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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

Lorenzo Calibbi (Nankai)Z and quarkonium LFV

In the SM, electroweak interactions are lepton flavour universal

and (with massless neutrinos) lepton flavour conserving
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LFV decays of the Z

mainly based on LC, X. Marcano, J. Roy arXiv:2107.10273

https://arxiv.org/abs/2107.10273


Present limits on LFV Z decays

with 4×106 Zs 

ATLAS ’21 
(2105.12491)

OPAL ’95, DELPHI ‘97
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{8+13 TeV,

(20+139)/fb

8 TeV, 20/fb
no candidates

Z→𝝉𝝉 bg
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{

Lorenzo Calibbi (Nankai)Z and quarkonium LFV

Mode LEP bound (95% CL) LHC bound (95% CL)

BR(Z ! µe) < 1.7⇥ 10�6 < 7.5⇥ 10�7

BR(Z ! ⌧e) < 9.8⇥ 10�6 < 5.0⇥ 10�6

BR(Z ! ⌧µ) < 1.2⇥ 10�5 < 6.5⇥ 10�6
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{

• LHC searches limited by backgrounds (in particular Z → 𝝉𝝉):

   max ~10 improvement can be expected at HL-LHC (3000/fb)


• Operating as a “Tera-Z” factory (running at the Z pole and collecting 
~1012 Zs) CEPC/FCC-ee can definitely reach better sensitivities

Lorenzo Calibbi (Nankai)Z and quarkonium LFV

Mode LEP bound (95% CL) LHC bound (95% CL)

BR(Z ! µe) < 1.7⇥ 10�6 < 7.5⇥ 10�7

BR(Z ! ⌧e) < 9.8⇥ 10�6 < 5.0⇥ 10�6

BR(Z ! ⌧µ) < 1.2⇥ 10�5 < 6.5⇥ 10�6
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•  Z → 𝜇e : 

In contrast to the LHC, no background from Z → 𝝉𝝉 : 


Z mass constraint much more effective (collision energy is known) 

→ background rate < 10-11 (with a 0.1% momentum resolution at ~45 GeV)


Main issue: muons can release enough brems. energy in the ECAL to be mis-
id as electrons. Mis-id probability measured by NA62 for a LKr ECAL: 4×10-6 
(for p

𝜇
~45 GeV)
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Figure 2: (a) Mis-identification probability for muons traversing the lead wall, PPb
µe , for

(E/p)min = 0.95 as a function of momentum: measurement (solid circles with error bars)
and simulation (solid line). (b) Correction factors fPb = Pµe/PPb

µe for the considered values
of (E/p)min , as evaluated with simulation. Dotted lines in both plots indicate the estimated
systematic uncertainties of the simulation.

Pb wall installed is not used for the RK measurement. The component from positrons which
traverse the Pb wall and are mis-identified as muons from Kµ2 decay with p > 30 GeV/c and
E/p > 0.95 is suppressed down to a negligible level (∼ 10−8) by energy losses in the Pb.

However, muon passage through the Pb wall affects the measured PPb
µe via two principal

effects: 1) ionization energy loss in Pb decreases Pµe and dominates at low momentum; 2)
bremsstrahlung in Pb increases Pµe and dominates at high momentum. To evaluate the correc-
tion factor fPb = Pµe/PPb

µe , a dedicated MC simulation based on Geant4 (version 9.2) [16] has
been developed to describe the propagation of muons downstream from the last DCH, involving
all electromagnetic processes including muon bremsstrahlung [17].

The measurements of PPb
µe in momentum bins compared with the results of the MC simulation

and the correction factors fPb obtained from simulation, along with the estimated systematic
uncertainties of the simulated values, are shown in Fig. 2. The relative systematic uncertainties
on Pµe and PPb

µe obtained by simulation have been estimated to be 10%, and are mainly due to the
simulation of cluster reconstruction and energy calibration. However the error of the ratio fPb =
Pµe/PPb

µe is significantly smaller (δfPb/fPb = 2%) due to cancellation of the main systematic

effects. The measured PPb
µe is in agreement with the simulation within their uncertainties.

The positive correlation between the reconstructed M2
miss(e) and E/p, which are both com-

puted using the reconstructed track momentum, leads to an apparent dependence of Pµe on
M2

miss(e). This effect is significant for intermediate lepton momenta where the Kµ2 background
comes from events with underestimated M2

miss(e) and a smaller muon mis-identification proba-
bility (see Fig. 1a). This correlation has been taken into account.

The Kµ2 background contamination integrated over lepton momentum has been computed
to be (6.11 ± 0.22)% using the measured PPb

µe corrected by fPb. The quoted error comes from

the limited size of the data sample used to measure PPb
µe (0.16%), the uncertainty δfPb (0.12%),

and the model-dependence of the correction for the M2
miss(e) vs E/p correlation (0.08%). The

first error component is uncorrelated between the lepton momentum bins, while the others are
fully correlated.
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Z LFV prospects

A study in the context of the FCC-ee (5×1012 Zs):

Bg. from Z → 𝜇𝜇 + mis-id 𝜇 

(3×10-7  of all Z decays)

Sensitivity limited to:


(Improved e/𝜇 separation? Down to 10-10)

BR(Z ! µe) ⇠ 10�8
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Lorenzo Calibbi (Nankai)Z and quarkonium LFV

M. Dam @ Tau ’18 & 1811.09408
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Figure 3: FCC-ee search for the lepton flavour violating decay Z ! ⌧`, ` = e, µ. Momentum
distribution of the final state lepton ` for the signal (red) and for the background from
Z ! ⌧⌧ , with ⌧ ! `⌫̄⌫ (blue). The shown momentum resolution of 1.8 ⇥ 10�3 results from
the combination of the spread on the collision energy (0.9⇥ 103) and the detector resolution
(1.5⇥ 10�3). For illustration, the LVF branching fraction is set here to B(Z ! ⌧`) = 10�7.

possibility that FCC-ee may provide competitive sensitivities. The focus here is on ⌧ ! 3µ
and ⌧ ! µ� as benchmark modes for evaluating the sensitivity to cLFV. The analysis strategy
is illustrated in Figure 4, with a tag side to identify a clear standard-model tau decay and a
signal side where cLFV decays are searched for. The present O(10�8) bounds on both modes
are set at the b factories [32, 33]. As detailed below, about two (one) orders of magnitude
improvement can be expected at FCC-ee for the decay ⌧ ! 3µ (⌧ ! µ�). This turns out to
be largely compatible with the recently published estimates for Belle II [34].

Figure 4: Illustration of the search for lepton flavour violating ⌧ decays
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BR = 10-7

•  Z → 𝓁𝜏 : 


To avoid mis-id, select one hadronic 𝝉 (≥3 prong, or reconstructed excl. mode)


Main background from Z → 𝝉𝝉 (with one leptonic 𝝉 decay)


Simulated signal & background:


Z LFV prospects

M. Dam @ Tau ’18 & 1811.09408

~10-3 momentum res. 

& ~10-3 collision E spread

Sensitivity:
BR(Z ! `⌧) ⇠ 10�9
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Lorenzo Calibbi (Nankai)Z and quarkonium LFV

A study in the context of the FCC-ee (5×1012 Zs):



Lorenzo Calibbi (Nankai)Z and quarkonium LFV

Z LFV prospects

• CEPC/FCC-ee can improve on present LHC (future HL-LHC) bounds up 
to 4 (3) orders of magnitude, at least for the Z → 𝜏𝓁 modes


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


• It depends on the indirect constraints from other processes


• In particular low-energy LFV decays are unavoidably induced

Nussinov Peccei Zhang ’00; Delepine Vissani ’01; Gutsche et al. ’11; Crivellin Najjari Rosiek ’13; …

Previous related studies: 

Z
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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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The couplings of Z to leptons are protected by the SM gauge symmetry 

→ LFV effects must be proportional to the EW breaking: 
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3 Lepton flavour violating Z decays

The effective interactions involving the Z boson and the SM leptons, including those respon-
sible for LFV effects, are given by the following Lagrangian [22]

L
Z
e↵ =

h ⇣
gV R �ij + �gijV R
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¯̀
i�

µPR`j +
⇣
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µPL`j
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are the SM couplings of Z to right-handed (RH) and left-handed (LH) lepton currents respec-
tively, with sw (cw) being the sine (cosine) of the weak mixing angle. New physics effects are
encoded in the effective couplings �gV/T , which at the tree level match the SMEFT operators
as follows

�gijV R = �
ev2
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ev2
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where the WCs have to be evaluated at the scale µ = mZ .
The branching ratios of the Z decays into leptons, in particular of the LFV modes, are

then given by the following expression [22, 25]
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mZ

12⇡�Z

( ���gV R�ij + �gijV R

���
2

+
���gV L�ij + �gijV L

���
2

+
m2

Z

2

✓����gijTR

���
2

+
����gijTL

���
2
◆)

,

(6)
where �Z = 2.4952(23) GeV is the total decay width of the Z boson [62], and we summed
over the two possible combinations of lepton charges, `±i `

⌥
j .

As anticipated above, only five SMEFT operators (those highlighted in Table 2) can induce
the LFV Z ! `i`j decays at the tree level. Actually, as we can see from Eqs. (4, 5), only three
independent combinations of the corresponding WCs contribute:
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'` + C(3) ij
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eZ ⌘
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swC
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⌘
. (7)

As already mentioned, these WCs are to be evaluated at µ = mZ . On the other hand,
the SMEFT running induces mixing of various operators and therefore the LFVZD will be
sensitive to more Ci(⇤) beyond those five operators explicitly entering in Eq. (6). In our
numerical analysis, we have implemented the full one-loop SMEFT running by means of
wilson [58]. Nevertheless, given the large number of dimension-6 operators, it is helpful to
identify beforehand those WCs that will be more relevant for the LFVZD after the one-loop
RG evolution.
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As anticipated above, only five SMEFT operators (those highlighted in Table 2) can induce
the LFV Z ! `i`j decays at the tree level. Actually, as we can see from Eqs. (4, 5), only three
independent combinations of the corresponding WCs contribute:
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As already mentioned, these WCs are to be evaluated at µ = mZ . On the other hand,
the SMEFT running induces mixing of various operators and therefore the LFVZD will be
sensitive to more Ci(⇤) beyond those five operators explicitly entering in Eq. (6). In our
numerical analysis, we have implemented the full one-loop SMEFT running by means of
wilson [58]. Nevertheless, given the large number of dimension-6 operators, it is helpful to
identify beforehand those WCs that will be more relevant for the LFVZD after the one-loop
RG evolution.
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identify beforehand those WCs that will be more relevant for the LFVZD after the one-loop
RG evolution.

6

Z LFV in the SM EFT

Lorenzo Calibbi (Nankai)Z and quarkonium LFV

The couplings of Z to leptons are protected by the SM gauge symmetry 
→ LFV effects must be proportional to the EW breaking: 
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B. Decay !i → !j!k !̄k

Such a decay can be realized as τ± → e±µ+µ−e or τ± → µ±e+e−. The coefficients CX read:

CV LL = (2s2W − 1)
(

C(1)ji
ϕ" + C(3)ji

ϕl

)

+ Cjikk
""

CV RR = 2s2WCji
ϕe + Cjikk

ee

CV LR = 2s2W

(

C(1)ji
ϕ" + C(3)ji

ϕ"

)

+ Cjikk
"e

CV RL = (2s2W − 1)Cji
ϕe + Cjkki

"e

CSLR = −2Cjkki
"e

CSRL = −2Cjikk
"e

CSLL = CSRR = CTL = CTR = 0

CγL =
√
2Cij$

γ

CγR =
√
2Cji

γ (IV.8)

C. Decay !±i → !̄∓j !
±
k !

±
k

Again, only τ lepton can decay into such channels, τ± → e∓µ±µ± or τ± → µ∓e∓e∓. In this

case photon and Z0-mediated diagrams are suppressed by 1/Λ4 and only contact 4−lepton diagram

can contribute to these (rather exotic) process. The coefficients CX are given by:
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V. LEPTON FLAVOR VIOLATING Z0 DECAYS

The branching ratio for the lepton flavor violating decays of a Z0 boson Z0 → !−f !
+
i is given by:

Br
[

Z0 → !±f !
∓
i

]

=
mZ

24πΓZ

[

m2
Z

2

(

∣

∣CZR
fi

∣

∣

2
+

∣

∣CZL
fi

∣

∣

2
)

+
∣

∣ΓZL
fi

∣

∣

2
+

∣

∣ΓZR
fi

∣

∣

2
]

, (V.1)
If a single operator dominates,            constrain NP scales up to
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Indirect constraints

Lorenzo Calibbi (Nankai)Z and quarkonium LFV

• These operators give rise to low-energy lepton LFV too:


• How large can LFV Z rates be without conflict with these bounds? 


• To calculate this, we have to adopt the standard procedure:

<latexit sha1_base64="kiyYLgrUR1F4bEIMbOMIhDKAKuA="></latexit>

µe : µ ! e�, µ ! eee, µ ! e in nuclei

⌧` : ⌧ ! `�, ⌧ ! ``0`0, ⌧ ! `⇡, ⌧ ! `⇢, . . .

(i) Running of the operators from 𝚲 to the electroweak scale ~mZ 


→  operator mixing


(ii) Matching at mZ to the low-energy EFT  


(i.e. integrating out Higgs & EW gauge bosons)


(iii) QED×QCD running from mZ down to m𝜏/𝜇


(iv) Compute the low-energy observables

into two operators which modify the Higgs boson kinetic term and therefore a↵ect its couplings
(see section 3.1.1),
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The additional operators induced by the seesaw and their RGEs, listed for completeness in
appendix B, have no impact on the lepton observables that we shall analyse.

Some comments are in order on the quality of our approximations. The leading-log contribu-
tions to the WCs are expected to dominate over one-loop finite parts as long as log(Mi/mW ) is
significantly larger than one. On the other hand, dim-6 operators have observable consequences
for Mi not too far above mW . When the logarithm becomes of order one, the leading-log term
still gives the correct order of magnitude, barring possible cancellations. This issue will be ad-
dressed for specific observables in section 3. We will neglect systematically two-loop corrections.
In particular, the running of the dipole operators, QeB,eW , and their mixing into other operators
are two-loop suppressed, as the dipole WCs are themselves already one-loop suppressed.

Finally, we have treated the right-hand side of the RGEs in Eq. (7) as a constant. Of course,
it is a function of SM couplings and WCs, which run at one-loop. This induces two-loop-order
corrections to the WCs at mW , which may be sizeable if log(M/mW ) is large and the couplings
run quickly. A recent analysis of this e↵ect can be found in [40]. In the seesaw, we find that
such corrections are typically of order ⇠ 10%, as illustrated at the end of appendix B, and we
will neglect them. When precision is needed, one can perform an RGE-improved computation
to account for these corrections, by integrating numerically the system of RGEs provided in
appendix B together with the RGEs for the SM parameters, provided for instance in [39].

2.3 Matching at mW and running to the charged lepton mass scale m↵

At the electroweak scale, the SM states with mass O(mW ) must be by integrated out, namely the
Higgs, W and Z bosons (and the top quark, which plays no role for the lepton observables). One
is left with an EFT for massive leptons and quarks, with gauge symmetry SU(3)QCD⇥U(1)QED.

A basis for the operators of such an EFT has been defined in [41], and the matching of the
SM EFT WCs onto this basis is provided in appendix C of that reference, up to terms that
are Yukawa-coupling suppressed. As we are interested in charged LFV processes and dipole
moments, we need only consider the four-fermion operators involving charged leptons, and the
electromagnetic dipole operator. In the low-energy EFT, four-fermion operators are defined as

O
A,XY

 �,↵���
= ( ↵�APX �)(���APY ��) , (21)

where  ,� = ⌫, e, u, d are mass eigenstates, X = L,R with PL,R the chiral projectors, and
A = S, V, T with �S = 1, �V = �µ and �T = �µ⌫ . We restrict ourselves to vector-vector
operators, because scalar-scalar operators are relatively suppressed by two powers of Yukawa
couplings and therefore have negligible e↵ects on the observables of interest. Four-fermion tensor
operators are not generated in the seesaw at leading-log order.
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Lorenzo Calibbi (Nankai)Z and quarkonium LFV

One operator dominance: Dipoles

if dominant LFV effects stem from CeB, CeW :

Dipole operators can not play a major role, as they directly contribute to
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` ! `0�
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L � Ce�

⇤2

vp
2
(¯̀L�

µ⌫` 0R)Fµ⌫ , Ce� ⇡ cos ✓WCeB � sin ✓WCeWthrough

(BRs suppressed by the large Z width, compared to lepton decays)

Let’s start switching on only one operator at the time at the scale 𝚲
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Lorenzo Calibbi (Nankai)Z and quarkonium LFV

One operator dominance: Higgs currents

Wilson (Aebischer Kumar Straub ’18) and Flavio (Straub ’18) packages

Observable Operator Indirect Limit on LFVZD Strongest constraint

BR(Z ! µe)

�
Q(1)

'` +Q(3)
'`

�eµ
3.7⇥ 10�13 µ ! e, Au

Qeµ
'e 9.4⇥ 10�15 µ ! e, Au

Qeµ
eB 1.4⇥ 10�23 µ ! e�

Qeµ
eW 1.6⇥ 10�22 µ ! e�

BR(Z ! ⌧e)

�
Q(1)

'` +Q(3)
'`

�e⌧
6.3⇥ 10�8 ⌧ ! ⇢ e

Qe⌧
'e 6.3⇥ 10�8 ⌧ ! ⇢ e

Qe⌧
eB 1.2⇥ 10�15 ⌧ ! e�

Qe⌧
eW 1.3⇥ 10�14 ⌧ ! e�

BR(Z ! ⌧µ)

�
Q(1)

'` +Q(3)
'`

�µ⌧
4.3⇥ 10�8 ⌧ ! ⇢µ

Qµ⌧
'e 4.3⇥ 10�8 ⌧ ! ⇢µ

Qµ⌧
eB 1.5⇥ 10�15 ⌧ ! µ�

Qµ⌧
eW 1.7⇥ 10�14 ⌧ ! µ�

Table 4: Indirect upper limits on BR(Z ! `i`j) considering a single operator at the scale
µ = mZ . The last column shows which low-energy observable gives the strongest constraint.
These indirect limits are to be compared with the future expected bounds at a Tera Z factory
shown in Table 1, i.e. BR(Z ! µe) < 10�8

� 10�10 and BR(Z ! ⌧`) < 10�9.

if the UV model generated only CeZ at the NP scale µ = ⇤, the RGE would induce a non-zero
photon dipole at µ = mZ . This means that a huge fine-tuning between Ce� and the radiative
effects would be needed to have Ce�(mZ) = 0. Secondly, a vanishing photon dipole would
only suppress the tree-level contributions to `i ! `j�, however higher order terms would still
be important [25, 27, 32]. Although not included in Table 4, we have estimated the size of
these higher order effects following [27] and found that the radiative decays would still impose
strong bounds even in the extreme case of vanishing Ce�(mZ), setting indirect limits on dipole
mediated LFVZD beyond future sensitivities.

On the other hand, Higgs-lepton operators, which do not generate `i ! `j� at the tree-
level,8 are less constrained and larger LFVZD are allowed. In the µ-e sector, the strongest
current bounds are imposed by µ-e conversion in nuclei. This translates into an indirect bound
of BR(Z ! µe) . 10�13, which unfortunately is still beyond the reach of future experiments,
see Table 1. The results for the tau sector are however more optimistic. In this case, they

8As in the case of CeZ , these operators induce `i ! `j� at higher order and may still be constrained by
these processes. Nevertheless, we checked that these bounds are weaker than those coming from tree-level
mediated processes such as µ-e conversion in nuclei or ⌧ ! ⇢`.
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One operator dominance: Higgs currents
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Figure 2: Values of the NP scale ⇤ that are accessible by each of the LFV observables with
current bounds (solid bars) and future sensitivities (lighter bars). We assume that C(⇤)  1

for each operator at a time, while the others vanish at µ = ⇤.

different observables, where we have assumed that C(⇤)  1 from perturbativity arguments.
In this case, and opposite to Table 4, we choose the Z dipole operator as input, which implicitly
assumes Ce�(⇤) = 0, since this hypothesis is still challenging but more plausible at µ = ⇤. We
also show Q(1)

'` and Q(3)
'` separately as they have different RGE. Nevertheless, the differences

are numerically small and difficult to appreciate in the Figure.
From Figure 2 we can see that current sensitivities (solid bars) are always worse in the case

of the LFVZD than from low-energy observables, in agreement with our findings in Table 4,
and especially in the case of the dipoles. Despite we chose to switch on only the Z dipole and
not the photon one at µ = ⇤, the RGE generate a photon dipole at low energies, providing a
better sensitivity to NP from low-energy observables even in this extreme case. Unfortunately,
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• A Tera Z can test LFV new physics scales searching for Z → 𝜏 𝓁 at the 
level of what Belle II will do through LFV tau decays (or better)

future 
sensitivity
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Figure 4: Contours of BR(Z ! ⌧e) as a function of C(1) e⌧
'` (⇤) and C(3) e⌧uu

`q (⇤) (top panel),
C(1) e⌧
'` (⇤) and Ceee⌧

`` (⇤) (bottom panel), highlighting the future Tera Z sensitivity of 10�9.
The cutoff scale is set to ⇤ = 1 TeV. The lighter coloured regions are currently allowed by
⌧ ! eee (blue), ⌧ ! ⇡e (green), ⌧ ! ⇢e (orange), the corresponding darker regions show the
future expected sensitivities.

account. Figure 4 displays the possible interference between the C(1) e⌧
'` and the coefficient

of the 2-lepton 2-quark operator C(3) e⌧uu
`q (top), and the 4-lepton operator Ceee⌧

`` (bottom).
As in the case of the µ � e sector, we observe that the WCs could conspire to cancel out
BR(Z ! ⌧e), a possibility that is however incompatible with the low-energy constraints.

Conversely, Figure 4 shows that ⌧ ! ⇡e and ⌧ ! ⇢e can be suppressed, but in general
not simultaneously. This is due to the different dependence of the amplitudes of the two
semileptonic decays on the WCs. For instance, from the top panel, we see that ⌧ ! ⇡e
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Lorenzo Calibbi (Nankai)Z and quarkonium LFV

Two operators

Mode LEP bound (95% CL) LHC bound (95% CL)

BR(Z ! µe) < 1.7⇥ 10�6 < 7.5⇥ 10�7

BR(Z ! ⌧e) < 9.8⇥ 10�6 < 8.1⇥ 10�6

BR(Z ! ⌧µ) < 1.2⇥ 10�5 < 9.5⇥ 10�6

Indirect limits on BR(Z ! ``0) from single operators

Operator Limit Strongest constraint

(�†i
$
Dµ �)(ēL�µµL) BR(Z ! µe) . . . . µN ! eN ?

(�†i
$
D I

µ �)(ēL⌧I�µµL) BR(Z ! µe) . . . . µN ! eN ?

(�†i
$
Dµ �)(ēR�µµR) BR(Z ! µe) . . . . µN ! eN ?

(ēL�µ⌫µR)�Bµ⌫ BR(Z ! µe) . . . . µ ! e �

(ēL�µ⌫µR)⌧I�W I
µ⌫ BR(Z ! µe) . . . . µ ! e �

(�†i
$
Dµ �)(ēL�µ⌧L) BR(Z ! ⌧e) . . . . ⌧ ! ⇢ e ?

(�†i
$
D I

µ �)(ēL⌧I�µ⌧L) BR(Z ! ⌧e) . . . . ⌧ ! ⇢ e ?

(�†i
$
Dµ �)(ēR�µ⌧R) BR(Z ! ⌧e) . . . . ⌧ ! ⇢ e ?

(ēL�µ⌫⌧R)�Bµ⌫ BR(Z ! ⌧e) . . . . ⌧ ! e �

(ēL�µ⌫⌧R)⌧I�W I
µ⌫ BR(Z ! ⌧e) . . . . ⌧ ! e �

(�†i
$
Dµ �)(µ̄L�µ⌧L) BR(Z ! ⌧µ) . . . . ⌧ ! ⇢µ ?

(�†i
$
D I

µ �)(µ̄L⌧I�µ⌧L) BR(Z ! ⌧µ) . . . . ⌧ ! ⇢µ ?

(�†i
$
Dµ �)(µ̄R�µ⌧R) BR(Z ! ⌧µ) . . . . ⌧ ! ⇢µ ?

(µ̄L�µ⌫⌧R)�Bµ⌫ BR(Z ! ⌧µ) . . . . ⌧ ! µ �

(µ̄L�µ⌫⌧R)⌧I�W I
µ⌫ BR(Z ! ⌧µ) . . . . ⌧ ! µ �

1
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(ēL�µ⌧L)(ēL�µeL)

Mode LEP bound (95% CL) LHC bound (95% CL)

BR(Z ! µe) < 1.7⇥ 10�6 < 7.5⇥ 10�7

BR(Z ! ⌧e) < 9.8⇥ 10�6 < 8.1⇥ 10�6

BR(Z ! ⌧µ) < 1.2⇥ 10�5 < 9.5⇥ 10�6

Indirect limits on BR(Z ! ``0) from single operators

Operator Limit Strongest constraint

(�†i
$
Dµ �)(ēL�µµL) BR(Z ! µe) . . . . µN ! eN ?

(�†i
$
D I

µ �)(ēL⌧I�µµL) BR(Z ! µe) . . . . µN ! eN ?

(�†i
$
Dµ �)(ēR�µµR) BR(Z ! µe) . . . . µN ! eN ?

(ēL�µ⌫µR)�Bµ⌫ BR(Z ! µe) . . . . µ ! e �

(ēL�µ⌫µR)⌧I�W I
µ⌫ BR(Z ! µe) . . . . µ ! e �

(�†i
$
Dµ �)(ēL�µ⌧L) BR(Z ! ⌧e) . . . . ⌧ ! ⇢ e ?

(�†i
$
D I

µ �)(ēL⌧I�µ⌧L) BR(Z ! ⌧e) . . . . ⌧ ! ⇢ e ?

(�†i
$
Dµ �)(ēR�µ⌧R) BR(Z ! ⌧e) . . . . ⌧ ! ⇢ e ?

(ēL�µ⌫⌧R)�Bµ⌫ BR(Z ! ⌧e) . . . . ⌧ ! e �

(ēL�µ⌫⌧R)⌧I�W I
µ⌫ BR(Z ! ⌧e) . . . . ⌧ ! e �

(�†i
$
Dµ �)(µ̄L�µ⌧L) BR(Z ! ⌧µ) . . . . ⌧ ! ⇢µ ?

(�†i
$
D I

µ �)(µ̄L⌧I�µ⌧L) BR(Z ! ⌧µ) . . . . ⌧ ! ⇢µ ?

(�†i
$
Dµ �)(µ̄R�µ⌧R) BR(Z ! ⌧µ) . . . . ⌧ ! ⇢µ ?

(µ̄L�µ⌫⌧R)�Bµ⌫ BR(Z ! ⌧µ) . . . . ⌧ ! µ �

(µ̄L�µ⌫⌧R)⌧I�W I
µ⌫ BR(Z ! ⌧µ) . . . . ⌧ ! µ �

1

4-lepton operators → cancellations possible only 
for some observables
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Figure 4: Contours of BR(Z ! ⌧e) as a function of C(1) e⌧
'` (⇤) and C(3) e⌧uu

`q (⇤) (top panel),
C(1) e⌧
'` (⇤) and Ceee⌧

`` (⇤) (bottom panel), highlighting the future Tera Z sensitivity of 10�9.
The cutoff scale is set to ⇤ = 1 TeV. The lighter coloured regions are currently allowed by
⌧ ! eee (blue), ⌧ ! ⇡e (green), ⌧ ! ⇢e (orange), the corresponding darker regions show the
future expected sensitivities.

account. Figure 4 displays the possible interference between the C(1) e⌧
'` and the coefficient

of the 2-lepton 2-quark operator C(3) e⌧uu
`q (top), and the 4-lepton operator Ceee⌧

`` (bottom).
As in the case of the µ � e sector, we observe that the WCs could conspire to cancel out
BR(Z ! ⌧e), a possibility that is however incompatible with the low-energy constraints.

Conversely, Figure 4 shows that ⌧ ! ⇡e and ⌧ ! ⇢e can be suppressed, but in general
not simultaneously. This is due to the different dependence of the amplitudes of the two
semileptonic decays on the WCs. For instance, from the top panel, we see that ⌧ ! ⇡e
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(ēL�µ⌧L)(ēL�µeL)

Mode LEP bound (95% CL) LHC bound (95% CL)

BR(Z ! µe) < 1.7⇥ 10�6 < 7.5⇥ 10�7

BR(Z ! ⌧e) < 9.8⇥ 10�6 < 8.1⇥ 10�6

BR(Z ! ⌧µ) < 1.2⇥ 10�5 < 9.5⇥ 10�6

Indirect limits on BR(Z ! ``0) from single operators

Operator Limit Strongest constraint

(�†i
$
Dµ �)(ēL�µµL) BR(Z ! µe) . . . . µN ! eN ?

(�†i
$
D I

µ �)(ēL⌧I�µµL) BR(Z ! µe) . . . . µN ! eN ?

(�†i
$
Dµ �)(ēR�µµR) BR(Z ! µe) . . . . µN ! eN ?

(ēL�µ⌫µR)�Bµ⌫ BR(Z ! µe) . . . . µ ! e �

(ēL�µ⌫µR)⌧I�W I
µ⌫ BR(Z ! µe) . . . . µ ! e �

(�†i
$
Dµ �)(ēL�µ⌧L) BR(Z ! ⌧e) . . . . ⌧ ! ⇢ e ?

(�†i
$
D I

µ �)(ēL⌧I�µ⌧L) BR(Z ! ⌧e) . . . . ⌧ ! ⇢ e ?

(�†i
$
Dµ �)(ēR�µ⌧R) BR(Z ! ⌧e) . . . . ⌧ ! ⇢ e ?

(ēL�µ⌫⌧R)�Bµ⌫ BR(Z ! ⌧e) . . . . ⌧ ! e �

(ēL�µ⌫⌧R)⌧I�W I
µ⌫ BR(Z ! ⌧e) . . . . ⌧ ! e �

(�†i
$
Dµ �)(µ̄L�µ⌧L) BR(Z ! ⌧µ) . . . . ⌧ ! ⇢µ ?

(�†i
$
D I

µ �)(µ̄L⌧I�µ⌧L) BR(Z ! ⌧µ) . . . . ⌧ ! ⇢µ ?

(�†i
$
Dµ �)(µ̄R�µ⌧R) BR(Z ! ⌧µ) . . . . ⌧ ! ⇢µ ?

(µ̄L�µ⌫⌧R)�Bµ⌫ BR(Z ! ⌧µ) . . . . ⌧ ! µ �

(µ̄L�µ⌫⌧R)⌧I�W I
µ⌫ BR(Z ! ⌧µ) . . . . ⌧ ! µ �
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4-lepton operators →
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⇤ = 1 TeV

Sensitivity of 𝜏 → e𝝆 on 4-lepton operators


stems from the low-energy EFT running:

(a) (b)

(c)

Figure 1: One-loop Feynman diagrams for the mixing of the four-fermion lepton-quark

and lepton-tau operators.

operatorial mixing: axial-axial into vector-vector, axial-vector into vector-axial, vector-

axial into axial-vector and vector-vector into axial-axial. By combining the contributions,

the parity selection rules work as follows: vector-vector and axial-axial operators mix into

vector-vector (with the contribution from the penguin diagram), axial-vector mixes into

vector-axial, axial-vector and vector-axial mix into axial-vector (with the contribution from

the penguin diagram), and vector-vector mixes into axial-axial. These results have been

discussed also by previous literature [59, 60].

In a next step let us compare the exploring power of current and future µ ! e�, µ ! 3e

and µ ! e conversion experiments by directly relating the branching-ratio limits that are

needed for the various processes to achieve a particular bound on a Wilson coe�cient. For

illustrative purposes, we single out two coe�cients namely C
S LL
µµ and C

V RR
ee . In Figure 2,

the current and future branching ratio for µ ! e� and µ ! 3e experiments are compared

to the future µN ! eN prospects (where N is an aluminium nucleus).

Starting with the upper panel, the horizontal dashed red line for example indicates

that a rather modest limit Br(µ ! e�) . 10�12 is as constraining on C
S LL
µµ as the future

Mu3e limit Br(µ ! 3e) < 5⇥ 10�15. In order for muon conversion to be more constraining

a limit of Br(µN ! eN) < 10�15 would be required. This is indicated by the vertical

dashed red line. The future MEG II experiment will place the strongest limit on C
S LL
µµ

unless the COMET or Mu2e experiments improve their expected limit to reach at least

Br(µN ! eN) < 5⇥ 10�17. For this specific operator Mu3e will have less of an impact.
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cancellations possible only 
for some observables
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Z LFV: Summary

                            still compatible with bounds from tau decays

(future Belle-II limits may push the indirect limit down to 10-9)
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BR(Z ! ⌧`) ⇡ 10�7

Different operator dependence of different observables tends to 
cover possible cancellations in the NP parameter space      

Still plenty of room to discover (tau) LFV at a Tera Z

(and complementarity with B-factory searches)

SMEFT dipole operators severely constrained, unlike 
(2 combinations of) Higgs-lepton operators 

𝜇-e LFV in Z decays seems to be beyond CEPC sensitivity



LFV quarkonium decays

mainly based on LC, T. Li, X. Marcano, M. Schmidt arXiv:2207.10913

https://arxiv.org/abs/2207.10913
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Experimental status and prospect: BESIII, STCF, Belle II… 

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 

(1000x current BESIII), Belle II will collect 50-100x 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


• Again, strongly limited by indirect constraints from tau/mu processes:

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 .
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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 .
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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 .
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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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SMEFT running and SMEFT/LEFT matching induce stronger bounds:
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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.
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SMEFT running and SMEFT/LEFT matching induce stronger bounds:
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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.
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SMEFT running induce large coefficients of Higgs-
lepton ops (for 2q2l ops involving top quarks):

large effects for tau decays and Z LFV
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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
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(similar situation for operators involving LH leptonic currents)
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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)

Again, searches for quarkonium LFV decays are not sensitive to 
𝜇-e LFV due to the strong indirect constraints

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



谢谢⼤家! 兔年快乐!



CEPC/FCC-ee as Tera Z factories

Lorenzo Calibbi (Nankai)Z and quarkonium LFV

Talk by J. Guimarães Costa @ CEPC workshop 2022

CEPC Physics Program

11

CEPC	Operation	mode ZH Z W+W- ttbar

~	240 ~	91.2 ~	160 ~	360

Run time [years] 7 2 1 -

CDR	

(30MW)

L	/	IP	[×1034	cm-2s-1] 3 32 10 -

 [ab-1, 2 IPs] 5.6 16 2.6 -

Event yields [2 IPs] 1×106 7×1011 2×107 -

Run	time	[years] 10 2 1 5

Latest	

(50MW)

L	/	IP	[×1034	cm-2s-1] 8.3 192 27 0.83

 [ab-1, 2 IPs] 20 96 7 1

Event	yields	[2	IPs] 4×106 4×1012 5×107 5×105

Large physics samples: ~106 Higgs, ~1012 Z, ~108 W bosons, ~106 top quarks

Physics potential similar to FCC-ee, ILC, CLIC

The Z-peak run of CEPC/FCC-ee can deliver a few×1012 visible Z decays

https://indico.ihep.ac.cn/event/17020/contributions/117889/attachments/64239/74992/20221024-CEPC-Workshop-goodR.pdf


Tera Z as a Flavour Factory

Lorenzo Calibbi (Nankai)Z and quarkonium LFV

70 OVERVIEW OF THE PHYSICS CASE FOR CEPC

Particle Tera-Z Belle II LHCb

b hadrons
B+

6⇥ 10
10

3⇥ 10
10 (50 ab�1 on ⌥(4S)) 3⇥ 10

13

B0
6⇥ 10

10
3⇥ 10

10 (50 ab�1 on ⌥(4S)) 3⇥ 10
13

Bs 2⇥ 10
10

3⇥ 10
8 (5 ab�1 on ⌥(5S)) 8⇥ 10

12

b baryons 1⇥ 10
10

1⇥ 10
13

⇤b 1⇥ 10
10

1⇥ 10
13

c hadrons
D0

2⇥ 10
11

D+
6⇥ 10

10

D+
s

3⇥ 10
10

⇤
+
c

2⇥ 10
10

⌧+ 3⇥ 10
10

5⇥ 10
10 (50 ab�1 on ⌥(4S))

Table 2.4: Collection of expected number of particles produced at a tera-Z factory from 1012 Z-boson
decays. We have used the hadronization fractions (neglecting pT dependencies) from Refs. [431, 432]
(see also Ref. [433]). For the decays relevant to this study we also show the corresponding number of
particles produced by the full 50 ab�1 on ⌥(4S) and 5 ab�1 on ⌥(5S) runs at Belle II [430], as well
as the numbers of b hadrons at LHCb with 50 fb�1 (using the number of bb̄ pairs within the LHCb
detector acceptance from [435] and the hadronization fractions from [431]).

icated studies that take into account reconstruction efficiencies, background systematics,
etc.

In Section 2.5.1 we discuss the prospects of measuring a number of rare b-hadron de-
cays at the tera-Z factory of CEPC: we cover leptonic decays, semi-leptonic decays, and
decays with missing energy. Particular emphasis is laid on rare decays to final states with
tau leptons, in which the sensitivity of the tera-Z program of CEPC might be unparal-
leled. We also comment on possible implications of the current hints for lepton-flavor-
universality violation in rare B decays, that have been observed by LHCb. A discussion
of tau decays follows in Section 2.5.2, where we discuss the prospects of CEPC to sig-
nificantly improve lepton universality tests in leptonic tau decays as well as its prospects
for measuring rare, lepton-flavor violating tau decays. Flavor violating Z decays are dis-
cussed in Section 2.5.3.

2.5.1 RARE B DECAYS

2.5.1.1 LEPTONIC DECAYS B
0 ! `

+
`
� AND BS ! `

+
`
�

The purely leptonic Bs ! `+`� and B0
! `+`� decays are strongly suppressed in

the Standard Model and therefore highly sensitive to new-physics contributions. Their

Plenty of flavour physics opportunities from Z → bb, Z → cc, Z → 𝜏𝜏 :

CEPC Study Group arXiv:1811.10545for each 1012 Z decays
see also the Snowmass report: The Physics potential of the CEPC

https://arxiv.org/abs/1811.10545
https://arxiv.org/abs/2205.08553
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Tera Z as a Flavour Factory

Advantages of a high-energy e+e- collider as flavour factory:

Luminosity


L=100/ab, O(1012) Z decays ⇒ O(1011) bb, cc, and 𝜏𝜏 pairs

Energy

besides producing states unaccessible at Belle II


MZ ≫ 2mb, 2m𝜏, 2mc ⇒ surplus energy, boosted decay products 
(better tracking and tagging, lower vertex uncertainty etc.)

Cleanliness

as for any leptonic machine, full knowledge of the initial state

(e.g. Z mass constraint on invariant masses more powerful)              
⇒ it enables searches involving neutral/invisible particles



Summary of the tau and Z prospects
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signals [118–120]. The latest study also emphasized the complementarity between cLFV Z

and ⌧ decays [121]. The projected sensitivities to two benchmarks ⌧ exotic decays, ⌧ ! 3µ

and ⌧ ! µ�, are comparable to the Belle II expectations [91]. Additionally, the basic ⌧

properties (e.g., mass and lifetime) and LFU tests in leptonic ⌧ decays are also appropriate

targets at CEPC. Many aspects of ⌧ physics remain to be fully explored at CEPC, including

the ↵s determination in hadronic ⌧ decays [122], the ⌧ polarimetry as a measurement of EW

physics [123], the production of ⌧+⌧� bound states [124], and CP violating ⌧ decays [125].

Measurement Current [126] FCC [115] Tera-Z Prelim. [127] Comments

Lifetime [sec] ±5⇥ 10�16
±1⇥ 10�18 from 3-prong decays, stat. limited

BR(⌧ ! `⌫⌫̄) ±4⇥ 10�4
±3⇥ 10�5 0.1⇥ the ALEPH systematics

m(⌧) [MeV] ±0.12 ±0.004± 0.1 �(ptrack) limited

BR(⌧ ! 3µ) < 2.1⇥ 10�8
O(10�10) same bkg free

BR(⌧ ! 3e) < 2.7⇥ 10�8
O(10�10) bkg free

BR(⌧± ! eµµ) < 2.7⇥ 10�8
O(10�10) bkg free

BR(⌧± ! µee) < 1.8⇥ 10�8
O(10�10) bkg free

BR(⌧ ! µ�) < 4.4⇥ 10�8
⇠ 2⇥ 10�9

O(10�10) Z ! ⌧⌧� bkg , �(p�) limited

BR(⌧ ! e�) < 3.3⇥ 10�8
⇠ 2⇥ 10�9

Z ! ⌧⌧� bkg, �(p�) limited

BR(Z ! ⌧µ) < 1.2⇥ 10�5
O(10�9) same ⌧⌧ bkg, �(ptrack) & �(Ebeam) limited

BR(Z ! ⌧e) < 9.8⇥ 10�6
O(10�9) ⌧⌧ bkg, �(ptrack) & �(Ebeam) limited

BR(Z ! µe) < 7.5⇥ 10�7 10�8
� 10�10

O(10�9) PID limited

BR(Z ! ⇡
+
⇡
�) O(10�10) �(~ptrack) limited, good PID

BR(Z ! ⇡
+
⇡
�
⇡
0) O(10�9) ⌧⌧ bkg

BR(Z ! J/ �) < 1.4⇥ 10�6 10�9
� 10�10

``�+⌧⌧� bkg

BR(Z ! ⇢�) < 2.5⇥ 10�5
O(10�9) ⌧⌧� bkg, �(ptrack) limited

TABLE V. Projected sensitivities of ⌧ physics at the Z-factory run of FCC-ee [115] and recent

Tera-Z updates [127]. All numbers are presented as absolute instead of relative values. For ⌧ ! 3e,

⌧ ! µee, and ⌧ ! eµµ limits, we assume the sensitivities are similar to that of ⌧ ! 3µ. The

expected reaches for several exclusive hadronic Z decays are also listed.

The low multiplicity of aforementioned ⌧ physics studies also inspires the search for

exclusive Z hadronic decays. In those searches, the hierarchy between mZ and ⇤QCD and

small backgrounds o↵er an excellent chance to test the factorization theorem and extract

From the Snowmass report: The Physics potential of the CEPC

Lorenzo Calibbi (Nankai)Z and quarkonium LFV

https://arxiv.org/abs/2205.08553
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Quarkonium LFV decay widths

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

3 Decay rates for LFV quarkonium decays

In this section we present our calculation for the LFV decay rates of quarkonia in terms of the
LEFT operators defined in the previous section. We follow the calculation in Ref. [58] (see also
Ref. [68]). Due to the C parity conservation in the decay of vector quarkonia V with JC = 1�,
V ! `i`j and V ! `i`j� decays are induced by C-odd and C-even operators, respectively, and
are thus complementary. The expressions for the other LFV processes relevant to our analysis are
collected in Appendix C.

3.1 LFV leptonic vector quarkonium decay: V ! `�i `
+

j

We parameterise the quarkonium decay amplitude by

M =
1

2
ūi �✏V (VLPL + VRPR)vj +

2i

mV
ūi ✏

µ
V �µ⌫P

⌫(TLPL + TRPR)vj , (7)

where P ⌫ , mV , and ✏V are respectively the momentum, mass, and polarisation vector of the vector
quarkonium. The coefficients parametrising vector and tensor interactions can be expressed in
terms of the LEFT Wilson coefficients and are given by

VL = fV mV

✓
CV,LL
eq,ijqq + CV,LR

eq,ijqq +
2e2QqQ`�ij

m2

V

◆
, TL = mV f

T
V C

T,RR⇤
eq,jiqq � eQqfV C

⇤
e�,ji , (8)

VR = fV mV

✓
CV,RR
eq,ijqq + CV,LR

qe,qqij +
2e2QqQ`�ij

m2

V

◆
, TR = mV f

T
V C

T,RR
eq,ijqq � eQqfV Ce�,ij , (9)

where Q` = �1 and Qq are the electric charges of leptons and quarks. The lepton flavour conserving
contribution is dominated by tree-level photon exchange which enters the coefficients parametrising
the vector interactions VL,R. The two form factors fV and fT

V parameterise the hadronic vector
and tensor matrix elements

h0 |q̄�µq|V (P )i = fV mV ✏
µ
V , h0 |q̄�µ⌫q|V (P )i = ifT

V (✏
µ
V P

⌫
� ✏⌫V P

µ) . (10)

The resulting branching ratio for V ! `�i `
+

j is

BR(V ! `�i `
+

j ) =
mV

�V

�1/2(1, y2i , y
2

j )
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2

⌘

+ yiyj
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Re
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�
+ 16Re

�
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⇤
L
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+ 2yi
�
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Re
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L

�

+ 2yj
�
1 + y2i � y2j
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Re

�
VLT
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R + VRT

⇤
L

�
#
, (11)

where yi = mi/mV , for a lepton of mass mi, and �(x, y, z) = x2+y2+z2�2xy�2xz�2yz denotes
the Källén function. We used FeynCalc [69–71] to obtain the squared matrix element. Our result
agrees with Ref. [58] in the limit yi ! 0 except for an additional factor (1 + y2j /2) in the first line
for the vector operator contribution.

3.2 Radiative LFV leptonic vector quarkonium decay: V ! `�i `
+

j �

In light of the recent analysis of the radiative LFV ⌥(1S) decays performed by Belle [17], we
calculate the radiative LFV leptonic vector quarkonium decay using the non-relativistic colour
singlet model, following Refs. [72] and [73]. The final state photon can originate from one of the
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3.3 LFV leptonic pseudoscalar quarkonium decay: P ! `�i `
+

j

Using the equations of motion for the final state spinors, the pseudoscalar decay amplitude

iM = ūi (SRPR + SLPL) vj , (17)

can be parameterised in terms of two coefficients

SR =
hP
4mq

⇣
CS,RR
eq,ijqq � CS,RL

eq,ijqq

⌘
�

fP
2

h
mj

⇣
CV,LR
eq,ijqq � CV,LL

eq,ijqq
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CV,RR
eq,ijqq � CV,LR

qe,qqij

⌘i

+ i
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⇤
eGG̃,ji

. (19)

Given the proportionality to the final state lepton masses, the pseudoscalar quarkonium decay is
mostly sensitive to pseudoscalar WCs. The form factors fP , hP and aP parameterise the hadronic
axialvector, pseudoscalar, and anomaly matrix elements

h0 |q̄�µ�5q|P (p)i = ifP p
µ , h0 |q̄i�5q|P (p)i =

hP
2mq

,
D
0
���
↵s

4⇡
GG̃

���P (p)
E
= aP , (20)

which satisfy the relation hP = m2

P fP � aP from axialvector current conservation. The gluonic
matrix elements are expected to be small for ⌘b,c and thus we take aP = 0. The resulting branching
ratio for P ! `�i `

+

j is given by

BR(P ! `�i `
+

j ) =
mP

�P

�1/2(1, y2i , y
2

j )

16⇡

h�
|SL|

2 + |SR|
2
� �

1� y2i � y2j
�
� 4yiyj Re(SLS

⇤
R)

i
, (21)

where yi = mi/mP and we used FeynCalc [69–71] to obtain the squared matrix element. Our result
agrees with Ref. [58] in the limit of mi ! 0 for the pseudoscalar and axial-vector contributions and
we also find agreement for the anomaly contribution, if we disregard the superfluous +h.c. for the
dimension-7 terms with the field strength tensors in Ref. [58].

3.4 LFV leptonic scalar quarkonium decay: S ! `�i `
+

j

Using the fact that the vector current form factor vanishes for scalar quarkonia, the scalar decay
amplitude

M = ūi (SRPR + SLPL) vj , (22)

can be parameterised in terms of two coefficients

SR =
mSfS
2

⇣
CS,RR
eq,ijqq + CS,RL

eq,ijqq

⌘
+
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b ! s⌧⌧

Rare b ! s⌧⌧ Decays

I Rare b decays with taus in the final state are very weakly
constrained at the moment.

I Expected sensitivities at LHCb and Belle II still
far from the SM predictions.

BR(Bs ! ⌧⌧)SM = (7.7 ± 0.5)⇥ 10�7 (Bobeth et al. 1311.0903)

BR(B ! K ⌧⌧)SM = (1.2 ± 0.1)⇥ 10�7 (Du et al. 1510.02349)

(Belle II Physics Book 1808.10567)

Wolfgang Altmannshofer (UCSC) B Decay Anomalies and Future Colliders October 25, 2022 19 / 24

• Unobserved, weakly constrained (~10-4-10-3 by Belle, Belle II can provide 
an O(10) increased sensitivity)


• They can have a large new-physics enhancement


• Tera Z prospects:
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Figure 7: Expected precisions (@1� C.L.) for the measurements of B0
! K

⇤0
⌧
+
⌧
�, Bs !

�⌧
+
⌧
�, B

+
! K

+
⌧
+
⌧
� and Bs ! ⌧

+
⌧
� at Belle II, LHCb and the future Z factories.

The error bars represent the precisions obtained by varying the experimentally measured

backgrounds by one sigma and the semi-quantitatively estimated ones by a factor of two,

upward and downward respectively. The double bars below the inverted triangle denote the

sensitivities with a finite spatial resolution, i.e., 5µm and 10µm respectively, for the tracker.

Figure 8: Normalized distributions of the reconstructed B-meson mass for the B
0

!

K
⇤0
⌧
+
⌧
� measurement before cuts 1-3 are applied. Here the spatial resolution for the tracker

is assumed to be 5µm (left) and 10µm (right). The dashed and solid curves are based on the

reconstruction scheme developed for an ideal tracker (see Sec. 2) and the one improved for a

tracker with finite spatial resolution (see footnote 9).
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Below we will pursue a dedicated sensitivity study in four b ! s⌧
+
⌧
� benchmark channels

(see Tab. 3) at the future Z factories. This study is organized as follows. We develop

the scheme of reconstructing the signal B mesons in Section 2, and discuss their major

backgrounds in Section 3. Analysis results and their interpretations in e↵ective field theory

(EFT) are presented in Section 4. We conclude and take an outlook in Section 5.

2 Scheme of Reconstructing the b ! s⌧+⌧� Events

In this study, the e
+
e
�
! Z ! bb̄ events and their shower are simulated using Pythia8 [22].

We decay B mesons exclusively and their intermediate particles (⌧ leptons, D mesons, etc.)

inclusively. The decays of ⌧± ! ⇡
±
⇡
±
⇡
⌥
⌫ and ⌧

±
! ⇡

±
⇡
±
⇡
⌥
⇡
0
⌫ are modeled respectively

by the CLEO [23], with an intermediate state of a1(1260)± ! ⇢(770)0⇡± mostly [23, 24],

and the Novobrisk [25], with an intermediate state of ⇡±
!(782) instead. The signal events

are generated only for the q
2
⌘ m

2
⌧⌧ windows defined in Tab. 3. The detector e↵ects are

simulated using Delphes3 [26], with a CEPC-detector template [27] being applied.

As discussed above, our analysis will focus on the four benchmark channels of b ! s⌧
+
⌧
�

listed in Tab. 3 with ⌧
±
! ⇡

±
⇡
±
⇡
⌥
⌫. These events have no neutral particles except neutrinos

in their final states. Then the yet-to-be-determined neutrino momenta leave six d.o.f. to fix

for the B-meson reconstruction. We demonstrate the topologies of these four classes of events

in Fig. 1. For B
0
! K

⇤0(�)⌧+⌧�, the decay vertex of B0 can be fully reconstructed due to

the prompt decay of K⇤0
! K

+
⇡
� (� ! K

+
K

�). But for B
+
! K

+
⌧
+
⌧
�, the B

+ decay

vertex can be constrained to be along ~VK+ only. The story is even worse for Bs ! ⌧
+
⌧
�,

where the Bs decay vertex is invisible to the detector at all. In view of the di↵erences, below

we will develop dedicated strategies for reconstructing these benchmark B-meson events.

Figure 1: Schematic pictures of the B0
! K

⇤0(�)⌧+⌧� (left), B+
! K

+
⌧
+
⌧
� (middle) and

Bs ! ⌧
+
⌧
� (right) events. The dashed arrows represent spatial displacement of B mesons

and ⌧ leptons between their production and decay vertexes (~V ), and the solid ones denote

three-momenta (~p) of their decay products or accompanying particles.

Let us start with the measurements of B0
! K

⇤0
⌧
+
⌧
� and Bs ! �⌧

+
⌧
�. A preselection

of these events is applied to ensure their successful reconstruction. We first require for each
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b ! s⌫⌫
2

Current Limit Detector SM Prediction
BR(B0

! K
0
⌫⌫̄) < 2.6⇥ 10�5 [3] BELLE (3.69± 0.44)⇥ 10�6 [1]

BR(B0
! K

⇤0
⌫⌫̄) < 1.8⇥ 10�5 [3] BELLE (9.19± 0.99)⇥ 10�6 [1]

BR(B±
! K

±
⌫⌫̄) < 1.6⇥ 10�5 [4] BABAR (3.98± 0.47)⇥ 10�6 [1]

BR(B±
! K

⇤±
⌫⌫̄) < 4.0⇥ 10�5 [5] BELLE (9.83± 1.06)⇥ 10�6 [1]

BR(Bs ! �⌫⌫̄) < 5.4⇥ 10�3 [6] DELPHI (9.93± 0.72)⇥ 10�6

TABLE I. Constraints and predictions for various b ! s⌫⌫̄ decays. The updated BR(Bs ! �⌫⌫̄) comes from our calculation,
details in Sec. 2.

Hadrons Belle II LHCb (300 fb�1) CEPC (1012Z)
B

0, B̄0 5.4⇥ 1010 ⇠ 3⇥ 1013 1.2⇥ 1011

B
± 5.7⇥ 1010 ⇠ 3⇥ 1013 1.2⇥ 1011

Bs, B̄s 6.0⇥ 108 ⇠ 1⇥ 1013 3.1⇥ 1010

B
±
c - ⇠ 2⇥ 1011 1.8⇥ 108

⇤b, ⇤̄b - ⇠ 2⇥ 1013 2.5⇥ 1010

TABLE II. The number of b-hadrons expected to be produced
in Belle II, LHCb, and CEPC. Here, the Belle II column cor-
responds to its 50 ab�1 ⌥(4S) run and its 5 ab�1 ⌥(5S) run.
For more details, see [34].

The abundant energy at the Z pole allows b quarks to
hadronize into di↵erent hadrons. As TABLE II shows,
the productions of B0/B̄0 and B± are comparable to
those at Belle II, while Bs/B̄s is almost two orders of
magnitude more. For even heavier hadrons such as Bc

and ⇤b, the advantage of the Z factories is even more
pronounced. As an e+e� collider, CEPC also bene-
fits from negligible pileup, good geometric coverage of
the detector, and a fixed center-of-mass energy that al-
lows good precision of the missing momentum. The ad-
vanced calorimetry [35–37] and state-of-the-art tracking
system [38] proposed for future detectors further improve
the performance in measuring the missing energy. Given
these advantages, accurate measurement of the missing
energy of neutrinos is very likely. The situation is quite
di↵erent for hadron collider detectors such as LHCb,
where the missing momentum of a given event cannot
be determined directly. In addition, compared to B fac-
tories such as Belle II, the higher b hadron boost from Z
decay makes the tracking more accurate. Therefore, the
measurements in terms of energy/momentum [39] and di-
rection/displacement [33, 40] are more precise and allow
better discrimination of signal and background events.

We focus on the exclusive process Bs(B̄s) ! �⌫⌫̄. The
current upper limit of the branching ratio of this chan-
nel is about 5.4 ⇥ 10�3, set by the DELPHI detector
at LEP [6]. The threshold is much weaker than other
b ! s⌫⌫̄ channels listed in TABLE I. Most b ! s⌫⌫̄
processes are measured by B factories, where Bs produc-
tion is limited. At the Z pole run, extensive statistics
of Bs and the precise � reconstruction [41] are simulta-
neously fulfilled. Therefore, we expect that the observa-
tion of this channel and the precise measurements will

be realized for the first time in Z factories. The current
projection of BR(Bs ! �⌫⌫̄) at CEPC comes from the
luminosity re-projection of the LEP study [33]. How-
ever, the background suppression " at the LEP search is
only O(10�3) [6]. For CEPC, the same strategy leads
to a background size of & 107, which makes the anal-
ysis vulnerable to background uncertainties. Therefore,
we need to develop a new analysis framework to reduce
the SM backgrounds by more than O(10�6) to provide
a healthy signal-to-background (S/B) ratio near O(1).
In such a case, the measurement of the rare Bs ! �⌫⌫̄
achieves relative precision at the percentage level and is
robust to systematic uncertainties. We have set up an-
other benchmark for flavor physics at the Z pole with
previous phenomenological studies [34, 42–48]. It is also
true that CEPC detector design shares many commonal-
ities with other proposals for future Z factories, such as
the Tera-Z mode of FCC-ee [49] and the Giga-Z mode
of ILC [50]. Therefore, the methodology and results of
this work will also serve as references for these projects.
This paper is divided into five sections. Section 2 intro-

duces the physical background and interpretation of the
e↵ective theory of Bs ! �⌫⌫̄ decay. Section 3 describes
the detector model, software framework, and the simu-
lated samples used in this study. Section 4 presents the
analysis of Bs ! �⌫⌫̄ at CEPC. Conclusions are summa-
rized in Section 5.

2. PHYSICS OF Bs ! �⌫⌫̄

As discussed in the introduction, many NP scenar-
ios could lead to deviations of Bs ! �⌫⌫̄ from the
SM. This section focuses on the model-independent ap-
proach, which describes the contributions of SM and NP
as Wilson coe�cients of the low-energy e↵ective theory
(LEFT). If there are no BSM particles lighter than mBs ,
the low-energy e↵ective Hamiltonian fo b ! s⌫⌫̄ could
be written as [1, 51]

He↵ = �4GFp
2
VtbV

⇤
ts(CLOL + CROR) + h.c. , (1)

OL(R) =
e2

8⇡2
(s̄�µPL(R)b)(⌫̄`�µPL⌫`) . (2)

• Also these modes can be greatly enhanced by new physics responsible 
for the B anomalies


• A Tera Z can measure                with a percent level precision:
see e.g. LC Crivellin Ota '15
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used for data management and formatting.

FIG. 2. The topology of FCNC Bs ! �⌫⌫̄ decay at the Z

pole.

Realistic particle identifications (PID) are also in-
cluded. The most important e↵ect is the large num-
ber of charged pions faking charged kaons. Even a low
rate of K/⇡ misidentifications can yield many fake �.
Other sources of fake kaons, such as protons or muons,
are neglected because they are much rarer than pions
in our samples. Estimated from Monte Carlo (MC)
sampling, the typical multiplicities for K±, ⇡±, and p
in the event are about 2.1, 17.2, and 0.9, respectively.
Their momentum distributions above ⇠ 15 GeV range
are highly suppressed. The kaon PID is crucial for fla-
vor physics because it could improve the reconstruction
accuracy of hadrons. According to CEPC CDR [33], the
K/⇡ separation power [68, 69] can achieve 3� or higher
if dE/dx, dN/dx and time of flight information are in-
cluded. For more details on PID techniques, see also [70].
So a universal K/⇡ separation power & 3� at CEPC is a
reasonable and conservative assumption. As will be ex-
plained in the later section, to ensure a stable and high
accuracy for the reconstruction of hadrons decaying to
kaons, a 3-� K/⇡ separation would be necessary. There-
fore, we take the 3� K/⇡ separation power as the bench-
mark value for the rest of this paper. However, since an
authentic K/⇡ PID algorithm is still under development,
the K/⇡ separation is simulated using the Gaussian ap-
proximation. Reconstructions of � with alternative K/⇡
separation powers are also analyzed. In addition to fake
�, backgrounds from semileptonic b-hadron decays con-
tribute significantly, see discussions in section 4B. We
adopt the lepton PID algorithm and performance in [71]
to better represent the lepton information.

4. ANALYSIS METHODS

Fig. 2 shows the typical topology of the target process,
i.e., the charged kaon pair produced by the � decay and
the neutrino-induced missing energy. The signal iden-
tification consists of three steps. First, we reconstruct
� ! K+K� decay vertexes. Second, we use various
features such as the � kinematics, missing momentum,
lepton energy, and b-tagging to separate the signal from
backgrounds. Finally, the Boosted Decision Tree Gradi-
ent (BDTG) method is applied to classify the remaining
events and optimize the background reduction.

A. � Reconstruction

As the only visible component in the Bs ! �⌫⌫̄ signal,
� plays a central role in our analysis. It has a narrow
width (�� ' 4.25 MeV) and a low inclusive production
rate ⇠ 5% in Z ! qq̄ events. The reconstruction chain
of the � candidate follows the steps listed below:

1) We reconstruct all charged kaon tracks. With a finite
K/⇡ separation power, the reconstructed kaon tracks
also contain misidentified pions.

2) Match all pairs of oppositely charged kaon tracks and
use the kinematic fitting package [72] to reconstruct
their vertex.

3) Choose pairs of kaons with invariant mass |mK+K� �
m�| <8.5 MeV.

4) The value of the vertex �2 is calculated by taking the
�2 contribution from each relevant track using the Mi-
nuit algorithm [73]:

�2 =
2X

i=1

✓
|Vi � Vfit|

�i

◆2

, (9)

where Vfit is the fitted vertex position, Vi is the point
on one track that is closest to the other, and �i is the
uncertainty of the i-th track. Only kaon pairs with
�2 < 8 are selected.

For more details on the algorithm and performance,
see [41]. The reconstructed � mass distribution is shown
in Fig. 3.

" =
Number of correctly reconstructed candidate �

Number of � ! K+K� decays
,

p =
Number of correctly reconstructed candidate �

Number of candidate �
.

(10)

The e�ciency and purity of candidate � are defined in
Eq. (10). Similar definitions apply to reconstructed kaon
tracks. The overall e�ciency and purity for candidate
� are 48% and 76%, respectively. To better understand
the significance of PID, we also plot inclusive kaon and �

9

FIG. 11. BDTG output distributions for signal and back-
ground events, ranging from -1 to 1. The samples used here
passed all the cuts introduced above and are scaled to 1012 Z

decays.

hemisphere.
• The largest track impact parameter in the signal hemi-
sphere, excluding kaons from any reconstructed �.

• Kaon tracks’ impact parameters from the signal �.
• The signal � invariant mass.

Fig. 11 shows the BDTG responses to the test sam-
ples, with the signal and background distributions peak-
ing at �1.0 and 1.0, respectively. With the optimized
cut of the BDTG response at 0.75, we reject over 98% of
bb̄ and cc̄ backgrounds at the cost of a 44% signal loss.
As summarized in TABLE III, the S/B ratio reaches
77% after the BDTG cut. The 1� Tera-Z sensitivity

of the signal strength is estimated by
p
B+S
S , which cor-

responds to about 1.78%. We also evaluate the sensi-
tivity and S/B ratio with a perfect kaon PID to moti-
vate better future PID performance. Without any fake
kaon tracks and a comparable S/B � 70%, the sensi-
tivity of BR(Bs ! �⌫⌫̄) is 1.52%. The sensitivity of the
branching ratio as a function of the kaon PID is shown in
Fig. 12, which shows stable performance in a wide range
of K/⇡ separation power. Besides, taking the benchmark
3� K/⇡ separation power, Fig. 13 shows the projected
sensitivity as a function of BR(Bs ! �⌫⌫̄). Multiple sig-
nal features included in the analysis allow for high sensi-
tivities even in the no kaon PID case.

C. Constraints on Wilson coe�cients

The event reconstruction is also e↵ective when measur-
ing the � longitudinal polarization fraction FL. Fig. 14
shows the distribution of cos ✓, where ✓ is the angle be-
tween Bs and K+(or K�) in the � rest frame. Here the

FIG. 12. The sensitivity of BR(Bs ! �⌫⌫̄) as a function of
kaon PID, parameterized by the K/⇡ separation power.

FIG. 13. Projected experimental sensitivity at CEPC (1012 Z

decays) as a function of BR(Bs ! �⌫⌫̄), shown as the red
curve. The current upper limit from LEP for BR(Bs ! �⌫⌫̄)
is indicated by green dashed line. The prediction of SM cor-
responds to the blue line used in TABLE III.

truth-level distribution of signal events is reweighed ac-
cording to the SM prediction FL,SM ' 0.53. However,
the background statistics after the BDTG cut is insuf-
ficient for a good background fit. Instead, we use the
background cos ✓ distribution before the BDTG cut and
scale the yields according to the Tera-Z luminosity. The
pBs reconstruction error dominates the �✓ between re-
constructed and the truth values, which is about 0.047.
Such a ✓ reconstruction error corresponds to a di↵erence
⇡ 0.04 between our FL fit and the truth-value. The es-
timated statistical uncertainty of FL is 0.008 at CEPC,
which is subdominant. Since it is not our goal to thor-
oughly estimate the di↵erential measurement of FL in
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Present/future limits on LFV tau decays

Upper limits at (Super) B factories
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The Belle II Physics Book arXiv:1808.10567

• Current estimation with Belle II final statistics : ~10-2 lower
=> Many decay modes are reachable in Belle II !

Tau physics prospect at Belle II
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Z LFU tests

7.2 Z-Boson Decay Widths and Branching Fractions

As discussed in Chapter 2, the electroweak measurements are quoted in terms of experimentally
motivated pseudo-observables defined such that correlations between them are reduced. Other,
more familiar pseudo-observables describing Z-boson production and decays, such as leptonic
pole cross-sections, Z-boson partial decay widths and branching fractions, are obtained through
simple parameter transformations.

Assuming lepton universality, the leptonic pole cross-section σ0
lep, defined in analogy to the

hadronic pole cross-section, is measured to be:

σ0
lep ≡

12π

m2
Z

Γ2
!!

Γ2
Z

=
σ0

had

R0
!

= 2.0003 ± 0.0027 nb , (7.3)

in very good agreement with the SM expectation. Note that this purely leptonic quantity has
a higher sensitivity to αS(m2

Z) than any of the hadronic Z-pole observables, as discussed in
Section 8.6.

7.2.1 Z-Boson Decay Parameters

The partial Z decay widths are summarised in Table 7.1. Note that they have larger correlations
than the original set of results reported in Table 2.13. If lepton universality is imposed, a more
precise value of Γhad is obtained, because Γee in the relation between the hadronic pole cross-
section and the partial widths is replaced by the more precise value of Γ!!. The Z branching
fractions, i.e., the ratios between each partial decay width and the total width of the Z, are
shown in Table 7.2.

In order to test lepton universality in Z decays quantitatively, the ratios of the leptonic
partial widths or equivalently the ratios of the leptonic branching fractions are calculated. The
results are:

Γµµ

Γee
=

B(Z → µ+µ−)

B(Z → e+e−)
= 1.0009 ± 0.0028 (7.4)

Γττ

Γee
=

B(Z → τ+τ−)

B(Z → e+e−)
= 1.0019 ± 0.0032 (7.5)

with a correlation of +0.63. In both cases, good agreement with lepton universality is observed.
Assuming lepton universality, τ mass effects are expected to decrease Γττ and B(Z → τ+τ−) as
quoted here by 0.23% relative to the light lepton species e and µ.

7.2.2 Invisible Width and Number of Light Neutrino Species

The invisible width, Γinv = ΓZ − (Γhad + Γee + Γµµ + Γττ ), is also shown in Table 7.1. The
branching fraction to invisible particles, reported in Table 7.2, is derived by constraining the
sum of the inclusive hadronic, leptonic and invisible branching fractions to unity, and therefore
does not constitute an independent result. The result on Γinv is compared to the SM expectation
calculated as a function of mt and mH in Figure 7.1. It shows a small deficit of about 2.7 MeV or
1.8 standard deviations compared to the SM expectation calculated for mt = 178 GeV, mainly
reflecting the observation that the hadronic pole cross-section is slightly larger than expected.

The limit on extra, non-standard contributions to the invisible width, i.e., not originating
from Z → νν, is calculated by taking the difference between the value given in Table 7.1 and
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Universality presently tested at the per-mil level


LEP exps/SLD combination 


(1.7×107 Z decays at LEP + 6×105 Z decays with polarised beams at SLC)

hep-ex:0509008

• Very important test in view of the LFU anomalies in B decays


• With 1012 Z, CEPC/FCC-ee has no problem of statistics 


• Can systematics (lepton-id efficiencies? what else?) be controlled 
so as to measure BRs with e.g. 10-4 precision?

Lorenzo Calibbi (Nankai)Z and quarkonium LFV
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Lepton universality - HFLAV spring 2017 (2)
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LFU tests in tau decays
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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:

LCC = � g

2
p
2
W †

µ

(
X

`

⌫̄`�
µ(1� �5)` + ū�µ(1� �5) (Vud d+ Vus s)

)
+ h.c. . (1)

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/

p
2 = g2/(8M2

W
). The leptonic decay widths

are given by

�`!`0 ⌘ �[`� ! `0�⌫̄`0⌫`(�)] =
G2

`0`m
5

`

192⇡3
f
�
m2

`0/m
2

`

� ⇣
1 + �`

0
`

RC

⌘
(2)

where f(x) = 1� 8x+ 8x3 � x4 � 12x2 log x , and [24–32]

�`
0
`

RC
=

↵

2⇡


25

4
� ⇡2 +O

✓
m2

`0

m2

`

◆�
+ · · · (3)

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 �`

0
`

RC
. 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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Observable Measurement Current precision FCC-ee stat. Possible syst. Challenge

mτ [MeV]
Threshold /

inv. mass endpoint
1776.86 ± 0.12 0.005 0.12 Mass scale

ττ [fs] Flight distance 290.3 ± 0.5 fs 0.005 < 0.040 Vertex detector 
alignment

B(τ→eνν) [%] Selection of τ+τ-,
identification of final 

state

17.82 ± 0.05
0.0001

No estimate;
possibly 0.003

Efficiency, bkg, 
Particle IDB(τ→μνν) [%] 17.39 ± 0.05

Quantity Measurement Current precision FCC-ee precision

|gμ/ge| Γτ➝μ / Γτ➝e 1.0018 ± 0.0015 
Improvement by a 
factor 10 or more|gτ/gμ| Γτ➝e / Γμ➝e 1.0030 ± 0.0015 
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Figure 2: Branching fraction of ⌧ ! e⌫̄⌫ versus ⌧ lifetime. The current world averages of
the direct measurements are indicated with the blue ellipse. Suggested FCC-ee precisions
are provided with the small yellow ellipse (central values have been arbitratily set to todays
values). The Standard Model functional dependence of the two quantities, depending on the
⌧ mass, is displayed by the red band.

FCC-ee, as discussed below. At this level of precision, the universality test would be limited
by the mass measurement, if no new measurements would be available. While FCC-ee may
possibly be able to improve the m⌧ measurement by a small factor, substantial improvements
are more likely to come from a next generation of ⌧ -factory experiments at the production
threshold.

3.1 Lifetime

The world-average value of the ⌧ -lepton lifetime is ⌧⌧ = 290.3± 0.5 fs [6]. Precision measure-
ments were pioneered by the LEP experiments in the early 1990’ies following the deployment
of their precise silicon vertex detectors [7–10]. More recently, Belle, with its O(103) times
larger statistics, has improved on these measurements [11].

The single most precise measurement from LEP, ⌧⌧ = 290.0 ± 1.4 (stat.) ± 1.0 (syst.) fs,
was provided by DELPHI [8]. The analysis employed several complementary methods. The
method with the smallest systematic uncertainty (1.3 fs) was the so-called decay vertex
method, where the flight-distance was measured for ⌧ decays to three charged particles. Here,
the largest systematic uncertainty (1.0 fs) came from the 7.5 mm accuracy of the vertex de-
tector alignment. This was estimated from samples of hadronic Z decays with three tracks in
one hemisphere, and its value resulted from the (limited) statistical power of the test samples.

The Belle measurement, ⌧⌧ = 290.17 ± 0.53 (stat.) ± 0.33 (syst.) fs, was based on events
in which both ⌧s decayed to three charged particles. In these events, the constrained kine-
matics combined with the longitudinal boost of the ⌧⌧ system provided by the asymmentric
KEKB collider allowed Belle to reconstruct the two secondary vertices as well as the primary
vertex and this way to extract the flight distances. As for DELPHI, the dominant systematic

5
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Indirect constraints from searches for LFV at the LHC

3
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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

ij

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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LHC di-lepton tails constrain             contact interactions up to Λ > 2-3 TeV 
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Comparison of indirect constraints
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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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That’s not the case for charmonium decays:
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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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