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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 
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) BR(Z ! ``0) ⇡ 10�50

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 LFV at the CEPC

for a pedagogical introduction → LC & Signorelli ‘17
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Present limits on LFV Z decays

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

1

with 4×106 Zs 

ATLAS ’14, ’20 
(2010.02566)

OPAL ’95, DELPHI ‘97
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{8+13 TeV, 
(20+140)/fb

8 TeV, 20/fb
no candidates

Z→𝝉𝝉 bg
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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 can definitely reach better sensitivities

Lorenzo Calibbi (Nankai)Z LFV at the CEPC



•  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 p𝜇~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 LFV at the CEPC

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: 
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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 LFV at the CEPC

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

• CEPC 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 CEPC searches find new physics with these modes? 

• It depends on the indirect constraints from other processes 

• In particular low-energy LFV processes are unavoidably induced

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

Previous model-independent 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

Qℓℓ (L̄LγµLL)(L̄LγµLL) QeW (L̄LσµνeR)τIΦW I
µν

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

Qℓe (L̄LγµLL)(ēRγµeR)

2-lepton 2-quark operators

Q(1)
ℓq (L̄LγµLL)(Q̄LγµQL) Qℓu (L̄LγµLL)(ūRγµuR)

Q(3)
ℓq (L̄LγµτILL)(Q̄LγµτIQL) Qeu (ēRγµeR)(ūRγµuR)

Qeq (ēRγµeR)(Q̄LγµQL) Qℓedq (L̄a
LeR)(d̄RQa

L)

Qℓd (L̄LγµLL)(d̄RγµdR) Q(1)
ℓequ (L̄a

LeR)ϵab(Q̄
b
LuR)

Qed (ēRγµeR)(d̄RγµdR) Q(3)
ℓequ (L̄a

i σµνeR)ϵab(Q̄
b
LσµνuR)

Lepton-Higgs operators

Q(1)
Φℓ (Φ†i

↔
Dµ Φ)(L̄LγµLL) Q(3)

Φℓ (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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B. Decay ℓi → ℓjℓk ℓ̄k

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
ϕℓ + C(3)ji

ϕl

)

+ Cjikk
ℓℓ

CV RR = 2s2WCji
ϕe + Cjikk

ee

CV LR = 2s2W

(

C(1)ji
ϕℓ + C(3)ji

ϕℓ

)

+ Cjikk
ℓe

CV RL = (2s2W − 1)Cji
ϕe + Cjkki

ℓe

CSLR = −2Cjkki
ℓe

CSRL = −2Cjikk
ℓe

CSLL = CSRR = CTL = CTR = 0

CγL =
√
2Cij⋆

γ

CγR =
√
2Cji

γ (IV.8)

C. Decay ℓ±i → ℓ̄∓j ℓ
±
k ℓ

±
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:

CV LL = 2Ckikj
ℓℓ

CV RR = 2Ckikj
ee

CV LR = −
1

2
CSRL = Ckikj

ℓe

CV RL = −
1

2
CSLR = Ckjki

ℓe

CSLL = CSRR = CTL = CTR = 0

CγL = CγR = 0 (IV.9)

V. LEPTON FLAVOR VIOLATING Z0 DECAYS

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

Br
[

Z0 → ℓ±f ℓ
∓
i

]

=
mZ

24πΓZ

[

m2
Z

2

(

∣

∣CZR
fi

∣

∣

2
+
∣

∣CZL
fi

∣

∣

2
)

+
∣

∣ΓZL
fi

∣

∣

2
+
∣

∣ΓZR
fi

∣

∣

2
]

, (V.1)
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where ΓZ ≈ 2.495 GeV is the total decay width of the Z0 boson. We included all tree-level

contributions and

ΓZL
fi =

e

2sW cW

(

v2

Λ2

(

C(1)fi
ϕl + C(3)fi

ϕl

)

+
(

1− 2s2W
)

δfi

)

, (V.2)

ΓZR
fi =

e

2sW cW

(

v2

Λ2
Cfi
ϕe − 2s2W δfi

)

, (V.3)

CZR
fi = CZL⋆

if = −
v√
2Λ2

Cfi
Z (V.4)

where Cfi
Z is defined as

Cfi
Z =

(

sWCfi
eB + cWCfi

eW

)

. (V.5)

The experimental bounds on these decays are given in Table VII. Their current sensitivities are not

as good as for the other lepton flavor violating decays but a future linear collider could significantly

improve them [63]. Note that theoretical prediction in Eq. (V.1) is for the decay Z0 → ℓ−f ℓ
+
i or

Z0 → ℓ+f ℓ
−
i while the experimental values are for the sum Z0 → ℓ−f ℓ

+
i + ℓ−i ℓ

+
f . Therefore, Eq. (V.1)

must be multiplied by a factor of 2 in order to compare it to the experimental values.

Process Experimental bound

Br
[

Z0 → µ±e∓
]

1.7× 10−6 [64]

Br
[

Z0 → τ±e∓
]

9.8× 10−6 [64]

Br
[

Z0 → τ±µ∓
]

1.2× 10−5 [64]

TABLE VII: Experimental upper limits (95 % CL) on the lepton flavor violating Z0 decay rates.

VI. NUMERICAL ANALYSIS

In the absence of fine-tuning and accidental cancellations the Wilson coefficients of the flavor

changing 4-lepton operators and of the flavor changing Z0-lepton-lepton vertex are most strin-

gently constrained by the three-body charged lepton decays, while Cfi
γ = cWCfi

eB − sWCfi
eW is best

restricted by the radiative lepton decays. Henceforth, as a first approximation one can obtain the

approximate bounds on Cfi
γ from the experimental upper limits on Br[ℓi → ℓfγ], assuming that all
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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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B. Decay ℓi → ℓjℓk ℓ̄k

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
ϕℓ + C(3)ji

ϕl

)

+ Cjikk
ℓℓ

CV RR = 2s2WCji
ϕe + Cjikk

ee

CV LR = 2s2W

(

C(1)ji
ϕℓ + C(3)ji

ϕℓ

)

+ Cjikk
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CV RL = (2s2W − 1)Cji
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CSLR = −2Cjkki
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γ

CγR =
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The experimental bounds on these decays are given in Table VII. Their current sensitivities are not

as good as for the other lepton flavor violating decays but a future linear collider could significantly

improve them [63]. Note that theoretical prediction in Eq. (V.1) is for the decay Z0 → ℓ−f ℓ
+
i or

Z0 → ℓ+f ℓ
−
i while the experimental values are for the sum Z0 → ℓ−f ℓ

+
i + ℓ−i ℓ

+
f . Therefore, Eq. (V.1)

must be multiplied by a factor of 2 in order to compare it to the experimental values.

Process Experimental bound

Br
[

Z0 → µ±e∓
]

1.7× 10−6 [64]

Br
[

Z0 → τ±e∓
]

9.8× 10−6 [64]

Br
[

Z0 → τ±µ∓
]

1.2× 10−5 [64]

TABLE VII: Experimental upper limits (95 % CL) on the lepton flavor violating Z0 decay rates.

VI. NUMERICAL ANALYSIS

In the absence of fine-tuning and accidental cancellations the Wilson coefficients of the flavor

changing 4-lepton operators and of the flavor changing Z0-lepton-lepton vertex are most strin-

gently constrained by the three-body charged lepton decays, while Cfi
γ = cWCfi

eB − sWCfi
eW is best

restricted by the radiative lepton decays. Henceforth, as a first approximation one can obtain the

approximate bounds on Cfi
γ from the experimental upper limits on Br[ℓi → ℓfγ], assuming that all
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• 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:
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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

Jenkins Manohar Trott ’13 (x2); Alonso et al. ‘13
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The RGEs for the dim-6 operators involving leptons are
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This set of WCs controls Higgs and Z boson decays to leptons, as well as charged lepton decays
into three leptons, and corrections to GF universality. For 2q2` WCs, the RGEs read
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which are relevant to estimate µ ! e conversion on nuclei. For operators with Higgs and quark
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This set of WCs controls Higgs and Z boson decays to leptons, as well as charged lepton decays
into three leptons, and corrections to GF universality. For 2q2` WCs, the RGEs read
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which are relevant to estimate µ ! e conversion on nuclei. For operators with Higgs and quark
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4 leptons operators 
induced at 1 loop
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• 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:
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µe : µ ! e�, µ ! eee, µ ! e in nuclei

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

(ii) Matching at mZ to the low-energy EFT :                                       . 
(i.e. integrating out Higgs & EW gauge bosons)

Figure 2: Relevant diagrams for the one-loop matching of the operator Q(3)
Hl , in the seesaw EFT above

mW , onto the operator Oe� , in the EFT below mW . The shaded triangle vertex stands for the Q(3)
Hl com-

ponent g2hH0H0i⌫ /W
+
PLe. The wavy (arrow) lines in the loops stand for W bosons (active neutrinos).

Let us begin with operators with four charged leptons, which in the seesaw receive contri-
butions from Eqs. (10)–(13). The matching conditions at µ = mW read
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where sw is the sinus of the weak mixing angle. Note that these equations do not involve
[CHl(1) � CHl(3)], therefore all these WCs are loop suppressed.

The operators with two charged leptons and two quarks, relevant for µ ! e conversion in
nuclei, match according to
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where x, y, w, z are quark mass eigenstate indices, and in Eqs. (15)-(18) we chose a basis where
Yd = diag(yd, ys, yb) and Yu = diag(yu, yc, yt)V , with V the CKM matrix. Even this set of WCs

does not depend on the combination [C(1)

Hl � C
(3)

Hl ], so they all vanish at tree-level.
We will generally ignore operators involving neutrinos, which are typically less constrained

(for a detailed discussion and special cases see e.g. [42–45]). One exception is the operator
OV,LL

⌫e , which corrects µ and ⌧ beta-decays and is induced at tree-level. Its matching reads
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where we neglected subdominant loop-level contributions. This is relevant to test the universality
of the Fermi coupling, see section 3.3.3.

Finally, the electromagnetic dipole operator, Oe�,↵� ⌘ eL↵�µ⌫eR�F
µ⌫v/

p
2, receives contri-

butions both from CeB,eW and from one-loop matching at the electroweak scale,
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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

OA,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.

8

e.g. Jenkins Manohar Stoffer ’17; Davidson ’16; Coy Frigerio ’18; …

e.g.

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

e.g. Crivellin Davidson Pruna Signer ’17; Jenkins Manohar Stoffer ’17

(iv) Compute the low-energy observables
Celis Cirigliano Passemar ’13; Crivellin at al.’13; Pruna Signer ’14; Crivellin at al. ’17; Aebischer et al. ’18; …
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Present/future limits on LFV muon decays
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Present/future limits on LFV tau decays

Upper limits at (Super) B factories

21
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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⌧ ! `P
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if dominant LFV effects stem from CeB, CeW :

Dipole operators can not play a major role, as they directly contribute to
<latexit sha1_base64="Dj69CjniyH+Yyo9yRfTzRTmp1WE=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVEFF0W3bisYB/QxDKZ3rRDZ5IwMxFKqBt/xY0LRdz6F+78GydtFtp64HIP59zLzD1BwpnSjvNtlZaWV1bXyuuVjc2t7R17d6+l4lRSaNKYx7ITEAWcRdDUTHPoJBKICDi0g9F17rcfQCoWR3d6nIAvyCBiIaNEG6lnH3jAuafjvN17iWQCvAERgvTsqlNzpsCLxC1IFRVo9Owvrx/TVECkKSdKdV0n0X5GpGaUw6TipQoSQkdkAF1DIyJA+dn0ggk+Nkofh7E0FWk8VX9vZEQoNRaBmRRED9W8l4v/ed1Uh5d+xqIk1RDR2UNhyrGOcR4H7jMJVPOxIYRKZv6K6ZBIQrUJrWJCcOdPXiSt05p7XnNuz6r1qyKOMjpER+gEuegC1dENaqAmougRPaNX9GY9WS/Wu/UxGy1Zxc4++gPr8wcN/5dG</latexit>

` ! `0�
<latexit sha1_base64="VOaNlYFmtwf43lRxiDVRKnoTKJc="></latexit>

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)

<latexit sha1_base64="v14nIJ0g7lGg2dhyLghQvYkQgJo="></latexit>

BR(⌧ ! e�) . 3.3⇥ 10�8 [BaBar ’10] ) BR(Z ! ⌧e) . 10�14 � 10�13

<latexit sha1_base64="SpjOKEN5AjZ2ZkdrnpPEnZ2G1Cw="></latexit>

BR(⌧ ! µ�) . 4.4⇥ 10�8 [BaBar ’10] ) BR(Z ! ⌧µ) . 10�14 � 10�13

<latexit sha1_base64="tamrgCn0mb9TmQPXXqA+0i8h73k="></latexit>

BR(µ ! e�) . 4.2⇥ 10�13 [MEG ’16] ) BR(Z ! eµ) . 10�22 � 10�21

Let’s start switching on only one operator at the time at the scale 𝚲
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above refs + Wilson (Aebischer Kumar Straub ’18) and Flavio (Straub ’18) packages

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) . 3.7⇥ 10�13 µ ! eee

(�†i
$
Dµ �)(ēL�µ⌧L) BR(Z ! ⌧e) . 8.5⇥ 10�8 ⌧ ! ⇢ e

(�†i
$
Dµ �)(µ̄L�µ⌧L) BR(Z ! ⌧µ) . 6.6⇥ 10�8 ⌧ ! ⇢µ

(�†i
$
D I

µ �)(ēL⌧I�µµL) BR(Z ! µe) . 3.7⇥ 10�13 µ ! eee

(�†i
$
D I

µ �)(ēL⌧I�µ⌧L) BR(Z ! ⌧e) . 8.5⇥ 10�8 ⌧ ! ⇢ e

(�†i
$
D I

µ �)(µ̄L⌧I�µ⌧L) BR(Z ! ⌧µ) . 6.6⇥ 10�8 ⌧ ! ⇢µ

(�†i
$
Dµ �)(ēR�µµR) BR(Z ! µe) . 6.5⇥ 10�12 µ ! eee

(�†i
$
Dµ �)(ēR�µ⌧R) BR(Z ! ⌧e) . 9.8⇥ 10�8 ⌧ ! ⇢ e

(�†i
$
Dµ �)(µ̄R�µ⌧R) BR(Z ! ⌧µ) . 7.6⇥ 10�8 ⌧ ! ⇢µ

1

<latexit sha1_base64="R9o010XDDwbTKs0GP0C+Jg9z3n4=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0Wol5KIoseCF48t2A9oY9hsN+3SzSbsbsQS8le8eFDEq3/Em//GbZuDtj4YeLw3w8y8IOFMacf5ttbWNza3tks75d29/YND+6jSUXEqCW2TmMeyF2BFORO0rZnmtJdIiqOA024wuZ353UcqFYvFvZ4m1IvwSLCQEayN5NuV1kNWc89zPxs0x2xAOc99u+rUnTnQKnELUoUCTd/+GgxjkkZUaMKxUn3XSbSXYakZ4TQvD1JFE0wmeET7hgocUeVl89tzdGaUIQpjaUpoNFd/T2Q4UmoaBaYzwnqslr2Z+J/XT3V442VMJKmmgiwWhSlHOkazINCQSUo0nxqCiWTmVkTGWGKiTVxlE4K7/PIq6VzU3au607qsNhpFHCU4gVOogQvX0IA7aEIbCDzBM7zCm5VbL9a79bFoXbOKmWP4A+vzB01Zk/c=</latexit>

Q(1)
�`

<latexit sha1_base64="98J4rBxG76MSL+JAHVsi63MqWOc=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBahbkriA10W3LhswT6giWEynbRDJw9mJmIJ+RU3LhRx64+482+ctllo64ELh3Pu5d57/IQzqSzr2yitrW9sbpW3Kzu7e/sH5mG1K+NUENohMY9F38eSchbRjmKK034iKA59Tnv+5Hbm9x6pkCyO7tU0oW6IRxELGMFKS55ZbT9k9Yuz3Muc1pg5lPPcM2tWw5oDrRK7IDUo0PLML2cYkzSkkSIcSzmwrUS5GRaKEU7zipNKmmAywSM60DTCIZVuNr89R6daGaIgFroihebq74kMh1JOQ193hliN5bI3E//zBqkKbtyMRUmqaEQWi4KUIxWjWRBoyAQlik81wUQwfSsiYywwUTquig7BXn55lXTPG/ZVw2pf1prNIo4yHMMJ1MGGa2jCHbSgAwSe4Ble4c3IjRfj3fhYtJaMYuYI/sD4/AFQe5P5</latexit>

Q(3)
�`

<latexit sha1_base64="mq/LlVsmeraZUxJL4h595AP5zOE=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseCF48t2A9sQ9lsJ+3SzSbsboQS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FjpsTnI+o0xJzgblCtu1V2ArBMvJxXI0RiUv/rDmKURSsME1brnuYnxM6oMZwJnpX6qMaFsQkfYs1TSCLWfLS6ekQurDEkYK1vSkIX6eyKjkdbTKLCdETVjverNxf+8XmrCWz/jMkkNSrZcFKaCmJjM3ydDrpAZMbWEMsXtrYSNqaLM2JBKNgRv9eV10r6qerWq27yu1Ot5HEU4g3O4BA9uoA730IAWMJDwDK/w5mjnxXl3PpatBSefOYU/cD5/ABvUkIo=</latexit>

Q�e



Λ = � ���
�� (� → �τ ) = ��-�

�� (� → �τ ) = ��-�

�� (� → �τ ) = ��-�

�� (� → �τ ) = ��-��
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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

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

<latexit sha1_base64="9L+u0TrdxrKCS8q+ua1vHiJSuZU=">AAAB/3icbVC7SgNBFJ31GeNrVbCxGQyCVdgVRRshYGNhESEvSJYwO7lJhsw+mLkrhjWCv2JjoYitv2Hn3zhJttDEAwOHc87l3jl+LIVGx/m2FhaXlldWc2v59Y3NrW17Z7emo0RxqPJIRqrhMw1ShFBFgRIasQIW+BLq/uBq7NfvQGkRhRUcxuAFrBeKruAMjdS291s3Jtxh9JK6jy2Ee0wrUBu17YJTdCag88TNSIFkKLftr1Yn4kkAIXLJtG66ToxeyhQKLmGUbyUaYsYHrAdNQ0MWgPbSyf0jemSUDu1GyrwQ6UT9PZGyQOth4JtkwLCvZ72x+J/XTLB74aUijBOEkE8XdRNJMaLjMmhHKOAoh4YwroS5lfI+U4yjqSxvSnBnvzxPaidF96zo3J4WSqWsjhw5IIfkmLjknJTINSmTKuHkgTyTV/JmPVkv1rv1MY0uWNnMHvkD6/MHCxCVeg==</latexit>

⇤ = 1 TeV

currently 
allowed region

expected Belle-II bound



Λ = � ���
�� (� → τ� ) = ��-�
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<latexit sha1_base64="9L+u0TrdxrKCS8q+ua1vHiJSuZU=">AAAB/3icbVC7SgNBFJ31GeNrVbCxGQyCVdgVRRshYGNhESEvSJYwO7lJhsw+mLkrhjWCv2JjoYitv2Hn3zhJttDEAwOHc87l3jl+LIVGx/m2FhaXlldWc2v59Y3NrW17Z7emo0RxqPJIRqrhMw1ShFBFgRIasQIW+BLq/uBq7NfvQGkRhRUcxuAFrBeKruAMjdS291s3Jtxh9JK6jy2Ee0wrUBu17YJTdCag88TNSIFkKLftr1Yn4kkAIXLJtG66ToxeyhQKLmGUbyUaYsYHrAdNQ0MWgPbSyf0jemSUDu1GyrwQ6UT9PZGyQOth4JtkwLCvZ72x+J/XTLB74aUijBOEkE8XdRNJMaLjMmhHKOAoh4YwroS5lfI+U4yjqSxvSnBnvzxPaidF96zo3J4WSqWsjhw5IIfkmLjknJTINSmTKuHkgTyTV/JmPVkv1rv1MY0uWNnMHvkD6/MHCxCVeg==</latexit>

⇤ = 1 TeV

<latexit sha1_base64="J9UNyxelzHhoELMONGBE3vYeOGM=">AAACH3icbVDLSgMxFM3UV62vUZdugkVoN2VGfC0Lblx0UcE+oDMMd9K0DU1mhiQjlNI/ceOvuHGhiLjr35i2s9C2By6cnHMvufeECWdKO87Uym1sbm3v5HcLe/sHh0f28UlTxakktEFiHst2CIpyFtGGZprTdiIpiJDTVji8n/mtZyoVi6MnPUqoL6AfsR4joI0U2DclLwSJaVDDXh+EgMATKfY0pEGtjNea5lkO7KJTcebAq8TNSBFlqAf2j9eNSSpopAkHpTquk2h/DFIzwumk4KWKJkCG0KcdQyMQVPnj+X0TfGGULu7F0lSk8Vz9OzEGodRIhKZTgB6oZW8mrvM6qe7d+WMWJammEVl81Es51jGehYW7TFKi+cgQIJKZXTEZgASiTaQFE4K7fPIqaV5W3OuK83hVrFazOPLoDJ2jEnLRLaqiB1RHDUTQC3pDH+jTerXerS/re9Gas7KZU/QP1vQXskGg5g==</latexit>

(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 operator → cancellations are possible 
for some observables



Λ = � ���
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<latexit sha1_base64="9L+u0TrdxrKCS8q+ua1vHiJSuZU=">AAAB/3icbVC7SgNBFJ31GeNrVbCxGQyCVdgVRRshYGNhESEvSJYwO7lJhsw+mLkrhjWCv2JjoYitv2Hn3zhJttDEAwOHc87l3jl+LIVGx/m2FhaXlldWc2v59Y3NrW17Z7emo0RxqPJIRqrhMw1ShFBFgRIasQIW+BLq/uBq7NfvQGkRhRUcxuAFrBeKruAMjdS291s3Jtxh9JK6jy2Ee0wrUBu17YJTdCag88TNSIFkKLftr1Yn4kkAIXLJtG66ToxeyhQKLmGUbyUaYsYHrAdNQ0MWgPbSyf0jemSUDu1GyrwQ6UT9PZGyQOth4JtkwLCvZ72x+J/XTLB74aUijBOEkE8XdRNJMaLjMmhHKOAoh4YwroS5lfI+U4yjqSxvSnBnvzxPaidF96zo3J4WSqWsjhw5IIfkmLjknJTINSmTKuHkgTyTV/JmPVkv1rv1MY0uWNnMHvkD6/MHCxCVeg==</latexit>

⇤ = 1 TeV

<latexit sha1_base64="J9UNyxelzHhoELMONGBE3vYeOGM=">AAACH3icbVDLSgMxFM3UV62vUZdugkVoN2VGfC0Lblx0UcE+oDMMd9K0DU1mhiQjlNI/ceOvuHGhiLjr35i2s9C2By6cnHMvufeECWdKO87Uym1sbm3v5HcLe/sHh0f28UlTxakktEFiHst2CIpyFtGGZprTdiIpiJDTVji8n/mtZyoVi6MnPUqoL6AfsR4joI0U2DclLwSJaVDDXh+EgMATKfY0pEGtjNea5lkO7KJTcebAq8TNSBFlqAf2j9eNSSpopAkHpTquk2h/DFIzwumk4KWKJkCG0KcdQyMQVPnj+X0TfGGULu7F0lSk8Vz9OzEGodRIhKZTgB6oZW8mrvM6qe7d+WMWJammEVl81Es51jGehYW7TFKi+cgQIJKZXTEZgASiTaQFE4K7fPIqaV5W3OuK83hVrFazOPLoDJ2jEnLRLaqiB1RHDUTQC3pDH+jTerXerS/re9Gas7KZU/QP1vQXskGg5g==</latexit>

(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 operator → cancellations are possible 
for some observables

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 CS LL
µµ and CV 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 CS 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 CS 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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⇤ = 1 TeV

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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LFU current:

Λ = � ���
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⇤ = 1 TeV

RH operators

Λ = � ���
�� (� → τ� ) = ��-�
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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 ?
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$
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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(ēR�µ⌧R)(ēR�µeR)
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Preliminary results: systematical study on the way… 

                            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

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

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 the CEPC 
(and complementarity with B-factory searches)



谢谢⼤家! 

Thank you!


