector and tensor operators. The operators CV,RR
eu,ijcc, C

V,LR
ue,ccij , C

T,RR
eu,jicc and Ce�,ji lead, respec-

tively, to the same results as CV,LL
eu,ijcc, C

V,LR
eu,ijcc, C

T,RR
eu,ijcc and Ce�,ij .

Operator Str. const.
Indirect upper limits on BR

J/ ! ``0� ⌘c ! ``0 �c0(1P ) ! ``0

CS,RR
eu,µecc µ ! e, Au [1.5 - 1.4] ⇥ 10�21 [2.0 - 1.9] ⇥ 10�20 [3.4 - 3.2] ⇥ 10�19

CS,RL
eu,µecc µ ! e, Au [1.5 - 1.4] ⇥ 10�21 [2.0 - 1.9] ⇥ 10�20 [3.4 - 3.2] ⇥ 10�19

CS,RR
eu,⌧ecc ⌧ ! e� [1.7 - 0.003] ⇥ 10�10 [6.8 - 0.01] ⇥ 10�9 [1.5 - 0.003] ⇥ 10�7

CS,RL
eu,⌧ecc ⌧ ! e� [2.0 - 0.09] ⇥ 10�10 [9.2 - 0.4] ⇥ 10�9 [1.3 - 0.08] ⇥ 10�7

CS,RR
eu,⌧µcc ⌧ ! µ� [2.2 - 0.004] ⇥ 10�10 [8.7 - 0.02] ⇥ 10�9 [1.9 - 0.003] ⇥ 10�7

CS,RL
eu,⌧µcc ⌧ ! µ� [2.6 - 0.1] ⇥ 10�10 [1.2 - 0.05] ⇥ 10�8 [1.7 - 0.1] ⇥ 10�7

(b) Scalar operators. We find similar limits for  (2S) ! ``0�, about a factor of 4 (2) stronger for the
µe (⌧`) channels. See text for details on how the indirect upper limits have been estimated.

Table 5: Indirect upper limits on the branching ratio of LFV charmonium decays considering a
single non-vanishing LEFT operator at a scale µ 2 (mqq̄,mZ). The intervals show how the indirect
limits become stronger as µ increases. The second column displays the low-energy observable that
gives the strongest constraint.
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Figure 1: Diagrammatic example of how the same EFT vertex (grey circle) generating quarkonia
LFV decays can induce other LFV processes at loop level.

2 EFT framework

As discussed in the introduction, we parameterise the effects of LFV new physics in terms of
non-renormalisable operators. Throughout this work, we assume that the new particles related
to the NP scale ⇤ responsible for LFV are much heavier than the EW scale, ⇤ � mW . In such
a scenario, in order to assess the NP effects across different scales, it is then convenient to work
within the SMEFT framework, whose Lagrangian consists of that of the SM extended with a tower
of higher-dimensional operators constructed by gauge-invariant combinations of the SM fields only
and suppressed by inverse powers of the scale ⇤:

Lsmeft = Lsm +
X

d>4

X

a

C(d)
a

⇤d�4
O

(d)
a , (1)

where O
(d)
a are the effective operators of dimension-d and the C(d)

a represent the corresponding
Wilson Coefficients (WCs), whose values depend on the renormalisation scale µ. Notice that we
are working with dimensionless SMEFT WCs. In the rest of the paper, we will focus on dimension-6
operators — that are expected to provide the dominant contributions to LFV processes — and adopt
the conventions of the Warsaw basis [47]. All dimension-6 SMEFT operators that can induce LFV
effects [56] are listed in Table 3.

In a specific UV-complete model, the WCs at the scale ⇤ can be determined by integrating out
the heavy NP fields. In the spirit of our model-independent approach, we will instead consider the
WC of the O(d)

a at µ = ⇤ as independent free parameters. However, at lower energies, the coefficients
of different operators will mix as an effect of the RGEs. In particular, multiple operators will be
induced at the EW scale even if the UV physics is assumed to match dominantly to a single operator
(or just a few of them) at the scale ⇤.

Below the EW scale, we work within the LEFT employing the basis introduced by Ref. [45]. As
we will see in the next section, the observables that we focus on — the LFV quarkonium decays —
and the LFV decays of muons and taus that will set indirect constraints on them can be induced
by dimension-5 photon dipole operators1

Ldipole = Ce�,pr (¯̀p�
µ⌫PR`r)Fµ⌫ + h.c. , (2)

by dimension-6 2q2` operators

L2q2` = CV,LL
eq,prst (¯̀p�

µPL`r)(q̄s�µPLqt) + CV,RR
eq,prst (¯̀p�

µPR`r)(q̄s�µPRqt)

+ CV,LR
eq,prst (¯̀p�

µPL`r)(q̄s�µPRqt) + CV,LR
qe,prst (q̄p�µPLqr)(¯̀s�

µPR`t)

+
h
CS,RL
eq,prst (¯̀pPR`r)(q̄sPLqt) + CS,RR

eq,prst (¯̀pPR`r)(q̄sPRqt)

+ CT,RR
eq,prst (¯̀p�µ⌫PR`r)(q̄s�

µ⌫PRqt) + h.c.
i
, (3)

1We adopt the following convention for the fermionic QED couplings: LQED = �eQf f̄⇢Af .

4

LEFT 2q2l ops:

Operator Strongest constraint
Indirect upper limits on BR

J/ ! ``0  (2S) ! ``0

CV,LL
eu,µecc µ ! e, Au [1.6 - 0.07] ⇥ 10�15 [2.8 - 0.2] ⇥ 10�16

CV,LR
eu,µecc µ ! e, Au [1.5 - 0.07] ⇥ 10�15 [2.8 - 0.2] ⇥ 10�16

CT,RR
eu,µecc µ ! e� [3.4 - 0.5] ⇥ 10�21 [7.8 - 1.4] ⇥ 10�22

Ce�,µe µ ! e� [2.6 - 2.5] ⇥10�26 [6.3 - 0.5] ⇥10�27

CV,LL
eu,⌧ecc ⌧ ! ⇢e [6.6 - 0.1] ⇥ 10�9 [1.2 - 0.05] ⇥ 10�9

CV,LR
eu,⌧ecc ⌧ ! ⇢e [6.5 - 0.1] ⇥ 10�9 [1.2 - 0.04] ⇥ 10�9

CT,RR
eu,⌧ecc ⌧ ! e� [1.2 - 0.05] ⇥ 10�12 [2.3 - 0.2] ⇥ 10�13

Ce�,⌧e ⌧ ! e� [1.7 - 1.6] ⇥10�18 [4.7 - 3.5] ⇥10�19

CV,LL
eu,⌧µcc ⌧ ! ⇢µ [4.5 - 0.09] ⇥ 10�9 [7.9 - 0.3] ⇥ 10�10

CV,LR
eu,⌧µcc ⌧ ! ⇢µ [4.4 - 0.09] ⇥ 10�9 [7.9 - 0.3] ⇥ 10�10

CT,RR
eu,⌧µcc ⌧ ! µ� [1.6 - 0.07] ⇥ 10�12 [2.9 - 0.3] ⇥ 10�13

Ce�,⌧µ ⌧ ! µ� [2.2 - 2.1] ⇥10�18 [6.1 - 4.5] ⇥10�19

(a) Vector and tensor operators. The operators CV,RR
eu,ijcc, C

V,LR
ue,ccij , C

T,RR
eu,jicc and Ce�,ji lead, respec-

tively, to the same results as CV,LL
eu,ijcc, C

V,LR
eu,ijcc, C

T,RR
eu,ijcc and Ce�,ij .

Operator Str. const.
Indirect upper limits on BR

J/ ! ``0� ⌘c ! ``0 �c0(1P ) ! ``0

CS,RR
eu,µecc µ ! e, Au [1.5 - 1.4] ⇥ 10�21 [2.0 - 1.9] ⇥ 10�20 [3.4 - 3.2] ⇥ 10�19

CS,RL
eu,µecc µ ! e, Au [1.5 - 1.4] ⇥ 10�21 [2.0 - 1.9] ⇥ 10�20 [3.4 - 3.2] ⇥ 10�19

CS,RR
eu,⌧ecc ⌧ ! e� [1.7 - 0.003] ⇥ 10�10 [6.8 - 0.01] ⇥ 10�9 [1.5 - 0.003] ⇥ 10�7

CS,RL
eu,⌧ecc ⌧ ! e� [2.0 - 0.09] ⇥ 10�10 [9.2 - 0.4] ⇥ 10�9 [1.3 - 0.08] ⇥ 10�7

CS,RR
eu,⌧µcc ⌧ ! µ� [2.2 - 0.004] ⇥ 10�10 [8.7 - 0.02] ⇥ 10�9 [1.9 - 0.003] ⇥ 10�7

CS,RL
eu,⌧µcc ⌧ ! µ� [2.6 - 0.1] ⇥ 10�10 [1.2 - 0.05] ⇥ 10�8 [1.7 - 0.1] ⇥ 10�7

(b) Scalar operators. We find similar limits for  (2S) ! ``0�, about a factor of 4 (2) stronger for the
µe (⌧`) channels. See text for details on how the indirect upper limits have been estimated.

Table 5: Indirect upper limits on the branching ratio of LFV charmonium decays considering a
single non-vanishing LEFT operator at a scale µ 2 (mqq̄,mZ). The intervals show how the indirect
limits become stronger as µ increases. The second column displays the low-energy observable that
gives the strongest constraint.
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Figure 1: Diagrammatic example of how the same EFT vertex (grey circle) generating quarkonia
LFV decays can induce other LFV processes at loop level.

2 EFT framework

As discussed in the introduction, we parameterise the effects of LFV new physics in terms of
non-renormalisable operators. Throughout this work, we assume that the new particles related
to the NP scale ⇤ responsible for LFV are much heavier than the EW scale, ⇤ � mW . In such
a scenario, in order to assess the NP effects across different scales, it is then convenient to work
within the SMEFT framework, whose Lagrangian consists of that of the SM extended with a tower
of higher-dimensional operators constructed by gauge-invariant combinations of the SM fields only
and suppressed by inverse powers of the scale ⇤:

Lsmeft = Lsm +
X

d>4

X

a

C(d)
a

⇤d�4
O

(d)
a , (1)

where O
(d)
a are the effective operators of dimension-d and the C(d)

a represent the corresponding
Wilson Coefficients (WCs), whose values depend on the renormalisation scale µ. Notice that we
are working with dimensionless SMEFT WCs. In the rest of the paper, we will focus on dimension-6
operators — that are expected to provide the dominant contributions to LFV processes — and adopt
the conventions of the Warsaw basis [47]. All dimension-6 SMEFT operators that can induce LFV
effects [56] are listed in Table 3.

In a specific UV-complete model, the WCs at the scale ⇤ can be determined by integrating out
the heavy NP fields. In the spirit of our model-independent approach, we will instead consider the
WC of the O(d)

a at µ = ⇤ as independent free parameters. However, at lower energies, the coefficients
of different operators will mix as an effect of the RGEs. In particular, multiple operators will be
induced at the EW scale even if the UV physics is assumed to match dominantly to a single operator
(or just a few of them) at the scale ⇤.

Below the EW scale, we work within the LEFT employing the basis introduced by Ref. [45]. As
we will see in the next section, the observables that we focus on — the LFV quarkonium decays —
and the LFV decays of muons and taus that will set indirect constraints on them can be induced
by dimension-5 photon dipole operators1

Ldipole = Ce�,pr (¯̀p�
µ⌫PR`r)Fµ⌫ + h.c. , (2)

by dimension-6 2q2` operators

L2q2` = CV,LL
eq,prst (¯̀p�

µPL`r)(q̄s�µPLqt) + CV,RR
eq,prst (¯̀p�

µPR`r)(q̄s�µPRqt)

+ CV,LR
eq,prst (¯̀p�

µPL`r)(q̄s�µPRqt) + CV,LR
qe,prst (q̄p�µPLqr)(¯̀s�

µPR`t)

+
h
CS,RL
eq,prst (¯̀pPR`r)(q̄sPLqt) + CS,RR

eq,prst (¯̀pPR`r)(q̄sPRqt)

+ CT,RR
eq,prst (¯̀p�µ⌫PR`r)(q̄s�

µ⌫PRqt) + h.c.
i
, (3)

1We adopt the following convention for the fermionic QED couplings: LQED = �eQf f̄⇢Af .

4

LEFT 2q2l ops:

Operator Str. const.
Indirect upper limits on BR

⌥(1S) ! ``0 ⌥(2S) ! ``0 ⌥(3S) ! ``0

CV,LL
ed,µebb µ ! e, Au [1.1 - 0.08] ⇥ 10�12 [9.9 - 0.8] ⇥ 10�13 [1.1 - 0.1] ⇥ 10�12

CV,LR
ed,µebb µ ! e, Au [1.1 - 0.08] ⇥ 10�12 [9.9 - 0.8] ⇥ 10�13 [1.1 - 0.1] ⇥ 10�12

CT,RR
ed,µebb µ ! e� [4.7 - 0.7] ⇥ 10�19 [4.3 - 0.7] ⇥ 10�19 [4.8 - 0.9] ⇥ 10�19

Ce�,µe µ ! e� 1.6⇥ 10�25 1.5⇥ 10�25 1.6⇥ 10�25

CV,LL
ed,⌧ebb ⌧ ! ⇢e [3.1 - 0.2] ⇥ 10�6 [2.8 - 0.2] ⇥ 10�6 [3.0 - 0.3] ⇥ 10�6

CV,LR
ed,⌧ebb ⌧ ! ⇢e [3.1 - 0.2] ⇥ 10�6 [2.8 - 0.2] ⇥ 10�6 [3.0 - 0.3] ⇥ 10�6

CT,RR
ed,⌧ebb ⌧ ! e� [4.0 - 0.6] ⇥ 10�11 [3.7 - 0.6] ⇥ 10�11 [4.1 - 0.8] ⇥ 10�11

Ce�,⌧e ⌧ ! e� 1.4⇥ 10�17 1.3⇥ 10�17 1.4⇥ 10�17

CV,LL
ed,⌧µbb ⌧ ! ⇢µ [2.1 - 0.2] ⇥ 10�6 [1.9 - 0.2] ⇥ 10�6 [2.1 - 0.2] ⇥ 10�6

CV,LR
ed,⌧µbb ⌧ ! ⇢µ [2.1 - 0.2] ⇥ 10�6 [1.9 - 0.3] ⇥ 10�6 [2.1 - 0.2] ⇥ 10�6

CT,RR
ed,⌧µbb ⌧ ! µ� [5.2 - 0.7] ⇥ 10�11 [4.8 - 0.7] ⇥ 10�11 [5.3 - 0.9] ⇥ 10�11

Ce�,⌧µ ⌧ ! µ� 1.8⇥ 10�17 1.6⇥ 10�17 1.8⇥ 10�17

(a) Vector and tensor operators. The operators CV,RR
ed,ijbb, C

V,LR
de,bbij , C

T,RR
ed,jibb and Ce�,ji lead, respectively

to the same results as CV,LL
ed,ijbb, C

V,LR
ed,ijbb, C

T,RR
ed,ijbb and Ce�,ij .

Operator Str. const.
Indirect upper limits on BR

⌥(1S) ! ``0� ⌘b ! ``0 �b0(1P ) ! ``0

CS,RR
ed,µebb µ ! e, Au [9.2 - 5.6] ⇥ 10�19 [1.2 - 0.73] ⇥ 10�16 [3.0 - 1.9] ⇥ 10�16

CS,RL
ed,µebb µ ! e, Au [9.2 - 5.6] ⇥ 10�19 [1.2 - 0.73] ⇥ 10�16 [3.0 - 1.9] ⇥ 10�16

CS,RR
ed,⌧ebb ⌧ ! e� [7.6 - 0.1] ⇥ 10�9 [1.1 - 0.02] ⇥ 10�6 [2.8 - 0.05] ⇥ 10�6

CS,RL
ed,⌧ebb ⌧ ! e� [3.5 - 0.3] ⇥ 10�8 [5.3 - 0.4] ⇥ 10�6 [1.2 - 0.09] ⇥ 10�5

CS,RR
ed,⌧µbb ⌧ ! µ� [9.8 - 0.2] ⇥ 10�9 [1.4 - 0.03] ⇥ 10�6 [3.7 - 0.07] ⇥ 10�6

CS,RL
ed,⌧µbb ⌧ ! µ� [4.5 - 0.3] ⇥ 10�8 [6.8 - 0.5] ⇥ 10�6 [1.5 - 0.1] ⇥ 10�5

(b) Scalar operators. The results for ⌥(2S) are similar in size and the ones for ⌥(3S) are slightly less
constrained. See text for details on how the indirect upper limits have been estimated.

Table 6: Same as Table 5, but for bb̄ states.
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Table IV. – Complete list of the CLFV dimension-6 operators from [107]. The SM fields are
denoted as in eq. (3), and Bµν and W I

µν (I = 1, 2, 3) are the U(1)Y and SU(2)L field strengths.
Family indices are not shown, while a, b = 1, 2 are SU(2)L indices, and τI are the Pauli matrices.
Flavour indices of the fermions are not indicated.

4-leptons operators Dipole operators

Q"" (L̄LγµLL)(L̄LγµLL) QeW (L̄LσµνeR)τIΦW I
µν

Qee (ēRγµeR)(ēRγµeR) QeB (L̄LσµνeR)ΦBµν

Q"e (L̄LγµLL)(ēRγµeR)

2-lepton 2-quark operators

Q(1)
"q (L̄LγµLL)(Q̄LγµQL) Q"u (L̄LγµLL)(ūRγµuR)

Q(3)
"q (L̄LγµτILL)(Q̄LγµτIQL) Qeu (ēRγµeR)(ūRγµuR)

Qeq (ēRγµeR)(Q̄LγµQL) Q"edq (L̄a
LeR)(d̄RQa

L)

Q"d (L̄LγµLL)(d̄RγµdR) Q(1)
"equ (L̄a

LeR)εab(Q̄
b
LuR)

Qed (ēRγµeR)(d̄RγµdR) Q(3)
"equ (L̄a

i σµνeR)εab(Q̄
b
LσµνuR)

Lepton-Higgs operators

Q(1)
Φ" (Φ†i

↔
Dµ Φ)(L̄LγµLL) Q(3)

Φ" (Φ†i
↔
D I

µ Φ)(L̄LτIγµLL)

QΦe (Φ†i
↔
Dµ Φ)(ēRγµeR) QeΦ3 (L̄LeRΦ)(Φ†Φ)

mix and give rise to photon-dipole operators Qeγ(11). Those that are relevant to µ → eγ
read

L ⊃
Ceµ

eγ

Λ2

v√
2

ē σµνPR µFµν +
Cµe

eγ

Λ2

v√
2

µ̄σµνPR eFµν + h.c.,(37)

with Cij
eγ = cos θW Cij

eB − sin θW Cij
eW (sin θW % 0.23 being the weak mixing). Matching

the above Lagrangian to the decay amplitude written in eq. (22), we find

AR =
√

2 v

Λ2
Ceµ

eγ , AL =
√

2 v

Λ2
Cµe ∗

eγ .(38)

Thus, employing these amplitudes in the expression for the decay rate in eq. (24), we get

Γ(µ → eγ) =
m3

µv2

8πΛ4

(
|Ceµ

eγ |2 + |Cµe
eγ |2

)
.(39)

We can now make use of this last expression —and the analogous formulae for µ → eee,
µ → e in nuclei, and τ decays [36, 107, 111-114, 120]— to translate the experimental

(11) The flavour-conserving dipole operators contribute to leptonic anomalous magnetic moments
and electric dipole moments, hence these observables are typically related to CLFV processes.
For a review on the interplay between the muon g − 2 and CLFV, see [28].
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SMEFT running and SMEFT/LEFT matching induce stronger bounds:

�ℓ�� τ���
(�)

�ℓ�� τ���
(�)

�ℓ�� τ���

�ℓ�� τ���

���� �� τ�

���� τ���

���� τ���

10-2 10-1 1 10

10-2 10-1 1 10
Λ [���]

J/ψ→eτ τ → eee τ→eμμ τ → ρe

τ → πe Z → eτ τ → eγ

�ℓ�� τ���
(�)

�ℓ�� τ���
(�)

�ℓ�� τ���

�ℓ�� τ���

���� �� τ�

���� τ���

���� τ���

10-2 10-1 1 10

10-2 10-1 1 10
Λ [���]

Υ(1S)→eτ τ → eee τ→eμμ τ → ρe

τ → πe Z → eτ τ → eγ

Figure 4: Same as Figure 3 for the ⌧e sector.

⌧ ! e� (grey). We find that current constraints (dark colour) for LFV ⌧ decays provide the most
stringent constraints. Nevertheless, if the sensitivity of LFVQD searches is improved by 2-3 orders
of magnitude, they may probe currently unexplored new physics scales ⇤ for some of the operators.
While this observation is in line with the results of the above LEFT analysis for J/ ! e⌧ , the
results for ⌥(nS) ! e⌧ in Figure 4 look somewhat less optimistic than those obtained within the
LEFT framework, cf. Table 6a.

The origin of these strong constraints for some of the operators involving b quarks is precisely
the above-mentioned additional RGE effects that SMEFT operators are subject to. In particular,
diagrams obtained by closing the quark loop of a 2q2` operator can contribute to the lepton-Higgs
operators displayed in Table 3, which induce LFV couplings of the Z boson, see Eqs. (53, 54). In
turn, such couplings give rise to both LFV Z decays and all kinds of LFV 4-fermion operators
(2q2` as well as 4`) through the matching shown in Appendix A, see e.g. Ref. [27]. Due to the
large coupling to the Higgs field, this effect is particularly pronounced for those operators involving
top quarks and it enhances the relative importance of LFV ⌧ decays and Z ! e⌧ compared to
LFVQD, as can be seen in the right plot of Figure 4. Interestingly, this plot also shows that, in
line to the observations in Ref. [27], a Z-pole run of future e+e� colliders such as the FCC-ee or
the CEPC would probe these operators through Z LFV as well as (or better than) Belle II will
do searching for LFV ⌧ decays. On the other hand, operators that do not involve top quarks will
not generate large Z LFV effects (e.g. C`d,⌧ebb and Ced,⌧ebb) and can be probed better by searches
for ⌥(nS) ! e⌧ (and LFV ⌧ decays) than Z ! e⌧ . This provides an interesting example of the
complementarity between low-energy and high-energy searches for LFV phenomena.

17

(10,100,100)x 
present limit

Z LFV
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J/ ! e⌧
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Flat directions are possible along which all indirect constraint vanish:
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Figure 6: Contours of BR(⌥(1S) ! e⌧) as a function of the Wilson coefficients Ced,⌧e33 and C'e,⌧e

(top panel) and Ceq,⌧e33 and C'e,⌧e (bottom panel) at the scale ⇤ = 1 TeV. Colours as in Figure 5.

positive, while in the left panels the 2q2` WC is negative. The top panels show results for operators
involving right-handed quark currents and the bottom panels for left-handed quark currents. For
illustration purposes, we only show results for right-handed lepton currents but we find qualitatively
similar results for operators built from the corresponding left-handed currents. Notice that we set
⇤ = 1 TeV for all plots.

The light-coloured regions in Figures 5 and 6 are allowed by the present bounds on ⌧ ! eee
(blue), ⌧ ! ⇡e (green), ⌧ ! ⇢e (yellow). The corresponding darker colours indicate the future
reach of these processes, that is, how negative results of future searches would reduce the allowed
parameter space. Besides those three ⌧ decays, we display the impact of the future sensitivity on
Z ! e⌧ (red), while we do not show its current bound, as this process is not sensitive enough to
constrain the displayed WCs at present. The plots show that constraints from LFV Z (future)
and ⌧ decays are generally more relevant than LFVQD, in line with the results previously shown
in Figure 4. However, there exist non-trivial relations among the Wilson coefficients that can lead

19

(similar situation for operators involving LH leptonic currents)

LC Li Marcano Schmidt '22

https://arxiv.org/abs/2207.10913


SMEFT analysis
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That’s not the case for charmonium decays:

τ → eee
τ → πe
τ → ρe
Z → eτ
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Figure 5: Contours of BR(J/ ! e⌧) as a function of the Wilson coefficients Ceu,⌧e22 and C'e,⌧e

(top panel) and Ceq,⌧e22 and C'e,⌧e (bottom panel) at ⇤ = 1 TeV. The light coloured regions are
allowed by the current constraints on ⌧ ! eee (blue), ⌧ ! ⇡e (green), ⌧ ! ⇢e (orange). The dark
coloured regions show the respective future sensitivities and, in addition, that of Z ! e⌧ (red).

As in the previous LEFT analysis, switching on a single WC is a good first approach to analysing
the LFVQD. However, it is a somewhat unrealistic scenario for any UV-complete theory. Unless
some additional symmetry is present, we could expect that several of our SMEFT operators are
generated at the new physics scale ⇤ where we can integrate out the new degrees of freedom, and
this could induce possible interferences and cancellations among different operators, changing the
conclusions drawn above. Indeed, this is not an unlikely outcome, given the interplay among 2q2`
operators and RGE-induced lepton-Higgs operators that we have just discussed.

In order to explore possible deviations from the single operator analysis, we now turn to a
two-operator SMEFT analysis in the ⌧e sector. In Figures 5 and 6 we show the resulting LFVQD
branching ratios as functions of the 2q2` and lepton-Higgs Wilson coefficients on a logarithmic
scale. We choose the lepton-Higgs WC to be positive, hence in the right panels both WCs are
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Quarkonium LFV: Summary

SMEFT RGEs makes indirect bounds more important (especially 
for ops involving tops) → ~1000x increase of sensitivity needed

Flat directions are possible that only 𝛶 LFV decays could probe

In the most optimistic case, charmonium LFV rates are 1-2 orders 
below current BESIII bounds (partially within STFC sensitivity)

Searches for quarkonium LFV decays not sensitive to 𝜇-e LFV due 
to strong indirect constraints (large widths penalise quarkonia) 

Indirect bounds on bottomonium LFV are at the level of present 
B-factory limits
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away from SM

b c

W !

ν!
SM diagram

Gauge interactions are flavour blind: the SM predicts  
Lepton Flavour Universality (LFU) EW interactions 

any deviation from LFU would be a clear indication of NP

Example: LFU tests in semileptonic (charged-current) B decays
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Ops with only 3rd family: Q(1)
`q = (L̄3�

µL3)(Q̄3�µQ3) , Q(3)
`q = (L̄3�

µ⌧IL3)(Q̄3�µ⌧
IQ3)
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Figure 5: Impact of one-loop-triggered constraints when addressing the B anomalies through left-
handed currents, for two di↵erent C1 vs. C3 configurations (left : C1 = 0, right : C1 = C3). For

C1 = C3, simultaneously imposing all bounds is actually equivalent to impose R⌧/`

⌧ alone. In the
scan the parameters varied in the following ranges: C1,3/⇤2

2 {�4, 4} TeV�2, ⇤ 2 {1, 10} TeV,

|�d,e

23 | 2 {0, 0.5}. All bounds refer to 2� uncertainties.

Figure 6: Left (right): Correlation Br(⌧ ! 3µ) vs. Br(B ! K⌧µ) (Br(⌧ ! 3µ) vs. Br(⌧ !

µ⇢)) within our model, while satisfying all other bounds but R⌧/`

D(⇤) , for two di↵erent C1 vs. C3

configurations. In the scan the parameters varied in the following ranges: C1,3/⇤2
2 {�4, 4} TeV�2,

⇤ 2 {1, 10} TeV, |�e

23| 2 {0, 0.5}, �d

23 2 {�0.2,�0.01}. All bounds refer to 2� uncertainties.
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BR(⌧ ! `⌫⌫̄)

BR(µ ! e⌫⌫̄)
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t
<latexit sha1_base64="Bigz+bkoGRjWubeLmJFKN5/riEk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4TMImQLGF20puMmX0w0yuEkC/w4kERr36SN//GSbIHTSxoKKq66e4KUiUNue63U9jY3NreKe6W9vYPDo/Kxydtk2RaYEskKtEPATeoZIwtkqTwIdXIo0BhJxjfzv3OE2ojk/ieJin6ER/GMpSCk5Wa1C9X3Kq7AFsnXk4qkKPRL3/1BonIIoxJKG5M13NT8qdckxQKZ6VeZjDlYsyH2LU05hEaf7o4dMYurDJgYaJtxcQW6u+JKY+MmUSB7Yw4jcyqNxf/87oZhTf+VMZpRhiL5aIwU4wSNv+aDaRGQWpiCRda2luZGHHNBdlsSjYEb/XlddK+qnpu1WvWKvVaHkcRzuAcLsGDa6jDHTSgBQIQnuEV3pxH58V5dz6WrQUnnzmFP3A+fwDb84zq</latexit><latexit sha1_base64="Bigz+bkoGRjWubeLmJFKN5/riEk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4TMImQLGF20puMmX0w0yuEkC/w4kERr36SN//GSbIHTSxoKKq66e4KUiUNue63U9jY3NreKe6W9vYPDo/Kxydtk2RaYEskKtEPATeoZIwtkqTwIdXIo0BhJxjfzv3OE2ojk/ieJin6ER/GMpSCk5Wa1C9X3Kq7AFsnXk4qkKPRL3/1BonIIoxJKG5M13NT8qdckxQKZ6VeZjDlYsyH2LU05hEaf7o4dMYurDJgYaJtxcQW6u+JKY+MmUSB7Yw4jcyqNxf/87oZhTf+VMZpRhiL5aIwU4wSNv+aDaRGQWpiCRda2luZGHHNBdlsSjYEb/XlddK+qnpu1WvWKvVaHkcRzuAcLsGDa6jDHTSgBQIQnuEV3pxH58V5dz6WrQUnnzmFP3A+fwDb84zq</latexit><latexit sha1_base64="Bigz+bkoGRjWubeLmJFKN5/riEk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4TMImQLGF20puMmX0w0yuEkC/w4kERr36SN//GSbIHTSxoKKq66e4KUiUNue63U9jY3NreKe6W9vYPDo/Kxydtk2RaYEskKtEPATeoZIwtkqTwIdXIo0BhJxjfzv3OE2ojk/ieJin6ER/GMpSCk5Wa1C9X3Kq7AFsnXk4qkKPRL3/1BonIIoxJKG5M13NT8qdckxQKZ6VeZjDlYsyH2LU05hEaf7o4dMYurDJgYaJtxcQW6u+JKY+MmUSB7Yw4jcyqNxf/87oZhTf+VMZpRhiL5aIwU4wSNv+aDaRGQWpiCRda2luZGHHNBdlsSjYEb/XlddK+qnpu1WvWKvVaHkcRzuAcLsGDa6jDHTSgBQIQnuEV3pxH58V5dz6WrQUnnzmFP3A+fwDb84zq</latexit><latexit sha1_base64="Bigz+bkoGRjWubeLmJFKN5/riEk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4TMImQLGF20puMmX0w0yuEkC/w4kERr36SN//GSbIHTSxoKKq66e4KUiUNue63U9jY3NreKe6W9vYPDo/Kxydtk2RaYEskKtEPATeoZIwtkqTwIdXIo0BhJxjfzv3OE2ojk/ieJin6ER/GMpSCk5Wa1C9X3Kq7AFsnXk4qkKPRL3/1BonIIoxJKG5M13NT8qdckxQKZ6VeZjDlYsyH2LU05hEaf7o4dMYurDJgYaJtxcQW6u+JKY+MmUSB7Yw4jcyqNxf/87oZhTf+VMZpRhiL5aIwU4wSNv+aDaRGQWpiCRda2luZGHHNBdlsSjYEb/XlddK+qnpu1WvWKvVaHkcRzuAcLsGDa6jDHTSgBQIQnuEV3pxH58V5dz6WrQUnnzmFP3A+fwDb84zq</latexit>

b
<latexit sha1_base64="9GWjce34+IDjx3x21dO0jc8KBI0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSKxiWK27VXYJsEi8nFcjRHJa/BqOYpRFKwwTVuu+5ifEzqgxnAuelQaoxoWxKx9i3VNIItZ8tD52TK6uMSBgrW9KQpfp7IqOR1rMosJ0RNRO97i3E/7x+asJbP+MySQ1KtloUpoKYmCy+JiOukBkxs4Qyxe2thE2ooszYbEo2BG/95U3Sual6btVr1SqNWh5HES7gEq7Bgzo04B6a0AYGCM/wCm/Oo/PivDsfq9aCk8+cwx84nz/Aq4zY</latexit><latexit sha1_base64="9GWjce34+IDjx3x21dO0jc8KBI0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSKxiWK27VXYJsEi8nFcjRHJa/BqOYpRFKwwTVuu+5ifEzqgxnAuelQaoxoWxKx9i3VNIItZ8tD52TK6uMSBgrW9KQpfp7IqOR1rMosJ0RNRO97i3E/7x+asJbP+MySQ1KtloUpoKYmCy+JiOukBkxs4Qyxe2thE2ooszYbEo2BG/95U3Sual6btVr1SqNWh5HES7gEq7Bgzo04B6a0AYGCM/wCm/Oo/PivDsfq9aCk8+cwx84nz/Aq4zY</latexit><latexit sha1_base64="9GWjce34+IDjx3x21dO0jc8KBI0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSKxiWK27VXYJsEi8nFcjRHJa/BqOYpRFKwwTVuu+5ifEzqgxnAuelQaoxoWxKx9i3VNIItZ8tD52TK6uMSBgrW9KQpfp7IqOR1rMosJ0RNRO97i3E/7x+asJbP+MySQ1KtloUpoKYmCy+JiOukBkxs4Qyxe2thE2ooszYbEo2BG/95U3Sual6btVr1SqNWh5HES7gEq7Bgzo04B6a0AYGCM/wCm/Oo/PivDsfq9aCk8+cwx84nz/Aq4zY</latexit><latexit sha1_base64="9GWjce34+IDjx3x21dO0jc8KBI0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSKxiWK27VXYJsEi8nFcjRHJa/BqOYpRFKwwTVuu+5ifEzqgxnAuelQaoxoWxKx9i3VNIItZ8tD52TK6uMSBgrW9KQpfp7IqOR1rMosJ0RNRO97i3E/7x+asJbP+MySQ1KtloUpoKYmCy+JiOukBkxs4Qyxe2thE2ooszYbEo2BG/95U3Sual6btVr1SqNWh5HES7gEq7Bgzo04B6a0AYGCM/wCm/Oo/PivDsfq9aCk8+cwx84nz/Aq4zY</latexit>

⌧
<latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit>

⌫
<latexit sha1_base64="SwO2HJkY/OafZE46wsXvCdDi980=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQ19lg2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb0PDfFIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC81ZfXSfuq7rl1775RazaKOMpwBudwCR5cQxPuoAU+MBjBM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVqtjck=</latexit><latexit sha1_base64="SwO2HJkY/OafZE46wsXvCdDi980=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQ19lg2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb0PDfFIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC81ZfXSfuq7rl1775RazaKOMpwBudwCR5cQxPuoAU+MBjBM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVqtjck=</latexit><latexit sha1_base64="SwO2HJkY/OafZE46wsXvCdDi980=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQ19lg2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb0PDfFIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC81ZfXSfuq7rl1775RazaKOMpwBudwCR5cQxPuoAU+MBjBM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVqtjck=</latexit><latexit sha1_base64="SwO2HJkY/OafZE46wsXvCdDi980=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQ19lg2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb0PDfFIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC81ZfXSfuq7rl1775RazaKOMpwBudwCR5cQxPuoAU+MBjBM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVqtjck=</latexit>

W
<latexit sha1_base64="ol4LP9soJK2O6DKC0W1FB4ngj3E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSqzssV9yquwTZJF5OKpCjOSx/DUYxSyOUhgmqdd9zE+NnVBnOBM5Lg1RjQtmUjrFvqaQRaj9bHjonV1YZkTBWtqQhS/X3REYjrWdRYDsjaiZ63VuI/3n91IS3fsZlkhqUbLUoTAUxMVl8TUZcITNiZgllittbCZtQRZmx2ZRsCN76y5ukc1P13KrXqlUatTyOIlzAJVyDB3VowD00oQ0MEJ7hFd6cR+fFeXc+Vq0FJ585hz9wPn8Ar/+MzQ==</latexit><latexit sha1_base64="ol4LP9soJK2O6DKC0W1FB4ngj3E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSqzssV9yquwTZJF5OKpCjOSx/DUYxSyOUhgmqdd9zE+NnVBnOBM5Lg1RjQtmUjrFvqaQRaj9bHjonV1YZkTBWtqQhS/X3REYjrWdRYDsjaiZ63VuI/3n91IS3fsZlkhqUbLUoTAUxMVl8TUZcITNiZgllittbCZtQRZmx2ZRsCN76y5ukc1P13KrXqlUatTyOIlzAJVyDB3VowD00oQ0MEJ7hFd6cR+fFeXc+Vq0FJ585hz9wPn8Ar/+MzQ==</latexit><latexit sha1_base64="ol4LP9soJK2O6DKC0W1FB4ngj3E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSqzssV9yquwTZJF5OKpCjOSx/DUYxSyOUhgmqdd9zE+NnVBnOBM5Lg1RjQtmUjrFvqaQRaj9bHjonV1YZkTBWtqQhS/X3REYjrWdRYDsjaiZ63VuI/3n91IS3fsZlkhqUbLUoTAUxMVl8TUZcITNiZgllittbCZtQRZmx2ZRsCN76y5ukc1P13KrXqlUatTyOIlzAJVyDB3VowD00oQ0MEJ7hFd6cR+fFeXc+Vq0FJ585hz9wPn8Ar/+MzQ==</latexit><latexit sha1_base64="ol4LP9soJK2O6DKC0W1FB4ngj3E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSqzssV9yquwTZJF5OKpCjOSx/DUYxSyOUhgmqdd9zE+NnVBnOBM5Lg1RjQtmUjrFvqaQRaj9bHjonV1YZkTBWtqQhS/X3REYjrWdRYDsjaiZ63VuI/3n91IS3fsZlkhqUbLUoTAUxMVl8TUZcITNiZgllittbCZtQRZmx2ZRsCN76y5ukc1P13KrXqlUatTyOIlzAJVyDB3VowD00oQ0MEJ7hFd6cR+fFeXc+Vq0FJ585hz9wPn8Ar/+MzQ==</latexit>

`
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Figure 1: Feynman diagrams for µ� ! e�⌫̄e ⌫µ and ⌧� ! ⌫⌧X� (X� = e�⌫̄e, µ�⌫̄µ, dū, sū).

Together with hadronic e+e� data, the hadronic ⌧ -decay distributions are needed to determine the
SM prediction for the µ anomalous magnetic moment. Section 9 presents an overview of the e, µ and
⌧ magnetic, electric and weak dipole moments, which are expected to have a high sensitivity to physics
beyond the SM. The ⌧ lepton constitutes a superb probe to search for new-physics signals. The current
status of CP-violating asymmetries in ⌧ decays is described in section 10, while section 11 discusses
the production of ⌧ leptons in B decays, which is sensitive to new-physics contributions with couplings
proportional to fermion masses. The large ⌧ mass allows one to investigate lepton-flavour and lepton-
number violation, through a broad range of kinematically-allowed decay modes, complementing the
high-precision searches performed in µ decay. The current experimental limits are given in section 12;
they provide stringent constraints on flavour models beyond the SM.

Processes with ⌧ leptons in the final state are playing now an important role at the LHC, either to
characterize the Higgs properties or to search for new particles at higher scales. The current status is
briefly described in section 13, before concluding with a few summarizing comments in section 14.

2 Lepton Decays

The decays of the charged leptons, µ� and ⌧�, proceed through the W -exchange diagrams shown in
Fig. 1, with the universal SM strength associated with the charged-current interactions:
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The momentum transfer carried by the intermediate W� is very small compared to MW . Therefore, the
vector-boson propagator shrinks to a point and can be well approximated through a local four-fermion
interaction governed by the Fermi coupling constant GF/
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takes into account radiative QED corrections, which are known to O(↵2). The tiny neutrino masses
have been neglected and (�) represents additional photons or lepton pairs which have been included
inclusively in �`
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. Higher-order electroweak corrections and the non-local structure of theW propagator,

are usually incorporated into the e↵ective coupling [33,34]
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Figure 29: Illustrative Feynman diagrams for the muon and tau decays. In the SM,

ge = gµ = g⌧ is predicted. Adapted from [187].

construction plays a crucial rule in suppressing large backgrounds from ordinary ⌧ decays.

For explicit discussions of the ⌧ ! `� phenomenology at Tera-Z factories, see [112, 113],

while studies of the prospects for hadronic ⌧ LFV decays are still lacking and will require

future e↵orts. Finally, we notice that, in presence of a light NP boson a with LFV couplings

to SM leptons, decays such as ⌧ ! `a can also occur. We will discuss such exotic LFV ⌧

decay modes involving light on-shell BSM states in Section 11.

9.2 LFU tests in ⌧ decays

Table 7 also reports current accuracy and Tera-Z prospects of measurements of the ⌧ mass,

lifetime, and the BRs of standard leptonic ⌧ decays. These are the crucial quantities to

perform tests of LFU in ⌧ and µ decays. The SM predicts LFU of weak charged currents,

that is, that the three lepton families couple with the same strength to W± bosons, i.e.,

ge = gµ = g⌧ = g, where g = e/ sin ✓w is the SU(2)L gauge coupling, cf. Figure 29.

Inspecting the processes in the figure, one can see that the LFU prediction can be tested

by measuring the following quantities:
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and QED radiative corrections respectively [9, 187].5 Using the purely leptonic processes

in Figure 29, the current experimental determination of the coupling ratios results to be

compatible with LFU at the per mil level [9]:
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Figure 29: Illustrative Feynman diagrams for the muon and tau decays. In the SM,

ge = gµ = g⌧ is predicted. Adapted from [187].

construction plays a crucial rule in suppressing large backgrounds from ordinary ⌧ decays.

For explicit discussions of the ⌧ ! `� phenomenology at Tera-Z factories, see [112, 113],

while studies of the prospects for hadronic ⌧ LFV decays are still lacking and will require

future e↵orts. Finally, we notice that, in presence of a light NP boson a with LFV couplings

to SM leptons, decays such as ⌧ ! `a can also occur. We will discuss such exotic LFV ⌧

decay modes involving light on-shell BSM states in Section 11.
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that is, that the three lepton families couple with the same strength to W± bosons, i.e.,
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Currently LFU tested with per mil level precision:

radiative 
corrections

phase-space 
factors

[ error budget: 1.1‰ from BRs, 0.9‰ from 𝜏𝜏, 0.2‰ from m𝜏 ]
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LFU tests in D(s) decays

Lorenzo Calibbi (Nankai)New Physics at Tau-Charm Factories

If violation LFU is confirmed, we expect it to occur in the charm sector too!
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at a time, but with possible imaginary parts. There are two 1D benchmark points relevant for our
study, namely

1D : ✏(b⌧)L = 0.07� i0.16 (B7)

✏(b⌧)P = 0.58 + i0.21 (B8)

3 Experimental sensitivity

The current measurements for these branching ratios are given in Ref. [13], apart from the current
values for D ! ⌧⌫ and Rµ

D which can be found in Ref. [12] for D ! ⌧⌫. The values for Rµ
Ds

and
prospects for the future are given in the BESIII white book [9] for BESIII (20 fb�1) and Belle II (50
ab�1). The latter numbers are based on Ref. [10].

Observable Current value Current BESIII Projected BESIII Projected Belle II

Br(D ! µ⌫) (3.77± 0.17)⇥ 10�4 4.5% 1.9%� 1.3% ! 2.3% 3.0%� 1.8% ! 3.5%

Br(D ! ⌧⌫) (1.20± 0.27)⇥ 10�3 22.4% 8%� 5% ! 9.4% 0.8%� 1.8% ! 2.0%

Rµ
D 3.21± 0.77 24% 8%� 5% ! 9.4% �

Br(Ds ! µ⌫) (5.51± 0.16)⇥ 10�3 2.9% 2.1%� 2.2% ! 3.0% 0.6%� 2.7% ! 2.8%

Br(Ds ! ⌧⌫) (5.52± 0.24)⇥ 10�2 4.3% 1.6%� 2.4% ! 2.9% 0.3%� 1.0% ! 1.0%

Rµ
Ds

10.2± 0.5? 4.7%? 2.6%� 2.8% ! 3.8% 0.9%� 3.2% ! 3.3%

The star indicates a preliminary number from the BESIII white book.
Interestingly, the two measurements ofRµ

D andRµ
Ds

are above the SM value by 0.6-0.8 �. Certainly
not enough to claim NP, but enough to investigate the impact of NP on these decays.

4 A toy flavour structure

We start considering a simplified model with a MFV-like flavour structure, such that each transition
is proportional to the corresponding CKM matrix elements times a constant coe�cient. Furthermore,
we assume that new physics operators only involve tau leptons. These assumptions simply correspond
to the following coe�cients in Eq. (1) :

✏(d⌧)L = ✏(s⌧)L = ✏(b⌧)L , ✏(d`)L = ✏(s`)L = 0 ; (9)

✏(d⌧)SL
= ✏(s⌧)SL

= ✏(b⌧)SL
, ✏(d`)SL

= ✏(s`)SL
= 0 ; (10)

✏(d⌧)SR
= ✏(s⌧)SR

= ✏(b⌧)SR
, ✏(d`)SR

= ✏(s`)SR
= 0 . (11)

Coe�cients of operators involving tensor and right-handed vector currents are irrelevant in this
context as they do not a↵ect the leptonic D(s) decay, cf. Eq. (3).

Given the above simplifiying assumption, we can directly write the predictions of the 8 benchmark
best-fit points, denoted as (B1-B8) in Section 2, for our DQ ! ⌧ ⌫̄⌧ observables. In particular, we
consider the LFU test given by ratios of the ⌧ modes over the µ modes (the latter ones being
una↵ected by the above flavour structure) and obtain the following crude leading-order estimates:

3
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If violation LFU is confirmed, we expect it to occur in the charm sector too!

Adding NP contributions:
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Lorenzo Calibbia, Sébastien Descotes-Genonb, Martin Novoa Brunetb

a
School of Physics, Nankai University, Tianjin 300071, China

b
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The anomalies seen in b ! c⌧⌫ and b ! sµµ have suggested models connecting the two processes
using flavour symmetry or mixing arguments, see for instance Refs. [1–3]. We would like to see
whether these models have interesting implications for charm decays.

The e↵ects currently observed in the b ! c⌧⌫ are large (5-10% of the tree-level SM short distance
Wilson coe�cients) [4,5], especially with respect to b ! sµµ (25% of the loop-level SM short distance
Wilson coe�cients [6]. Moreover the favoured explanation for the deviations in b ! c⌧⌫ modes
correspond essentially to a shift in the value of the Wilson coe�cient assocatied with the SM operator.

This means that it is probably interesting to investigate the NP patterns allowed by the general
models of Refs. [1–3] for c ! s⌧⌫ and c ! d⌧⌫, i.e. the impact of rotating from b to s or d for the
down-type quark.

These operators can be probed through charmed hadron decays. As several experiments are
investigating charmed meson decays, among which BESIII, it is interesting to investigate the potential
of these machines to probe. If we consider Ds and D mesons, the large mass of the ⌧ means that
semileptonic decays with ⌧ are not available experimentally, so that we focus here on tauonic decays
of D and Ds mesons. We want to investigate the potential of these decays in the context of the
general EFT models explaining the B anomalies.

1 Formulae

We can use the e↵ective Hamiltonian for c ! d, s⌧⌫ and b ! c⌧⌫ transitions

Le↵ = �4GFVcQp
2

"⇣
1 + ✏(Q⌧)

L

⌘
⌧̄ �µPL⌫⌧ · c̄�µPLQ+ ✏(Q⌧)

R ⌧̄ �µPL⌫⌧ · c̄�µPRQ (1)

+✏(Q⌧)
T ⌧̄�µ⌫PL⌫⌧ · c̄�µ⌫PLQ+ ✏(Q⌧)

SL
⌧̄PL⌫⌧ · c̄PLQ+ ✏(Q⌧)

SR
⌧̄PL⌫⌧ · c̄PRQ

#
+ h.c. (2)

where Q = b, s, d. As indicated above, in the case of b ! c⌧⌫ global fits favour the NP solution where

✏(⌧)L is between 5 and 10%.
We will consider DQ as either the D� or Ds meson, with Q = d or s. We have the branching

ratio

Br(DQ ! ⌧ ⌫̄⌧ ) = ⌧DQ

mDQm
2
⌧f

2
DG

2
F |VcQ|2

8⇡

 
1� m2

⌧

m2
DQ

!2 ����1 + ✏(⌧)L +
m2

D

m⌧ (mQ +mc)
✏(⌧)P

����
2

, (3)
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where ✏P = ✏SR � ✏SL . We find the LFU ratios

R`
DQ

=
Br(DQ ! ⌧ ⌫̄⌧ )

Br(DQ ! `⌫̄`)
=

 
m2

DQ
�m2

⌧

m2
DQ

�m2
`

!2 �����
1 + ✏(Q⌧)

L

1 + ✏(Q`)
L

�����

2

��������

m⌧ +
m2

DQ

(mQ+mc)
✏
(Q⌧)
P

1+✏
(Q⌧)
L

m` +
m2

DQ

(mQ+mc)
✏
(Q`)
P

1+✏
(Q`)
L

��������

2

=

 
m2

DQ
�m2

⌧

m2
DQ

�m2
`

!2 �����
1 + ✏(Q⌧)

L

1 + ✏(Q`)
L

�����

2 �����

m⌧
m`

+ ⌘(Q⌧)⇢(Q⌧)

1 + ⌘(Q`)⇢(Q`)

�����

2

(4)

where

⇢(Q`) =
m2

DQ

m`(mQ +mc)
⌘(Q`) =

✏(Q`)
P

1 + ✏(Q`)
L

(5)

We see that there is a potentially significant NP e↵ect if ⌘(Q`) or ✏(Q`)
L is not small compared to 1.

D Q ` ⇢(Q`) D Q ` ⇢(Q`)

D� d e 6408 Ds s e 6577
D� d µ 30.5 Ds s µ 31.3
D� d ⌧ 1.80 Ds s ⌧ 1.85

(6)

These approximate values are obtained using quark masses at 2 GeV from Ref. [7]. We remind that

m⌧

mµ
= 17

m⌧

me
= 3552 (7)

The decay constants are very well known from lattice simulations [8]: fD+ = 212.0 ± 0.7 MeV
and fDs = 249.9 ± 0.5 MeV. Radiative corrections on the other hand are still to be computed.
Taking an uncertainty of 3% for these unknown corrections (guessed from other similar studies for
B-decays [14]), we obtain the following SM results

Rµ
D(SM) = 2.67± 0.08 Rµ

Ds
(SM) = 9.75± 0.29 (8)

2 Benchmark points

In Ref. [4,5], 1D and 2D NP hypotheses are considered, and we can use the best-fit point as benchmark

points for our purposes Among 1D hypotheses, NP in ✏(b⌧)L is favoured significantly, with a second

(less favoured) possibility of NP in ✏(b⌧)SR

1D : ✏(b⌧)L = 0.07 (B1)

✏(b⌧)SR
= 0.09 (B2)

For 2D hypotheses, there is a wider range of relevant possibilities

2D : (✏(b⌧)L , ✏(b⌧)SL
= �4✏(b⌧)T ) = (0.10,�0.04) (B3)

(✏(b⌧)SR
, ✏(b⌧)SL

) = (0.21,�0.15) or (�0.26,�0.61) (B4)

(✏(b⌧)L , ✏(b⌧)SR
) = (0.08,�0.01) (B5)

✏(b⌧)SL
= 4✏(b⌧)T = �0.06± i0.31 (B6)

In Ref. [11], there is no relative ranking of the various NP hypotheses. There are benchmark
points proposed by considering best-fit points obtained through fits letting only one coupling vary

2

We can fix the coefficients to the best fit of the B charged-current anomalies 
and choose a flavour structure to relate b →c and c →u

S. Descotes-Genon
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MFV : �RDs . O(10�3), Anarchical : �RDs = O(1� 10)%
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Light dark sectors



Motivation

Dark Matter exists! (About 27% of the energy of the universe)

Direct detection searches and LHC searches are giving 
increasingly tight constraints on WIMP models

It is the right time to consider also alternative paradigms,         
e.g. axions, dark photons, light DM/light dark sectors etc.

Lorenzo Calibbi (Nankai)New Physics at Tau-Charm Factories

Axion-like-particles (ALPs), often with flavour-violating couplings, 
arise in any NP model with a spontaneously broken global U(1)



• (Pseudo) Nambu-Goldstone bosons are naturally light and interact 
weakly with the SM (couplings suppressed by the U(1)-breaking scale) 

• They can account for the observed DM (misalignment mechanism) 

• Many well motivated scenarios (strong CP problem → PQ symmetry → axion, 
neutrino masses →  lepton number →  majoron, fermion hierarchies → family 
symmetry → familon, …)  

• Model-independently, the couplings to the SM fermions are of the form: 

• Flavour-violating couplings can arise from loops or automatically if 
fermions have non- universal U(1) charges (e.g. “axiflavon” 1612.08040)

Lorenzo Calibbi (Nankai)New Physics at Tau-Charm Factories

Flavour-violating axion-like-particles

In this article we update and discuss future prospects to the most general couplings of a

(pseudo-) Nambu-Goldstone boson (PNGB) couplings to SM leptons. The Lagrangian is

given by

Laff =
@µa

2fa
f̄i�

µ(CV
fifj + CA

fifj�5)fj , (1.1)

where CV,A
fifj

are hermitian matrices in flavor space1 and a is the PNGB, with mass ma ⌧

GeV. In particular we will be interested in the regime where ma ⌧ eV. Moreover, we will

always assume that the PNGB is a stable, invisible particle, which in particular is the case

for a QCD axion with mass ma ⌧ eV.

In the spirit of e.g. Ref. [1], we will not assume any relations between the couplings in

Eq. (1.1), and discuss the experimental bounds and prospects separately. For these 6+3

couplings we introduce the short-hand

F V,A
`i`j

=
2fa

CV,A
`i`j

, F`i`j =
2faq

|CV
`i`j

|2 + |CA
`i`j

|2
. (1.2)

2 Bounds from Particle Decays

When kinematically allowed, the couplings in Eq. (1.1) give rise to LFV decays with the (in-

visible) PNGB in the final state. The corresponding decay width is given by (for simplicity

in the limit where the mass of the final state lepton is neglected, m`j = 0)

�(`i ! `j a) =
1

16⇡

m3
`i

F 2
`i`j

 
1�

m2
a

m2
`i

!2

, (2.1)

while the di↵erential decay rate reads (in the same limit)

d�(`i ! `j a)

d cos ✓
=

m3
`i

32⇡F 2
`i`j

 
1�

m2
a

m2
`i

!2 "
1 + 2P cos ✓

CV
`i`j

CA
`i`j

(CV
`i`j

)2 + (CA
`i`j

)2

#
, (2.2)

where P is the polarization of the decaying leptons, and ✓ is the angle between the polar-

ization vector and the momentum of the final state lepton.

[LC: All the discussion below assumes a practically masseless a. Shall we try to gen-

eralise it to heavier a?]

2.1 Muon decays: FA,V
µe

The current best bound on the FV decay of the muon mediated by a PNGB comes from

an experiment [6] at TRIUMF where 1.8⇥ 107 µ+ were collected:

BR(µ ! e a) '
�(µ ! e a)

�(µ ! e⌫⌫̄)
< 2.6⇥ 10�6 (90% CL) ) Fµe & 5.5⇥ 109 GeV. (2.3)

1Note that the diagonal vector couplings are unphysical, as they can be absorbed by non-anomalous

fermion field redefinitions. [JZ: Can’t we simply say that they vanish by EOM?] [RZ: Is it clear that this is

always equivalent?]

– 2 –

2-body flavour-violating decays into a long-lived/invisible ALP:
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K ! ⇡a, D ! ⇡a, B ! Ka, µ ! ea, ⌧ ! µa, . . .
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Lepton-flavour-violating invisible ALPs

In this article we update and discuss future prospects to the most general couplings of a

(pseudo-) Nambu-Goldstone boson (PNGB) couplings to SM leptons. The Lagrangian is

given by

Laff =
@µa

2fa
f̄i�

µ(CV
fifj + CA

fifj�5)fj , (1.1)

where CV,A
fifj

are hermitian matrices in flavor space1 and a is the PNGB, with mass ma ⌧

GeV. In particular we will be interested in the regime where ma ⌧ eV. Moreover, we will

always assume that the PNGB is a stable, invisible particle, which in particular is the case

for a QCD axion with mass ma ⌧ eV.

In the spirit of e.g. Ref. [1], we will not assume any relations between the couplings in

Eq. (1.1), and discuss the experimental bounds and prospects separately. For these 6+3
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2 Bounds from Particle Decays

When kinematically allowed, the couplings in Eq. (1.1) give rise to LFV decays with the (in-

visible) PNGB in the final state. The corresponding decay width is given by (for simplicity

in the limit where the mass of the final state lepton is neglected, m`j = 0)
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where P is the polarization of the decaying leptons, and ✓ is the angle between the polar-

ization vector and the momentum of the final state lepton.

[LC: All the discussion below assumes a practically masseless a. Shall we try to gen-

eralise it to heavier a?]

2.1 Muon decays: FA,V
µe

The current best bound on the FV decay of the muon mediated by a PNGB comes from

an experiment [6] at TRIUMF where 1.8⇥ 107 µ+ were collected:

BR(µ ! e a) '
�(µ ! e a)

�(µ ! e⌫⌫̄)
< 2.6⇥ 10�6 (90% CL) ) Fµe & 5.5⇥ 109 GeV. (2.3)
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always equivalent?]
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Figure 1. Summary of the present bounds and future projections for an ALP with generic couplings
to leptons, i.e., we set C``0 = 1 for all the couplings in Eq. (2.1). For the isotropic case we set
C

V

µe
= 0 and C

A

µe
= 1 (the opposite choice leads to the same results). In the V ± A case we set

C
V

µe
= ±C

A

µe
= 1. The gray shaded regions are excluded by the astrophysical bounds from star

cooling due to Cee and by SN1987A due to Cee and Cµµ, see Sec. 6.1. We present these bounds for
the isotropic case. The blue shaded region corresponds to a prompt/displaced ALP. The green
solid line is the exclusion due to the bound on µ

+
! e

+
a by Jodidio et al., assuming an isotropic

ALP [9]. The green dotted (dashed) line is our recast of this bound for the V � A (V + A)
case. The sensitivity in the V � A case is worse since then the signal is suppressed in the forward
direction as much as the background. The blue solid (dotted, dashed) lines are the bounds from
the TWIST experiment on isotropic (V �A, V +A) ALP [10]. The dark orange thin solid line
is the MEGII-fwd projection for an isotropic ALP with no magnetic focusing while for the orange
thin solid line we assumed that focusing increases the luminosity in the forward direction by a
factor of 100, cf. Sec. 3.2 for details. The dark red thin solid line is the Mu3e projection from [42],
for the isotropic ALP. The sensitivity for the other chiral structures is expected to be similar since
there is no background suppression in this setup. The purple solid line is the bound from the
⌧ ! ea search by the ARGUS collaboration [43], and does not dependent on the chirality of the
ALP couplings. The purple thin line is the projected reach at Belle-II, see Sec. 5 for details. The
bound on µ

+
! e

+
� from Crystal Box is subdominant, see Sec. 4, and is not displayed for clarity.

When kinematically allowed, the couplings in Eq. (2.1) give rise to LFV decays with the

(invisible) ALP in the final state.3 The corresponding total decay width is given by

�(`i ! `j a) =
1

16⇡

m
3
`i

F
2
`i`j

 
1�

m
2
a

m
2
`i

!2

, (2.3)

3We note in passing, that while we do not study the phenomenology of the LFV neutrino decays,

⌫i ! ⌫ja, the typical decay time for this process is shorter than the age of the Universe for the ALP decay

constants under consideration. This has interesting phenomenological consequences on neutrino cosmology

– 5 –

If the ALP mass > m𝜇, only constraints come from 𝜏 decays…

µ ! ea
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Past search:  𝜏 → e a , 𝜏 → 𝜇 a (invisible a)
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Fig. 2. Efficiency corrected electron momentum spectrum in the 7- pseudo 
rest frame (points with error bars). The solid line represents a fit to the data 
assuming no contribution from the decay m + ec~ 
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Fig. 3. Efficiency corrected muon momentum spectrum in the r pseudo rest 
frame (points with elTor bars). The solid line represents a fit to the data 
assuming no contribution from the decay 7- ---+ /~c~ 

in order to ensure good momentum resolution and trigger 
conditions. 

The following restrictions were made to reduce the two 
photon and QED backgrounds to a negligible level. We ap- 
plied a cut on a relation between the transverse momentum 
balance and the total visible momentum of the charged par- 
ticles [8] 

4 

i=1 

((e )') > 4.5  9 p~  9 c _ 0.55 +0.1 G e V / c  
i=1 E c r n s  

where pm~ is the transverse momentum of the i-th particle. 
The shower energy of  all charged particles on the three- 
prong side released in the calorimeter was limited to 3.5 
GeV. On the three-prong side the cosine of  the angle be- 
tween oppositely charged particles was required to be less 
than 0.992. To decrease the qq contamination we allowed no 
more than two photons on the 3-prong side. 

In a second selection stage we applied cuts specific to the 
decay channels m -+ euF  and m --~ #uF correspondingly. 

Electrons were required to have momenta greater than 
400 MeV/c. In this region the detection efficiency is about 
90% and the pion fake rate is 0.5% [4]. The polar angle 0~i~ 
of the missing momentum was restricted by the requirement 
%- cos(0~is)  _> - 0 . 9 ,  where qe is the charge of the detected 
electron (positron). We have allowed no more than one pho- 
ton on the one prong side. The photon energy was limited 
to 300 MeV. The electron sample consisted of 5055 events 
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Fig. 4. The upper limits at 95% confidence 
level on the ratio B(T --, s --~ guF) for electrons (open squares) and 
muons (full squares) 

with 25 and 17 events resulting from qq contamination and 
pion misidentification, respectively. 

For the muon sample the selection procedure depended 
on the lepton momentum. Muon candidates with laboratory 
momentum Pl~b > 1.5 G e V / c  were required to have hit at 
least one chamber of the outer layer. In this case the detec- 
tion efficiency is about 85% and pion fake rate is 2.5%. To 
suppress the r -+ euF decay contribution the electron like- 
lihood ratio of the charged track was required to be less than 
0.5. In order to suppress background from r --+ pu~ we re- 
quired that no photons be present on the one-prong side and 
that the shower energy associated with the charged track be 
less than 0.5 GeV. The use of the r pseudo rest frame method 
enables the separation of  muons from the background at lab- 
oratory momenta Plab below 1.5 GeV/c, where identification 
strategies based on muon penetration through absorber do 
not work. The backgrounds in this momentum range are 
mainly due to one-prong r decays into hadrons. A major 
fraction of two-body  hadronic r decays peaks in the high 
momentum region in the r pseudo rest frame. This com- 
ponent was rejected by requiring Pv~ < 0.6 GeV/c .  The 
number of  events for each part of the muon spectrum is pre- 
sented in Table 2. The efficiency corrected and background 
subtracted spectra of electrons and muons in the r pseudo 
rest frame are shown in Fig. 2 and 3. 

The background contributions from the r decays and 
the acceptance for the investigated r decays were estimated 
from Monte Carlo using the KORALB/TAUOLA generator, 
the ARGUS detector simulation and subsequent event recon- 
struction [10-13]. The r decays into a lepton and an unob- 
servable particle c~ were generated according to the available 
phase space. 

The efficiency corrected experimental spectra were fit to 
a sum of the theoretical expectations for 3 -  and 2 -body  r 
decays for different masses of o~. We have found no excess 
expected for the r---+ gc~ decays in the whole kinemati- 
cally allowed region of c~ mass. The upper limits on the 
ratio of the branching fraction of the decay m --+ gc~ to de- 
cay r ---+ guF were obtained by a least squares method as 
a function of c~ mass. In Fig. 4 the results are presented 
in terms of  the ratio of the branching fraction of 2 -body  
decay m ---+ gc~ to the branching fraction of 3 -body  decay 
T --~ ~ / J ~  . 

In summary, a detailed study of the lepton momen- 
tum spectra for r decays into a lepton and an unobserv- 

Mu3e. Recently, a preliminary study of the sensitivity of the Mu3e experiment on our

mode has been published in [12] based on a simulation of the phase I of the experiment

(corresponding to 2.6 ⇥ 1015 stopped µ+). Mu3e is designed to measure the µ ! eee

decay and is going to record only candidate events for this mode. Nevertheless, Ref. [12]

proposes a search for the µ ! e a line on top of the ordinary Michel spectrum “performed

on momentum histograms derived from online reconstruction”. Since, measurements of the

µ ! e⌫⌫̄ edge are employed for absolute momentum calibration, this search is expected to

partially lose sensitivity in the case ma ⇡ 0 we are considering here. The expected bound

is however orders of magnitude better than the present ones discussed above [12]:

Mu3e-I prospect: BR(µ ! e a) < 7⇥ 10�8
) Fµe & 3.3⇥ 1010 GeV. (2.9)

Furthermore, alternative momentum calibration techniques are contemplated that could

allow to reach the following ‘optimal’ sensitivity [12]:

Mu3e-I prospect (optimal): BR(µ ! e a) < 10�8
) Fµe & 8.8⇥ 1010 GeV. (2.10)

COMET/Mu2e. Mention the (not very exciting) prospects discussed in [13], but for

ma = 0 only. Can we extend that discussion?

2.2 Bounds from Tau Decays

2.2.1 Past Searches

ARGUS (1995). Other bounds on our PNGBs flavour-violating couplings can be de-

rived from tau decays into lighter SM leptons accompanied by missing energy. The domi-

nant SM background for this kind of final states are the ordinary leptonic three-body tau

decays �(⌧ ! `i ⌫⌫̄). A dedicated analysis was performed by the ARGUS experiment at

DESY [16]:

BR(⌧ ! e a) < 2.7⇥ 10�3 (95% CL) ) F⌧e & 4.3⇥ 106 GeV , (2.11)

BR(⌧ ! µa) < 4.5⇥ 10�3 (95% CL) ) F⌧µ & 3.3⇥ 106 GeV . (2.12)

Also these bounds agree with [1].

2.2.2 Future Searches

Belle and Belle-II. The analysis presented in [16] was based on an integrated luminosity

of 472 pb�1. Improvements on these bounds can certainly be obtained by Belle and Babar

by using their ⇡ 2000 times larger dataset of ⌧ ’s. Indeed, according to a recent simulation

[18], the expected limit that can be obtained with the integrated luminosity of 1020 pb�1

collected by the Belle experiment is

Belle (1/ab) prospect: BR(⌧ ! µa) < 1.1⇥ 10�4
) F⌧µ & 2.1⇥ 107 GeV. (2.13)

At Belle II up to O(1011) ⌧ ’s are expected to be produced pushing the above limits to the

following values:

Belle-II (50/ab) prospect: BR(⌧ ! µa) < 1.4⇥ 10�5
) F⌧µ & 5.9⇥ 107 GeV, (2.14)
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ma ≈ 0 : 

With 472 pb-1:

□ 𝜏 → ea 
■ 𝜏 → 𝜇a

Lorenzo Calibbi (Nankai)New Physics at Tau-Charm Factories



Present bounds:  𝜏 → e a , 𝜏 → 𝜇 a

•   NEW! Belle II, Phys.Rev.Lett. 130 (2023)

<latexit sha1_base64="4JHL84xpAgsgb/+hcdUcpPmqqSA="></latexit>

ma ⇡ 0, BR(⌧ ! µa) ' 7⇥ 10�4, BR(⌧ ! ea) ' 9⇥ 10�4

Lorenzo Calibbi (Nankai)New Physics at Tau-Charm Factories

Large room for improvement: can BESIII/STCF play a role here?

https://arxiv.org/pdf/2212.03634.pdf


Lorenzo Calibbi (Nankai)New Physics at Tau-Charm Factories

Flavour-violating axions/ALPs couplings to quarks

In this article we update and discuss future prospects to the most general couplings of a

(pseudo-) Nambu-Goldstone boson (PNGB) couplings to SM leptons. The Lagrangian is

given by

Laff =
@µa

2fa
f̄i�

µ(CV
fifj + CA

fifj�5)fj , (1.1)

where CV,A
fifj

are hermitian matrices in flavor space1 and a is the PNGB, with mass ma ⌧

GeV. In particular we will be interested in the regime where ma ⌧ eV. Moreover, we will

always assume that the PNGB is a stable, invisible particle, which in particular is the case

for a QCD axion with mass ma ⌧ eV.

In the spirit of e.g. Ref. [1], we will not assume any relations between the couplings in

Eq. (1.1), and discuss the experimental bounds and prospects separately. For these 6+3

couplings we introduce the short-hand

F V,A
`i`j

=
2fa

CV,A
`i`j

, F`i`j =
2faq

|CV
`i`j

|2 + |CA
`i`j

|2
. (1.2)

2 Bounds from Particle Decays

When kinematically allowed, the couplings in Eq. (1.1) give rise to LFV decays with the (in-

visible) PNGB in the final state. The corresponding decay width is given by (for simplicity

in the limit where the mass of the final state lepton is neglected, m`j = 0)

�(`i ! `j a) =
1

16⇡

m3
`i

F 2
`i`j

 
1�

m2
a

m2
`i

!2

, (2.1)

while the di↵erential decay rate reads (in the same limit)

d�(`i ! `j a)

d cos ✓
=

m3
`i

32⇡F 2
`i`j

 
1�

m2
a

m2
`i

!2 "
1 + 2P cos ✓

CV
`i`j

CA
`i`j

(CV
`i`j

)2 + (CA
`i`j

)2

#
, (2.2)

where P is the polarization of the decaying leptons, and ✓ is the angle between the polar-

ization vector and the momentum of the final state lepton.

[LC: All the discussion below assumes a practically masseless a. Shall we try to gen-

eralise it to heavier a?]

2.1 Muon decays: FA,V
µe

The current best bound on the FV decay of the muon mediated by a PNGB comes from

an experiment [6] at TRIUMF where 1.8⇥ 107 µ+ were collected:

BR(µ ! e a) '
�(µ ! e a)

�(µ ! e⌫⌫̄)
< 2.6⇥ 10�6 (90% CL) ) Fµe & 5.5⇥ 109 GeV. (2.3)

1Note that the diagonal vector couplings are unphysical, as they can be absorbed by non-anomalous

fermion field redefinitions. [JZ: Can’t we simply say that they vanish by EOM?] [RZ: Is it clear that this is

always equivalent?]
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P1 ! P2 + a (D ! ⇡ + a)

(because strong interactions conserve parity)

The axion couplings to the SM fermions in the mass
basis, cVfifj and cAfifj , are related to the PQ charge matrices
in the flavor basis, Xf, through

cV;Afifj
¼ 1

2N
ðV†

fR
XfRVfR # V†

fL
XqLVfLÞij; ð4Þ

where N is the QCD anomaly coefficient of the PQ sym-
metry. The unitary rotations VfL;fR diagonalize the appro-
priate SM fermion Yukawa matrices, V†

fL
yfVfR ¼ ydiagf , for

the “up” and “down” quark flavors, f ¼ u, d. We focus on
axion couplings to quarks and refer the reader to Ref. [86]
for present and future prospects for testing lepton flavor–
violating axion couplings. Off-diagonal couplings arise
whenever PQ charges, XqL and XfR , are not diagonal in the
same basis as the Yukawa matrices, yf. Their sizes depend
on the misalignment between the two bases, parametrized
by the unitary rotations VfL and VfR (taking XqL and XfR to
be diagonal).
Very different flavor textures of cV;Afifj

are possible.
Provided a suitable set of PQ charges and appropriate flavor
structures of the SMYukawa matrices, it is possible for just a
single off-diagonal coupling to be large cV;Afifj

∼Oð1Þ, i ≠ j,
with all the other off-diagonal couplings zero or very small.
For example, one can realize a situation where cVbs ¼ cAbs ∼ 1

and all the other cV;Afi≠fj ¼ 0, by taking XqL ¼ XuR ¼ 1,
ðXdRÞ2 ≠ ðXdRÞ3, with down Yukawa matrix yd such that the
only nonvanishing rotation is in the 2-3 right-handed sector,
sRd23 ∼ 1. Moreover, while one would generically expect axial
couplings cAfifj and vector couplings cVfifj to be of the same
order, the latter can be suppressed in a situation whereXfR ¼
−XqL and VfR ¼ VfL , which can arise in models where PQ
charges are compatible with a grand unified structure [see
Ref. [87] for a recent example in SO(10)], and Yukawas are
Hermitian, positive-definite matrices [see, e.g., Ref. [88] for
a realization of this scenario in SO(10)].
In the absence of a theory of flavor, we will be agnostic

about the origin of the possible flavor misalignment and

simply take cV;Afifj
to be unknown parameters in an effective

Lagrangian, which will be constrained solely from data.

III. BOUNDS FROM HADRON DECAYS

Bounds on the vector and axial-vector parts of the flavor-
violating axion couplings, Eqs. (1) and (2), can be derived
from searches for hadron decays with missing energy.
In this section, we consider the bounds from two-body
decays of pseudoscalar mesons to pseudoscalar and vector
mesons, respectively, from three-body meson decays and
from decays of baryons. In each case, we first review the
available and planned experimental measurements and then
interpret them in terms of the bounds on flavor-violating
axion couplings.

A. Bounds from two-body meson decays

Because of parity conservation of strong interactions,
the P1 → P2a decays of a pseudoscalar meson P1 to a
pseudoscalar meson P2 are only sensitive to the vector
couplings of the axion, while the P1 → V2a decays, where
V2 is the vector meson, are only sensitive to the axial-vector
couplings (see Appendix C). Searches targeting specifically
the massless axion were performed in Kþ → πþa [89],
Bþ → Kþa [90], and Bþ → πþa [90] decays. In addition,
searches for SM decays where the invisible final state is
a νν̄ pair can be recast to derive limits on the axion
couplings. This requires that the two-body kinematics of an
(essentially) massless axion is included in the search
region, as was the case in the BABAR and CLEO searches
for B → Kð&Þνν̄ [91], B → πνν̄ [92], and D → ðτ → πν̄Þν
[93]. Note that the corresponding Belle datasets analyzed in
Refs. [94,95] cannot be readily used to set bounds on axion
couplings, because the analyses either cut out two-body
decays with a massless axion [95] or used multivariate
methods [94] that are difficult to reinterpret for different
purposes [96] (see also Ref. [97]).
The available experimental information is summarized in

Table I, where we give the 90% C.L. upper limits on the
branching ratios for decays involving neutrinos or invisible
massless axions. We include the limits on the decays

TABLE I. Experimental inputs for meson decays; see text for details. We show the 90% C.L. upper bounds on the
branching ratios of a pseudoscalar meson P1 to another pseudoscalar (P2) or vector (V2) meson (for sd transitions
V2 ¼ ππ instead). The bounds shown are for decays to neutrinos or massless invisible axions. In the latter case, we
also show our bounds obtained by recasting related searches for invisible decays (subscript “recast”).

Decay sd cu bd bs

BRðP1 → P2 þ aÞ 7.3 × 10−11 [89] No analysis 4.9 × 10−5 [90] 4.9 × 10−5 [90]
BRðP1 → P2 þ aÞrecast No need 8.0 × 10−6 [93] 2.3 × 10−5 [92] 7.1 × 10−6 [91]
BRðP1 → P2 þ νν̄Þ 1.47þ1.30

−0.89 × 10−10 [89] No analysis 0.8 × 10−5 [94] 1.6 × 10−5 [94]

BRðP1 → V2 þ aÞ 3.8 × 10−5 [98] No analysis No analysis No analysis
BRðP1 → V2 þ aÞrecast No need No data No data 5.3 × 10−5 [91]
BRðP1 → V2 þ νν̄Þ 4.3 × 10−5 [98] No analysis 2.8 × 10−5 [94] 2.7 × 10−5 [94]
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vector coupling axial coupling

No dedicated searches for D to axion decays

Recasting data from                               (CLEO 2008):
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Flavour-violating axions/ALPs couplings to quarks

All the limits on heavy-quark transitions from two-body
meson decays reported in this paper are obtained recasting
the analyses of “νν̄” decays at BABAR and CLEO. These
bounds will certainly be improved by dedicated searches in
the future. Belle II expects to gather 50 ab−1 of data in the
next five years, roughly a factor 100 larger than the final
integrated luminosity at BABAR. The gain in the bounds
on the branching ratios depends on the scaling behaviors of
the backgrounds. In the absence of dedicated experimental
projections, we simply assume an “optimistic” scaling
inversely proportional to the increase in luminosity with
respect to the integrated luminosities on which the respec-
tive BABAR analyses were performed. The “conservative”
scaling inversely proportional to the square root of the
number of total events would result in slightly weaker
bounds. Assuming similar reconstruction efficiencies at
Belle II as those achieved at BABAR, one can expect an
improvement in the sensitivity to FV;A

bs and FV
bd by at least

an order of magnitude; see Table III for the optimistic
projections. For the conservative scaling, the expected
bounds are about a factor 5 weaker.
In case of B → ρa, the future projection can be estimated

by using the current Belle bound for the “νν̄” mode in
Table I and rescaling with the luminosities. This gives us

BRðBþ → ρþaÞprosp < 4 × 10−7; ð60Þ

which would give the sensitivity to fa ≳ 109 GeV from the
axial bd − a couplings, about 3 orders of magnitude
stronger than the current bound on this coupling from

B − B̄ mixing. The expected bound in case of conservative
scaling is about a factor of 3 smaller.
Finally, the searches for axions in charm-meson and

charm-baryon decays could be undertaken at BESIII and
Belle II. For mesons, one can rescale the CLEO bound on
D → πa by the expected gain in luminosity, which is about
a factor 20, assuming that BESIII will collect 20 fb−1,
which leads to bound on FV

cu that is stronger by a factor 5 (2)
for the “optimistic” and conservative scalings, respectively.
For baryon decays, approximately 104 Λþ

c Λ̄−
c pairs have

been produced with 567 pb−1 at BESIII [129], while
approximately 107 ΣþΣ̄− pairs are expected with 5 fb−1

[127]. BESIII could therefore reach the limit

BRprojðΛc → paÞ < 4 × 10−5; ð61Þ

obtained by naively rescaling with the relative sizes of the
samples the projection for the branching fraction of the
Σþ → pa decay shown in Eq. (59). This should lead to
bounds on the axial cu − a coupling that are comparable
with the current bounds from D − D̄ mixing, but with the
benefit of no UV model dependence.

VIII. SUMMARY AND CONCLUSIONS

In conclusion, in this paper, we explored the phenom-
enological implications of the possibility that the QCD
axion has flavor-violating couplings to the SM quarks.
Although the presence of flavor violation in axion models
is very model dependent, this scenario generically arises
whenever the Uð1ÞPQ charges are not family universal. The

FIG. 4. Summary of the most important bounds for the different flavor sectors and for vectorial (red) and axial-vectorial (blue)
couplings. On the lower axis, we indicate the corresponding values for the effective axion mass defined by mi:eff ≡ 4.69 eV×
106 GeV=Fi. Also shown as vertical gray lines are the bounds on axion couplings to electrons Fe (95% C.L.), nucleons FN , and photons
Fγ (95% C.L.); see Sec. V for details.
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In this article we update and discuss future prospects to the most general couplings of a

(pseudo-) Nambu-Goldstone boson (PNGB) couplings to SM leptons. The Lagrangian is

given by

Laff =
@µa

2fa
f̄i�

µ(CV
fifj + CA

fifj�5)fj , (1.1)

where CV,A
fifj

are hermitian matrices in flavor space1 and a is the PNGB, with mass ma ⌧

GeV. In particular we will be interested in the regime where ma ⌧ eV. Moreover, we will

always assume that the PNGB is a stable, invisible particle, which in particular is the case

for a QCD axion with mass ma ⌧ eV.

In the spirit of e.g. Ref. [1], we will not assume any relations between the couplings in

Eq. (1.1), and discuss the experimental bounds and prospects separately. For these 6+3

couplings we introduce the short-hand

F V,A
`i`j

=
2fa

CV,A
`i`j

, F`i`j =
2faq

|CV
`i`j

|2 + |CA
`i`j

|2
. (1.2)

2 Bounds from Particle Decays

When kinematically allowed, the couplings in Eq. (1.1) give rise to LFV decays with the (in-

visible) PNGB in the final state. The corresponding decay width is given by (for simplicity

in the limit where the mass of the final state lepton is neglected, m`j = 0)

�(`i ! `j a) =
1

16⇡

m3
`i

F 2
`i`j

 
1�

m2
a

m2
`i

!2

, (2.1)

while the di↵erential decay rate reads (in the same limit)

d�(`i ! `j a)

d cos ✓
=

m3
`i

32⇡F 2
`i`j

 
1�

m2
a

m2
`i

!2 "
1 + 2P cos ✓

CV
`i`j

CA
`i`j

(CV
`i`j

)2 + (CA
`i`j

)2

#
, (2.2)

where P is the polarization of the decaying leptons, and ✓ is the angle between the polar-

ization vector and the momentum of the final state lepton.

[LC: All the discussion below assumes a practically masseless a. Shall we try to gen-

eralise it to heavier a?]

2.1 Muon decays: FA,V
µe

The current best bound on the FV decay of the muon mediated by a PNGB comes from

an experiment [6] at TRIUMF where 1.8⇥ 107 µ+ were collected:

BR(µ ! e a) '
�(µ ! e a)

�(µ ! e⌫⌫̄)
< 2.6⇥ 10�6 (90% CL) ) Fµe & 5.5⇥ 109 GeV. (2.3)

1Note that the diagonal vector couplings are unphysical, as they can be absorbed by non-anomalous

fermion field redefinitions. [JZ: Can’t we simply say that they vanish by EOM?] [RZ: Is it clear that this is

always equivalent?]

– 2 –

spontaneously broken and anomalous with respect to QCD.
Therefore, the only coupling shared by all axion models is
the axion coupling to the CP-odd gluon operator, GG̃,
arising from the QCD anomaly and responsible for the
solution to the strong CP problem. Axion models divide
into two classes, depending on how the color anomaly
arises. In the KSVZ-type models [36,37] the color anomaly
is due to a set of heavy fermions that are vectorlike under
the SM but chiral under the PQ symmetry. In this case, the
axion does not couple to elementary SM fermions at tree
level. In the DFSZ-type models [38,39], on the other hand,
the SM fermions carry PQ charges, and the axion always
couples to the fermionic currents. Whether these couplings
are flavor conserving or flavor violating is a model-
dependent choice.
In the original DFSZ model, the PQ charges are taken

to be flavor universal [38,39], so that flavor-violating
axion couplings arise only at loop level. In general, though,
flavor-violating axion couplings are present already at
tree level. This is the case, for instance, in generalized
DFSZ-type models with generation-dependent PQ charges
[40–44], which can also allow one to suppress the axion
couplings to nucleons [45–47]. Particularly motivated
scenarios, which lead to flavor-violating axion couplings
at tree level, arise when the PQ symmetry is part of a
flavor group that shapes the structure of the Yukawa
sector [32,48]. The PQ symmetry could enforce texture
zeros in the Yukawa matrices [49–51] or be responsible
for their hierarchical structure à la Froggatt-Nielsen
(FN) [52]. While in the simplest scenario PQ and FN
symmetries are identified [53–55], PQ could also be
a subgroup of a larger flavor symmetry; see, e.g.,
Refs. [56–65]. Finally, flavored PQ symmetries can arise
also in the context of minimal-flavor violation (MFV)
[66,67] or as accidental symmetries in models with gauged
flavor symmetries [68–71].
In our analysis, we remain, for the most part, agnostic

about the origin of the flavor and chiral structure of axion
couplings to SM fermions and simply treat axion couplings
to fermions as independent parameters in an effective
Lagrangain. For related studies of axionlike particles with
flavor-violating couplings, see Refs. [72–74] (for loop-
induced transitions, see [75–82]). We restrict the analysis to
the case of the (practically) massless QCD axion, but our
results can be repurposed for any other light scalar or
pseudoscalar with flavor-violating couplings to the SM
fermions, as long as the mass of the (pseudo)scalar is much
smaller than the typical energy release in the flavor
transition.
The paper is structured as follows. In Sec. II, we

introduce our notation for the axion couplings to fermions
and comment on their flavor structure. In Sec. III, we derive
the bounds on these couplings from two-body and three-
body meson decays, from baryon decays, and from baryon
transitions in supernovae. Section IV contains bounds

from mixing of neutral mesons, Sec. V reviews bounds
on flavor-diagonal couplings, and Sec. VI discusses axion
couplings involving the top quark. Finally, in Sec. VII, we
present the results and experimental projections. Details
about renormalization of effective axion couplings, exper-
imental recasts of two-body meson decays, and hadronic
inputs are deferred to the Appendix.

II. AXION COUPLINGS TO FERMIONS

The Lagrangian describing the most general interactions
of the axion with the SM fermions is given by1 (see also
Appendix A)

Laff ¼
∂μa
2fa

f̄iγμðcVfifj þ cAfifjγ5Þfj; ð1Þ

where fa is the axion decay constant; cV;Afifj
are Hermitian

matrices in flavor space; and the sum over repeated
generational indices, i; j ¼ 1; 2; 3, is implied. For future
convenience, we define the effective decay constants as

FV;A
fifj

≡ 2fa
cV;Afifj

: ð2Þ

In general, FV;A
fifj

, i ≠ j, are complex, with ðFV;A
fifj

Þ% ¼ FV;A
fjfi

.
Throughout the paper, we take a to be the QCD axion, so
that its mass is inversely proportional to fa [83],

ma ¼ 5.691ð51Þ μeV
!
1012 GeV

fa

"
: ð3Þ

For the “invisible” axion, the decay constant is fa ≫
106 GeV [84], in which case the axion is much lighter
than an eVand essentially decoupled from the SM. We will
always be working in this limit, so that in the flavor
transitions the axion can be taken as massless for all
practical purposes.
In this mass range, the axion has a lifetime that is larger

than the age of the Universe and therefore is a suitable DM
candidate. If the PQ symmetry is broken before inflation,
axions are produced near the QCD phase transition and
yield the observed DM abundance for axion decay con-
stants of the order fa ∼ ð1011 ÷ 1013Þ GeV [14–16], assum-
ing natural values of the misalignment angle. Other
production mechanisms, e.g., via parametric resonance,
allow for axion DM also for smaller decay constants, down
to fa ∼ 108 GeV [85]. We will see below that precision
flavor experiments are able to test this most interesting
region of the QCD axion parameter space.

1Note that diagonal vector couplings are unphysical up to
electroweak anomaly terms, which are irrelevant for the purpose
of this paper.
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Estimated improvement 
from BESIII (20/fb)

What about flavour-conserving couplings? E.g. to charm and muon in
<latexit sha1_base64="e5wQaA+VTXhdbawI+PjJTJMhP7U=">AAACH3icbVDLSgMxFM34rPVVdekmWAShWmfE17KoC3FVwT6g05ZMmrahmcyQ3BHL0H6JG3/FjQtFxF3/xvSx0NYLCYdzziU5xwsF12DbA2tufmFxaTmxklxdW9/YTG1tF3UQKcoKNBCBKntEM8ElKwAHwcqhYsT3BCt5neuhXnpkSvNAPkA3ZFWftCRvckrAUPXU+U0t40Lg+lEtg10ZYdLvu8CeIA5Ur9+/O3ZDzbFx4JFleB25h6SeSttZezR4FjgTkEaTyddT324joJHPJFBBtK44dgjVmCjgVLBe0o00CwntkBarGCiJz3Q1HuXr4X3DNHAzUOZIwCP290ZMfK27vmecPoG2ntaG5H9aJYLmZTXmMoyASTp+qBkJbOIOy8INrhgF0TWAUMXNXzFtE0UomEqTpgRnOvIsKJ5knbOsfX+azl1N6kigXbSHDpCDLlAO3aI8KiCKntErekcf1ov1Zn1aX2PrnDXZ2UF/xhr8AFrLook=</latexit>

D+ ! µ+⌫a or J/ ! µ+µ� a

Martin Camalich at al. 2002.04623



Final message

Lorenzo Calibbi (Nankai)New Physics at Tau-Charm Factories

J/𝜓 LFV rates seriously limited by indirect constraints (but it’s 
important to keep searching for it: NP may evade our EFT approach)

Tests for LFU (e.g. in D decays) even more interesting than CLFV

Great potential for exploring light dark sectors in 
semi-invisible decays of tau, D, J/𝜓 … !

Personal view about new physics searches at tau-charm energies:
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Why are we interested in CLFV?

• Neutrinos oscillate → Lepton family numbers are not conserved! 
(while they would be exact global symmetries, if neutrinos were massless) 

• Neutrino mass eigenstates couple to charged leptons of different      
flavours through the PMNS 

• In the SM + massive neutrinos:  

    Large mixing, but huge suppression due to small neutrino masses  

  

Cheng Li ’77, ’80; Petcov ‘77 
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  In presence of NP at the TeV we can expect large effects 
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e.g. SUSY

Borzumati Masiero ‘86; 
Hisano et al. ‘95

• Unambiguous signal of New Physics 
(beyond neutrino masses) 
• Stringent test of any NP coupling to leptons 
• Probe of scales far beyond the LHC reach
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… and we have experiments!

searches for muon LFV will soon test new physics 
up to scales of the order of 107–108 GeV
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Mu2e-II Snowmass, arXiv:2203.07569

Example: dipole and 4-fermion operators

5

contamination. An important background arises
from decays in orbit (DIO) in which a muon orbit-
ing the nucleus undergoes a standard model decay.
This is irreducible other than with excellent mo-
mentum resolution on the electron. Other back-
ground processes include radiative decays of both
pions and muons as they capture on the nucleus.
The estimated background contributions in Mu2e-
II are shown in Table VII in section XI.

Mu2e-II will have an order of magnitude higher
data rate than Mu2e, as well as higher dosing of
the front-end electronics. Thus, there are also chal-
lenges for the trigger and data acquisition, and an
R&D program is planned to investigate possible
approaches [39–42].

As a natural evolution of Mu2e, Mu2e-II pro-
vides the nearest-term next step in a possible ma-
jor future muon program at FNAL. Considerable
infrastructure, expertise, and experience has been
and is being developed at Fermilab such that it is
logical to build further upon this investment, espe-
cially given the construction of the powerful PIP-II
accelerator.

The following sections elaborate on the potential
physics, challenges, technological options, and re-
quired R&D towards Mu2e-II. Table I summarizes
a few selected quantities.

II. THEORY
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It was realized long ago that searches for CLFV
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physics beyond the Standard Model, cf. the reviews
in [15, 16, 43]. Current limits constrain the cuto↵
scale of CLFV operators up to 103 � 104 TeV, see
e.g. [16] and Fig. 1. This means that searches for
CLFV processes are potentially sensitive to virtual
e↵ects due to the presence of new particles whose
masses are several orders of magnitude larger than
the energies accessible at our present and future
colliders.

The observation of neutrino oscillations has pro-
vided evidence that lepton family numbers are not
conserved and the Standard Model needs to be ex-
tended to account for neutrino masses. In gen-
eral, one can expect non-standard contributions to
CLFV processes in the context of any extension of
the Standard Model that involves new fields cou-
pling to leptons, in particular those addressing the
origin of neutrino masses. Thus new sources of
CLFV beyond those stemming from neutrino os-
cillation are generically to be expected unless the
new physics sector is protected by the same global
flavor symmetries of the Standard Model [14].
However, in most new-physics scenarios, one can
not predict a “minimum-guaranteed” amount of

FIG. 1. Current and future 90% CL bounds from
µ ! e� [46, 47] (cyan lines), µ ! eee [48] (pur-
ple line) and µ ! e conversion (orange lines) on

the e↵ective CLFV operators
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T and
hHi ' 174GeV is the vacuum expectation value of
the Higgs field. The limits are displayed as functions
of the new-physics scale ⇤ and the Wilson coe�cient
of the dipole operator Ce� , while the coe�cient of the
4-fermion operator is set to C`q = 1.

CLFV, because, besides depending on the flavor
structure of the new-physics interactions, CLFV
rates are also suppressed by the unknown new-
physics scale. Only very specific models, where
both ingredients (mass scale and flavor structure of
the couplings) are set by additional phenomenolog-
ical requirements, can give definite predictions. An
example can be found in Ref. [44], where such re-
quirements include reproducing the measured neu-
trino mixing and providing a dark matter candi-
date with the observed properties. Ref. [45] gives
another example of a predictive model where the
new-physics scale is fixed by requiring an explana-
tion for the B-physics anomalies (see below) and
the flavor structure is set by addressing the ob-
served neutrino masses and mixing.

The physics case for CLFV searches has been re-
cently further reinforced by the first results of the
FNAL Muon g-2 experiment [49] and by the so-
called B-physics anomalies [50–52]. The Muon g-
2 experiment confirmed the long-standing discrep-
ancy between the measurement of the anomalous
magnetic moment of the muon, (g�2)µ, performed
at BNL and the theoretical prediction [53, 54].
The two measurements are statistically compatible
and their combination currently deviates from the
Standard Model prediction by 4.2�. This makes it
very unlikely that the discrepancy is due to a sta-
tistical fluctuation or some overlooked systematical
e↵ects in the old BNL experiment. Arguably, the
only explanations left are (i) an underestimation
of the Standard Model prediction [53], in particu-
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Indirect constraints from searches for LFV at the LHC
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FIG. 1. Parton-parton luminosity functions Lqiq̄j (see Eq. (7)) are depicted for quark-flavor conserving and violating processes in the left and
right panels, respectively. The PDF set PDF4LHC15_nnlo_mc [25–28] has been used to extract the central value (dashed lines) and the 1�
contours (solid envelope).

where fqi denotes the quark qi parton distribution functions
(PDF), µF is the factorization scale and

p
s stands for the

proton-proton center-of-mass energy, with ⌧ = ŝ/s. The
non-trivial flavor hierarchies of the luminosity functions for
different pairs of colliding partons are depicted in Fig. 1 for
µF = ⌧s, where we have used the PDF4LHC15_nnlo_mc
PDF set [25–28] and included the 1� PDF uncertainties de-
rived by using the MC replica method [29]. The hadronic
cross-section is then given by the expression

�(pp ! `�k `
+
l ) =

X

ij

Z
d⌧

⌧
Lqiq̄j (⌧)

⇥
�̂(⌧s)

⇤
ijkl

, (8)

where q denotes both down and up-type quarks. The sum-
mation extends over all quark flavors, with the exception of
the top quark which only contributes at one-loop to this pro-
cess [30, 31]. Notice that if the partonic cross-section �̂ is a
linear function in ⌧ , as it is our case, then the only dependence
on ⌧ of the integrand in Eq. (8) comes from the luminosity
functions defined in Eq. (7).

From Eq. (6), we see that the largest partonic cross-section
comes from the tensor operator, which is a factor of 4 larger
than the vectorial ones. On the other hand, scalar and vector
operators have comparable cross-sections. Given the small
differences in the angular efficiencies for these operators, the
limits derived on a single operator can be easily translated into
others by simply accounting for the numerical factors given in
Eq. (6). For this reason, we focus in what follows on a single
effective coefficient, which we choose to be C ⌘ CVLL , with
flavor indices defined by

Le↵ �

X

ijkl

C`k`l
qiqj

v2
�
q̄Li�µqLj

��
¯̀
Lk�

µ`Ll

�
, (9)

where i, j are flavor indices of down (d, s, b) or u-type quarks
(u, c), and k, l of charged leptons (e, µ, ⌧ ), in the mass basis.

Hermiticity implies that
�
C`k`l

qiqj

�⇤
= C`l`k

qjqi . In Sec. II.3, we
describe how to apply the high-pT constraints derived for the
Lagrangian given above to the most general effective scenario
in Eq. (1).

The relevant observable for probing the LFV operators is
the high-mass tail of the invariant mass spectrum m`k`l of the
final state dilepton. For instance, for the set of left-handed
effective operators defined in Eq. (9), this observable is com-
puted from the differential hadronic cross-section (Eq. (8)),
which is integrated over a fixed interval ⌧ 2 [⌧min, ⌧max],

⇥
�(pp ! `⌥k `

±
l )

⇤⌧max

⌧min
=

s

144⇡ v4

X

ij

Z ⌧max

⌧min

d⌧ Lqiq̄j (⌧)

⇥

h
|C`k`l

qiqj |
2 + |C`l`k

qiqj |
2
i
,

(10)

where we have used the fact LHC searches do not distinguish
the charges of the final lepton states. The integration interval
is chosen to map a specific invariant mass window into the
tail of the dilepton distribution, far away from the SM reso-
nance poles, and we have summed over the lepton charges,
i.e. `±k `

⌥
l ⌘ `+k `

�
l + `�k `

+
l . The choice of the invariant mass

windows should ultimately correspond to the most sensitive
mass bins in the experiment. Our recast of LHC data will be
detailed in Sec. II.2.

Lastly, we briefly discuss the quark-flavor dependence in
Eq. (8). There are two sources of flavor entering the hadronic
cross-section: (i) the underlying flavor structure present in the
hard partonic process, which is encoded by the effective coef-
ficients, and (ii) the flavor dependent non-perturbative parton
distribution functions (PDF) of the proton. Assuming a large
scale separation, these structures factorize at leading order as
shown in Eq. (8). For scenarios with effective coefficients that
do not distinguish quark flavor, it is clear from Fig. 1 that the
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Figure 3: The invariant mass distribution of (a) eµ, (b) eµ with b-veto, (c) e⌧, and (d) µ⌧ pairs for data
and the SM predictions. Three signal examples are overlaid: a Z

0 boson with a mass of 1.5 TeV,
a ⌧-sneutrino (⌫̃⌧) with a mass of 1.5 TeV, and a RS quantum black-hole (QBH) with a threshold
mass of 1.5 TeV. The range is chosen such that all data points are visible. The error bars show
the Poissonian statistical uncertainty of the observed yields, while the band in the bottom plot
includes all systematic uncertainties combined in quadrature. No further data points are found
in overflow bins.
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Figure 2: Matrix plot showing how far the predictions for different LFV observables are from
saturating their current bounds when choosing maximum allowed values for each individual WC at
µ = mZ . X,Y 2 {L,R} with X 6= Y . For the ⌧µ sector, we find results similar to those shown for
the ⌧e processes, with the exception of J/ ! µ⌧ , whose limit has not been updated by BESIII
yet, cf. Table 1.

Finally, the results in the ⌧` sector seem more optimistic for future LFVQD searches. In the
case of cc̄ ! `⌧ decays, we find maximum allowed rates at the level of 10�9-10�10,2 which are
about one-two orders or magnitude below the latest BESIII results for J/ ! e⌧ ,3 and may be
partly within the sensitivity of a future super tau-charm factory (STCF).4 On the other hand, we
find larger allowed rates for bb̄ ! `⌧ decays, of the order of 10�6-10�7. This is a consequence
of a combination of phase space, narrower widths and smaller QED-induced RGE effects, since
b quarks carry half the electric charge of c quarks. Interestingly, the resulting rates for bb̄ ! `⌧
decays are at the level of current sensitivities, implying that Belle II can probe these LEFT vector
operators beyond the reach of any other experiment. Notice that the results in Table 6a show that
the sensitivities to new physics of ⌥(1S), ⌥(2S) and ⌥(3S) are comparable, since the effect of the
different widths (�[⌥(1S)] > �[⌥(2S)] > �[⌥(3S)]) is largely compensated by the different masses

2The effectiveness of indirect constraints from tau decays such as ⌧ ! `⇢ stems from the fact that the width of
the J/ resonance is about 7 orders of magnitude larger than the tau width. This obviously contributes to suppress
the branching ratios of the LFV J/ decays compared to the tau ones.

3Although BESIII has not provided results for J/ ! µ⌧ yet, we assume they can set a limit at the same level
as the J/ ! e⌧ one, thus improving the current bound by almost two orders of magnitude, cf. Table 1.

4In a ⇠3-year run, the STCF could produce ⇠ 1013 J/ decays [24], that is, 1000 more than those employed by
BESIII to set the present constraint [16].
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