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Why flavour?



3 fermion generations (or families) Hierarchical fermion masses

see e.g. J. Zupan’s review arXiv:1903.05062

You are here (why?) (why?)
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The flavour puzzle

https://arxiv.org/abs/1903.05062


The flavour puzzle

courtesy of O. Sumensari

(even w/o considering neutrinos)
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Why is Flavour Physics important?

SM flavour puzzle We need to find the 
scale of New Physics!

• Why three families?


• Why the hierarchies?

• LHC found a SM-like Higgs


• No sign of new phenomena
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Why flavour?



Do we really need New Physics?

• Hierachy Problem (?)


• Dark Matter/Dark Energy


• Inflation


• Neutrino masses 


• Baryon asymmetry


• Origin of flavour hierarchies

... 

Why flavour?
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• Hierachy Problem (?) → TeV-scale New Physics?


• Dark Matter/Dark Energy


• Inflation


• Neutrino masses → see-saw?


• Baryon asymmetry → new sources of CPV? leptogenesis?


• Origin of flavour hierarchies → symmetries of flavour?

... 

Testable through hadronic/leptonic flavour/CP violation?
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Why flavour?

Do we really need New Physics?



Probing very high energies
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Sensitivity to new physics scale

Physics Briefing Book ESPPU 2020

https://arxiv.org/abs/1910.11775


Tera Z as a flavour factory

Warning: here we focus on the CEPC,  

but everything applies to the FCC-ee too!



CEPC flavour white paper
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Thanks to Wang Yuexin

for the cover design!

Recent cover story 

(and editors suggestion)


on CPC



CEPC flavour white paper
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You can find it here:

arXiv:2412.19743 [hep-ex]

Chinese Phys. C 49 103003   

~150 authors/endorsers

~80 institutions

~70 pages (+biblio)

https://arxiv.org/abs/2412.19743
https://iopscience.iop.org/article/10.1088/1674-1137/adf1f0


CEPC flavour white paper
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You can find it here:

arXiv:2412.19743 [hep-ex]   

~150 authors/endorsers

~80 institutions

~70 pages (+biblio)

https://arxiv.org/abs/2412.19743


CEPC flavour white paper
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You can find it here:

arXiv:2412.19743 [hep-ex]   

~150 authors/endorsers

~80 institutions

~70 pages (+biblio)

A vast subject: today, I can only mention 

a few selected topics (guided by personal bias)

https://arxiv.org/abs/2412.19743


CEPC as a Tera Z factory
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The Z-peak run is expected to deliver a few ×1012 visible Z decays

Operation mode Z factory WW threshold Higgs factory tt̄
p
s (GeV) 91.2 160 240 360

Run time (year) 2 1 10 5

Instantaneous luminosity

(1034cm�2s�1, per IP)
191.7 26.7 8.3 0.83

Integrated luminosity

(ab�1, 2 IPs)
100 6.9 21.6 1

Event yields 4.1⇥ 1012 2.1⇥ 108 4.3⇥ 106 0.6⇥ 106

Table 1: Nominal CEPC operation scheme of four di↵erent modes. See [1, 3] for details.

Flavor physics, as a well-developed area within particle physics, has contributed sub-

stantially to the establishment of the Standard Model (SM) over recent decades. This was

achieved through the examination of the properties of SM fermion flavors in a myriad of

experiments, yielding significant findings and discoveries. The CEPC can serve as a flavor

factory, and its flavor physics program enhances the CEPC’s overarching physics objec-

tives. The flavor sector provides substantial motivations for the CEPC operation, given

the existing multitude of unknowns within the SM and beyond.

Understanding the flavor physics potential of the CEPC is not an isolated field of

study, as it also influences other primary fields of explorations at the CEPC, including

Higgs physics, EW precision observables (EWPOs), QCD, and Beyond the Standard Model

(BSM) physics. For instance, within the SM the fermion mixing, specifically the Cabibbo-

Kobayashi-Maskawa (CKM) matrix [4, 5] and its hierarchical structure, originates from

the Yukawa couplings of the Higgs field to the fermion gauge eigenstates. While some of

the diagonal Yukawa couplings will be pinned down by the direct Higgs measurements at

CEPC [6], studying the origin of the o↵-diagonal flavor mixing terms and their CP -violating

phases remains mainly within the realm of flavor physics. Conversely, while most heavy-

flavored particles decay via EW transitions at the tree level, many rare processes are only

induced by EW one-loop e↵ects, such as Flavor-Changing-Neutral-Current (FCNC) transi-

tions. Their measurements may also serve as alternative tests of the EW sector at an energy

scale lower than Z-pole measurements. Meanwhile, many EWPOs necessitate precise fla-

vor tagging and high-precision reconstruction, e.g., the forward-backward asymmetry of

charm and bottom quarks. Furthermore, most flavor physics studies involve QCD since all

quarks are colored and ⌧ leptons can decay to hadronic final states. In fact, most flavor

physics studies rely on the theory of QCD, both perturbatively and non-perturbatively, to

provide insights into the corresponding production, spectroscopy, and decays of hadronic

states. In turn, the plethora of flavor measurements could provide crucial inputs to, and

calibration of, QCD theory in multiple ways. It is also noteworthy that flavor physics pro-

vides a set of probes sensitive to BSM physics. For instance, the decay of a heavy-flavored

fermion is suppressed by EW scale, G2
F
m4

f
. 10�7, and consequently f becomes long-lived.

Such a narrow width makes it possible to reveal even small BSM e↵ects, which are not

easily observable otherwise. Finally, the ambitious goals of flavor physics studies motivate
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Nominal operation scheme (50 MW) as in the CEPC Accelerator TDR:

https://arxiv.org/abs/2312.14363


Tera Z as a Flavour Factory
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Plenty of flavour physics opportunities from Z → bb, Z → cc, Z → 𝜏𝜏

Particle BESIII Belle II (50 ab�1 on ⌥(4S)) LHCb (300 fb�1) CEPC (4⇥Tera-Z)

B0, B̄0 - 5.4⇥ 1010 3⇥ 1013 4.8⇥ 1011

B± - 5.7⇥ 1010 3⇥ 1013 4.8⇥ 1011

B0
s , B̄

0
s - 6.0⇥ 108 (5 ab�1 on ⌥(5S)) 1⇥ 1013 1.2⇥ 1011

B±
c - - 1⇥ 1011 7.2⇥ 108

⇤0
b
, ⇤̄0

b
- - 2⇥ 1013 1⇥ 1011

D0, D̄0 1.2⇥ 108 4.8⇥ 1010 1.4⇥ 1015 8.3⇥ 1011

D± 1.2⇥ 108 4.8⇥ 1010 6⇥ 1014 4.9⇥ 1011

D±
s 1⇥ 107 1.6⇥ 1010 2⇥ 1014 1.8⇥ 1011

⇤±
c 0.3⇥ 107 1.6⇥ 1010 2⇥ 1014 6.2⇥ 1010

⌧+⌧� 3.6⇥ 108 4.5⇥ 1010 1.2⇥ 1011

Table 2: Expected yields of b-hadrons, c-hadrons, and ⌧ leptons at BESIII, Belle II,

LHCb Upgrade II, and CEPC (4⇥Tera-Z, namely 4 ⇥ 1012 Z bosons). For b- and c-

hadrons, their yields include both charge conjugates, while the yield of ⌧ leptons refers

to the ⌧�⌧+ events, namely the number of ⌧ pairs. We take the cross sections for bb̄

and cc̄ productions at center-of-mass energies corresponding to ⌥(4S) and ⌥(5S) from

Ref. [7], and of the b quark productions within LHCb detectors’ acceptance from Ref. [8].

To estimate the production fractions of B0 and B± at LHCb, we utilize the B0
s and ⇤0

b

production fractions in Ref. [9] and assume fu + fd + fs + fbaryon = 1, with fu = fd, and

f⇤0

b
= fbaryon. For Z decays, the production fractions of B0, B±, B0

s , and ⇤0
b
are presented

in Ref. [10]. The Bc meson production fraction at LHCb is taken from Ref. [11], while its

production fraction at the Z pole (including the contribution from B⇤
c decays) is taken from

Ref. [12]. For inclusive charm meson productions at the Z pole, including the contribution

from b-hadron decays, see Refs. [13–17]. The yields of ⌧ leptons at the CEPC are rescaled

from Ref. [2].

developments on the instrumentation frontier, demanding enhanced detector performance

in vertexing, tracking, particle identification (PID), and calorimetry.

The successful realization of the flavor physics program at the CEPC relies on a number

of key factors:

• An abundant luminosity of the data at the CEPC Z pole, which yields substantial

heavy flavor statistics. With a high integrated luminosity and the large cross section

�(e�e+ ! Z ! bb̄, cc̄, ⌧�⌧+), the Tera-Z will generate extensive statistics of heavy-

flavored hadrons and ⌧ leptons [2], rivaling other proposed flavor physics experiments.

This is demonstrated by the expected yields of b-hadrons in Belle II, LHCb and a

representative future Z factory, as listed in Table 2. The Tera-Z yields approximately

4.8 ⇥ 1011 B0/B̄0 or B± mesons, which is one order of magnitude larger than that

expected at Belle II [7]. Even though this yield is roughly two orders of magnitude

lower compared to that of LHCb, studies at the Tera-Z can benefit significantly from

the clean experimental environment and the precisely known center-of-mass energy.
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<latexit sha1_base64="fFpTxQ94yFAi4JjyVE/GPulX3Oc="></latexit>

BR(Z ! bb̄) ⇡ 15% , BR(Z ! cc̄) ⇡ 12% , BR(Z ! ⌧+⌧�) ⇡ 3%
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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, e.g., 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



What flavour physics can we study at a Tera Z?
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… in one word (almost) everything

precise measurements

[CKM UT angles, CPV…]

rare decays 

[(semi-)leptonic B decays…]

forbidden processes

[lepton flavour (universality) 

violation, lepton/baryon 

number violation…]

exotic hadrons

spectroscopy

tau physics

charm physics

flavour-violating

Z decays



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⌧⌧

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 huge new-physics enhancement (especially in theories 
preferably coupling to third generation fermions) 


• CEPC prospect:

updated from Li Lingfeng and Liu Tao '20

3-prong 𝜏 decays

Figure 16: Projected sensitivities of measuring the b ! s⌧⌧ [85], b ! s⌫⌫̄ [36, 86] and

b ! c⌧⌫ [39, 68] transitions at the Z pole. The sensitivities at Belle II @ 50 ab�1 [7, 87]

and LHCb Upgrade II [18, 57] have also been provided as a reference. Note that LHCb

sensitivities are generated by combining the analyses of ⌧+ ! ⇡+⇡�⇡�(⇡0)⌫ and ⌧ ! µ⌫⌫̄.

This plot is taken from Ref. [39], with additional b ! s⌫⌫̄ modes included.

Figure 17: Mass reconstruction for the signal b-mesons in the measurements of b ! s⌧⌧

at the Z pole, with ⌧± ! ⇡±⇡±⇡⌥⌫ [85]. LEFT: B0 ! K⇤0⌧�⌧+. RIGHT: B+ !
K+⌧�⌧+. The major backgrounds arise from the b ! c⌧⌫ and b ! ccs transitions and are

both reconstructed.

achieved by using the decay modes of ⌧± ! ⇡±⇡±⇡⌥⌫. Such a tracker-based scheme also

benefits from the particle kinematics at the Z pole. Due to their boost, the signal b hadrons

tend to travel further (compared to, e.g., Belle II) before their decay, which benefits the

relevant tracker measurements. The predominant backgrounds for these measurements are

the Cabibbo-favored b ! c+X processes. Recall that bothD± andD±
s mesons have masses

and lifetimes comparable to those of ⌧ leptons and thus may decay to a vertex of ⇡±⇡±⇡⌥

with extra particles. Therefore, they can fake the ⌧ leptons in the signal. In Figure 17

we demonstrate the mass reconstruction for the signal b-mesons in the measurements of

B0 ! K⇤0⌧⌧ and B+ ! K+⌧�⌧+ at the Z pole. These two channels involve the decay

of b-mesons into vector and pseudoscalar mesons respectively. They are sensitive to the

LEFT in approximately orthogonal ways and thus are complementary in probing NP [85].

As illustrated in Figure 16, the Tera-Z and 10⇥Tera-Z machines would be able to

measure the BRs of B0 ! K⇤0⌧�⌧+, B0
s ! �⌧�⌧+ and B+ ! K+⌧�⌧+ with an absolute

precision of O(10�7 � 10�6), as well as BR(B0
s ! ⌧�⌧+) with an absolute precision of
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b ! c⌧⌫ [39, 68] transitions at the Z pole. The sensitivities at Belle II @ 50 ab�1 [7, 87]

and LHCb Upgrade II [18, 57] have also been provided as a reference. Note that LHCb

sensitivities are generated by combining the analyses of ⌧+ ! ⇡+⇡�⇡�(⇡0)⌫ and ⌧ ! µ⌫⌫̄.

This plot is taken from Ref. [39], with additional b ! s⌫⌫̄ modes included.

Figure 17: Mass reconstruction for the signal b-mesons in the measurements of b ! s⌧⌧

at the Z pole, with ⌧± ! ⇡±⇡±⇡⌥⌫ [85]. LEFT: B0 ! K⇤0⌧�⌧+. RIGHT: B+ !
K+⌧�⌧+. The major backgrounds arise from the b ! c⌧⌫ and b ! ccs transitions and are

both reconstructed.

achieved by using the decay modes of ⌧± ! ⇡±⇡±⇡⌥⌫. Such a tracker-based scheme also

benefits from the particle kinematics at the Z pole. Due to their boost, the signal b hadrons

tend to travel further (compared to, e.g., Belle II) before their decay, which benefits the

relevant tracker measurements. The predominant backgrounds for these measurements are

the Cabibbo-favored b ! c+X processes. Recall that bothD± andD±
s mesons have masses

and lifetimes comparable to those of ⌧ leptons and thus may decay to a vertex of ⇡±⇡±⇡⌥

with extra particles. Therefore, they can fake the ⌧ leptons in the signal. In Figure 17

we demonstrate the mass reconstruction for the signal b-mesons in the measurements of

B0 ! K⇤0⌧⌧ and B+ ! K+⌧�⌧+ at the Z pole. These two channels involve the decay

of b-mesons into vector and pseudoscalar mesons respectively. They are sensitive to the

LEFT in approximately orthogonal ways and thus are complementary in probing NP [85].

As illustrated in Figure 16, the Tera-Z and 10⇥Tera-Z machines would be able to

measure the BRs of B0 ! K⇤0⌧�⌧+, B0
s ! �⌧�⌧+ and B+ ! K+⌧�⌧+ with an absolute

precision of O(10�7 � 10�6), as well as BR(B0
s ! ⌧�⌧+) with an absolute precision of
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Figure 15: Illustrative Feynman diagrams for the transition Hb ! Hs`+`�. UPPER:

SM examples. BOTTOM: BSM examples.

4 FCNC b-Hadron Decays

FCNC transitions are prohibited at tree level in the SM. While being enabled by EW

penguin or box diagrams (see Figure 15), these transitions are subject to a joint suppression

by o↵-diagonal CKM matrix elements and loop factors, and thus are rare. Because of

this feature, the FCNC processes emerge uniquely sensitive to weak NP e↵ects that may

otherwise evade detection. Given a relative deviation of �rare in signal rate from the SM

prediction, the energy scale probed can reach [82]
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for the b ! s and b ! d transitions, respectively. Notably, while the FCNC processes are

rarer than the FCCC ones in the SM, ⇤rare
NP can be comparable to, or even higher than,

⇤SL
NP as long as �rare . 100�SL is achieved.

Similar to the b ! c`⌫ transitions investigated in Section 3, we have the dimension-6

LEFT Hamiltonian to parametrize the b ! s transitions:

He↵
b!s

= �4GFp
2
VtbV

⇤

ts

↵

4⇡

X

j

(CjOj + C 0

jO
0

j) + (CLOL + CROR) + h.c., (4.3)
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CEPC bounds on new physics contributions:

Figure 18: Marginalized constraints on the Wilson coe�cients of b ! s⌧⌧ LEFT (vector

current only) at the CEPC, with �C⌧

9 = C⌧

9 � C⌧

9,SM and �C⌧

10 = C⌧

10 � C⌧

10,SM. This plot

is adapted from Ref. [85].

O(10�6 � 10�5). In comparison, Belle II and LHCb either have no sensitivity to these

measurements or can only yield a sensitivity that is one to two orders of magnitude weaker.

With the baseline luminosity, this indicates that the CEPC will be able to identify ⇠
O(1) deviations from the SM predictions. These measurements can be further applied to

probe the b ! s⌧⌧ LEFT operators. Figure 18 shows the marginalized constraints on the

corresponding Wilson coe�cients in the presence of the vector-mediated operators only.

In spite of this progress, the study of FCNC b rare decays at CEPC should be ex-

tended in multiple directions. Firstly, the CEPC constraints on the LEFT operators in

Eq. (4.3) should be improved. Currently, the sensitivity to BR(Bs ! ⌧�⌧+) is too weak

to probe unconstrained parameter space. BR(B0 ! K⇤0⌧�⌧+) and BR(B0
s ! �⌧�⌧+) are

both pseudoscalar to vector transitions and have a similar dependence on the NP param-

eters. This leaves a few directions poorly constrained in the LEFT parameter space. To

improve the constraints on the relevant LEFT coe�cients, one can consider: (i) introduc-

ing di↵erential observables, such as forward-backward asymmetry and ⌧ polarimetry [88];

and (ii) incorporating b ! s⌧⌧ transitions of di↵erent nature, such as the baryonic decay

⇤b ! ⇤⌧�⌧+. Interestingly, within the context of an SU(2)L-invariant EFT, sizable NP

contributions to the b ! s⌧⌧ transitions are often accompanied with large e↵ects on the

left-handed vector current NP operators that contribute to the LFU observables R
D(⇤) ,

which currently exhibit some tension with the SM predictions [89, 90].

A second area of improvement would be to advance the study on LFU tests at the

CEPC. The CEPC analysis in Ref. [85] focuses on the di-⌧ mode of b ! s transitions. To

paint a full picture in this context, it is of high value to extend the analysis to b ! s``.

The measurements of, e.g., R
K(⇤) , RpK [91], R� [92], Rf

0

2
(1525) [92] and even R⇤ could

provide important insights regarding LFU. For some of these measurements, the systematic

uncertainties induced by PID could be dominant. The superior electron- and muon-ID

capabilities of future detectors are anticipated to o↵er an edge over LHCb. Notably, the

luminosity advantage of the CEPC in measuring the b ! s⌧⌧ transitions could be extended

to ultra-rare channels such as B0
s ! µ+µ�. The measurement of BR(B0

s ! µ+µ�) in the
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→ sensitivity to new physics scales up to ~ 10 TeV
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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
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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

Li et al. '22
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Bs ! �⌫⌫

Figure 20: LEFT: Relative precision for measuring the signal strength of B0
s ! �⌫⌫̄ at

Tera-Z, as a function of its BR. RIGHT: Constraints on the LEFT coe�cients CNP
L

⌘
CL�CSM

L
and CR with the measurements of the overall B0

s ! �⌫⌫̄ decay rate (green band)

and the � polarization FL (orange regions). These plots are taken from Ref. [36].

as shown in the left panel of Figure 20. Particularly, with a high signal-to-background ratio

of ' 77%, the robustness of this measurement against potential systematic uncertainties

is largely assured. This study has also shown that the constraints obtained from this

measurement can contribute pivotally to the global determination of NP e↵ects, e.g., the

ones encoded in the LEFT, (see the right panel of Figure 20).

In addition to the B0
s ! �⌫⌫̄ decay, there exist a set of other physical processes that

can be applied to study the b ! s⌫⌫̄ transitions at the CEPC, for example B+ ! K+⌫⌫̄,

B+ ! K+⇤⌫⌫̄, and B0 ! K0⇤⌫⌫̄. Interestingly, the Belle II collaboration has recently

performed a search for the rare B+ ! K+⌫⌫̄ decay using an inclusive tagging approach,

and obtained a branching fraction of (2.7 ± 0.7) ⇥ 10�5 [100], with a significance of 3.5

standard deviation with respect to the background-only hypothesis. This measurement

also shows a 2.9 standard deviation departure from the SM expectation [101, 102]. The

expected sensitivity of the branching ratios for B ! K(⇤)⌫⌫̄ with 50 ab�1 by combining

the charged and neutral B decay modes are of the order of 10% [87]. Yet, by leveraging its

advantages in reconstructing the missing energy and producing the b-hadrons, the CEPC

may push this precision to a much higher level. Such expectations have been confirmed by

a recent study at FCC-ee [86].

Furthermore, probes of other decay modes involving long-lived s-hadrons, such as

B0 ! K0
S
⌫⌫̄, ⇤b ! ⇤⌫⌫̄ and ⌅±

b
! ⌅±⌫⌫̄ could also help pin down the b ! s⌫⌫̄ transition.

The decays of the intermediate neutral particles in general give rise to vertices with a dis-

placement of O(10) cm. Therefore the precision of these channels highly depends on the

reconstruction and resolution of these significantly displaced vertices. From a preliminary

estimate [103], it is possible to achieve an 80% reconstruction e�ciency for the K0
S
and

⇤ vertices at a CEPC environment, opening up the opportunity to perform a combined

constraint of bs⌫⌫̄ e↵ective interactions with all the aforementioned decay modes. In par-

ticular, the baryonic processes such as ⇤b ! ⇤⌫⌫̄ and ⌅±

b
! ⌅±⌫⌫̄ are unique opportunities
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• Similar precision is expected for the other b → s𝜈𝜈 modes Ahmis et al. (FCC-ee) '23
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Bc ! ⌧⌫

• Key observable to test possible LFU 
anomalies in charged-current B decays


• SM prediction for the BR ~ 2%, beyond 
the reach of LHCb

Alonso et al. '16

• Tera Z could measure it with percent 
accuracy (hence providing a percent 
level measurement of Vcb)

Zheng et al. '20

Taifan Zheng et al.: Analysis of Bc ! tnt at CEPC 7

Table 2: The cut chain for the muon final state for 109
Z bosons. The numbers in the parentheses and the star at the final row

have the same meaning as in Table 1.

B
±
c ! tnt (0.013) B

± ! tnt (0.013)
dd(15) +uu(12) + ss(15) cc(4.8) bb(3.25)t ! µnn excl. t ! µnn t ! µnn excl. t ! µnn

All events 2,250 10,745 2,213 10,698 419,928,342 119,954,033 151,286,603
b-tag > 0.6 1,576 7,499 1,505 7,199 2,134,617 7,344,014 116,723,067

Energy asymmetry
> 10 GeV 1,387 6,222 1,348 5,848 486,762 1,609,771 30,064,030

Has Muon in
signal hemisphere 1,175 2,204 1,168 2,233 244,752 813,083 19,569,212

Muon is the most
energetic particle 882 222 838 171 9,777 89,290 4,943,760

EB > 20 GeV 877 216 832 166 1,713 39,583 3,516,717
1

st
BDT score > 0.99 394 48 306 28 — 76 1,125

2
nd

BDT score > 0.4 192 13 68 5 — 76? 59

where NS and NB denote the number of signal and background
events that pass all selection cuts, respectively. For the electron
final states, we have s(µe)/µe = 9.7%. We can repeat the en-
tire process for the muon final state. Here we will include the
non-muon t decay channels in the second BDT since the num-
bers of events are significantly larger. The results are shown
in Table 2, and s(µµ)/µµ = 10.6%. Combining the two final
states, we have s(µ)/µ = 7.2%. It is now straightforward to
calculate the s(µ)/µ for both B

+
c
/B

+ ! t+nt at Tera-Z at var-
ious RBc/B. For the B ! tn ,t ! e/µnn analysis, all we need
to do is repeating the second BDT after switching the signal
and background status between it and the Bc. Figure 9 shows
their relationship with RBc/B. Here, the yield N(B± ! t+nt) is
fixed at 1.3⇥104 per one billion Z. The projected s(µ)/µs at
Tera-Z are around O(0.1)⇠ O(1)% level for both B

+
c
! t+nt

and B
+ ! t+nt . At the RBc/B value given in Eq. (2), where

the yield N(B±
c
! t+nt) is around 3.6⇥103 per one billion Z,

we need around 109
Z boson decays to achieve five s signifi-

cance. In Sect. 2 we have discussed the |Vcb| measurement and
with current results we argue that the accuracy could reach up
to O(1)% level with certain improvements.

4.3 Phenomenological Impact on New Physics

As we have shown in Sec. 2, based on the current results on NP
in b ! ctn , the G (B+

c
! t+nt) tends to deviate from SM pre-

dictions, but the statistical importance is not significant. From
Fig. 9, one can see that at CEPC the s(µ)/µ for B

+
c
! t+nt

can reach about 1% level. This includes the constraint in both
the production of B

+
c

and the decay into t+nt . If the production
mechanism is well understood, the result on s(µ)/µ would
also imply that the uncertainties in G (B+

c
! t+nt) are reduced

to the percent level. On the other side, in the future one can also
use the B(B+

c
! J/yp+) as a calibration mode. In theory the

Lattice QCD can calculate the Bc ! J/y transition form fac-
tors while the perturbative contributions are well under control
in perturbation theory.

One can use such results on G (B+
c
! t+nt) to probe NP to

a high precision. In Fig. 10, we show the constraints on Re[CV2 ]
and Im[CV2 ]. If the central values in Eq. (9) remain the same
while the uncertainty in G (B+

c
! t+nt) is reduced to 1%, the
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Fig. 9: s(µ)/µ at Tera-Z versus RBc/B. The estimated range of
RBc/B in Eq. (2) is shown in red band. Be reminded that the

actual uncertainty is larger since we lack uncertainty for
B(Z ! B

±
c

X).

allowed region for CV2 shrinks as the dark-blue region, where
the deviation from the SM is greatly enhanced.

Similar results can be obtained for NP coefficients CS1 and
CS2 , but as we have demonstrated in Sec. 2, both scenarios will
induce dramatic changes to G (B+

c
! t+nt). These NP effects

are so large that they would already be verified or ruled out
before entering into the very precision era of the CEPC. Thus
it is less meaningful to present the constraints for these two
coefficients.

5 Conclusion

Nowadays hunting for new physics beyond the Standard Model
is a primary objective in particle physics. In this paper, we have

Paradigmatic example:

too heavy for Belle II, 


too “elusive” for LHCb!

https://arxiv.org/abs/1611.06676
https://arxiv.org/abs/2007.08234
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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,

12

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

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

• A Tera Z can test LFV new physics searching for Z → 𝜏𝓁 at the level 

of what Belle II (50/ab) will do through LFV tau decays (or better)
LC Marcano Roy '21

and future searches for muon and tau LFV decays.
From the theoretical point of view, the absence of signals in direct searches for the produc-

tion of new particles at the LHC suggests an energy gap between the electroweak scale and the
scale where new physics inducing LFVZD may exist, prompting us to work within the context
of an effective field theory (EFT), i.e., introducing a set of higher-dimensional gauge-invariant
local operators to be added to the usual SM Lagrangian. These operators, built out of SM
fields and suppressed by inverse powers of the new physics scale, can parameterise the effects
of any kind of NP models as far as the experimentally accessible energies are lower that the
actual NP energy scale. Such an effective theory is known as the Standard Model Effective
Field Theory (SMEFT) [17, 18] (for a recent review see [19]) and provides the optimal frame-
work for a model-independent analysis. In this context, LFV processes could be induced by
dimension 6 effective operators, as discussed in detail in [20–36]. In this article we will employ
the SMEFT framework to study low-energy constraints on LFVZD. This type of decays have
been also studied within several UV-complete models, such as heavy sterile neutrinos [37–43],
supersymmetry [22, 44], leptoquarks [45], or in scenarios with extended gauge sectors [46–49].
They have also been previously explored in the context of SMEFT in [16, 24, 25, 28, 33].

The outline of this article is the following. In Section 2 we describe the effective field
theory setup that has been employed for our analysis. How the SMEFT operators can induce
LFVZD is shown in Section 3. In Section 4, we discuss how indirect constraints on Z ! `i`j

arise from low-energy LFV observables. The next section contains the results of our analysis,
where we assume that the UV physics induces a single dominant operator (Section 5.1) or
multiple operators that could possibly interfere (Section 5.2). We summarise and conclude in
Section 6 while a number of useful analytical formulae and results are shown in the Appendix.

2 Lepton flavour violation in the SMEFT

Throughout this work, we will assume that the new particles related to the NP scale ⇤

responsible for LFV effects are quite heavy (⇤ � mW ) and that there are no other particles
in between these scales.

In such a scenario, it is convenient to work in the SMEFT framework, where the basic idea is
to parameterise the low-energy effects of the high-energy theory in terms of higher dimensional
operators and the associated Wilson coefficients. More specifically, the Lagrangian will consist
of that of the SM extended with a tower of higher-dimensional operators suppressed by inverse
powers of ⇤:

LSMEFT = LSM +
1

⇤

X

a

C(5)
a Q(5)

a +
1

⇤2

X

a

C(6)
a Q(6)

a +O

✓
1

⇤3

◆
, (1)

where LSM contains renormalizable operators up to dimension-4, Q(n)
a are the effective opera-

tors of dimension-n and the C(n)
a represent the corresponding Wilson coefficients (WCs) which

3

M. Dam ‘18

future 
sensitivity

Measurement Current HL-LHC FCC CEPC prelim.

BR(Z ! ⌧µ) < 6.5⇥ 10�6 1.4⇥ 10�6 10�9 10�9

BR(Z ! ⌧e) < 5.0⇥ 10�6 1.1⇥ 10�6 10�9

BR(Z ! µe) < 2.62⇥ 10�7 5.7⇥ 10�8 10�8 � 10�10 10�9

Table 8: Current 95% CL limits on LFV in Z decays [225, 226] and projected sensitivities

at HL-LHC and the FCC-ee [166] and CEPC [171] Z factories (see also [222]). For HL-LHC,

we naively scaled the current limits, which were obtained by ATLAS employing 139 fb�1

of data [225, 226], to the target luminosity 3000 fb�1.

Figure 28: Sensitivity reach for probing the NP scale of the LFV operators in Eq. (8.1) and

Eq. (8.2). Here the current bounds (dark-colored bars) are set by ATLAS [225] (Z ! ⌧µ)

and B factories [160] (LFV ⌧ decays), and the projected sensitivities (light-colored bars)

are based on searches for Z ! ⌧µ at the CEPC Z pole run with 100 ab�1 and ⌧ ! µ

transitions at Belle II with 50 ab�1 [7], see Tables 7 and 8. The Wilson coe�cients have

been set equal to one uniformly. This plot is taken from Ref. [221].

to its signals. This signal exhibits a characteristic dependence on the center-of-mass energy,

depending on the nature of the dominant LFV operator. The contributions of operators

containing the Z boson, Eq. (8.1) and Eq. (8.2), are resonantly enhanced on the Z pole.

At higher energies, dipole interactions as in Eq. (8.2) yield a cross section that remains

constant for large values of the center-of-mass energy squared s, while the Higgs current

interactions in Eq. (8.1) result in a cross section that decreases as 1/s for large s. In con-

trast, contributions to the non-resonant e+e� ! ⌧µ cross section from contact interactions

– i.e., 4-fermion operators such as (ē�µPXe)(µ̄�µPY ⌧) (X,Y = L,R) – increases linearly

with s. Overall, the Tera-Z factories can test NP scales up to O(10) TeV, rivaling the

sensitivities of searching for the LFV tau decays at Belle II. The framework provided by

this study enables a disentanglement of contributions from di↵erent operators, exploiting

the complementarity of searches at various center-of-mass energies. Additional diagnostic

measures could be provided also by measurements of forward-backward asymmetry or CP

violation.

The searches for flavor violation in the Z boson decays can be extended to the quark

sector also. The flavor-violating hadronic Z decays are absent at tree level in the SM and

– 44 –

NP scale

NP ops

https://arxiv.org/abs/2207.10913
https://arxiv.org/abs/1811.09408


0.2 0.3 0.4 0.5
R(D)

0.2

0.25

0.3

0.35

0.4

R
(D

*)

HFLAV SM Prediction
 0.004±R(D) = 0.298 

 0.005±R(D*) = 0.254 

68% CL contours

total 0.026±R(D) = 0.342 
total 0.012±R(D*) = 0.287 

 = -0.39ρ
) = 35%2χP(

aLHCb
bLHCb

cLHCb

bBelle

cBelle

aBelle BaBar

BelleII

Average

HFLAV
Moriond 2024

LFU tests in B decays

RD(⇤) ⌘
BR(B ! D(⇤)⌧⌫)

BR(B ! D(⇤)`⌫)
, ` = e, µ

Gauge interactions are flavour blind: the SM predicts 

Lepton Flavour Universality (LFU) EW interactions 

any deviation from LFU would be a clear indication of NP

Example: LFU tests in semileptonic (charged-current) B decays

Lorenzo Calibbi (Nankai)CEPC Flavour Physics

SM diagram
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Figure 13: Illustrative Feynman diagrams for the transition Hb ! Hc`+⌫`. LEFT: SM

example. RIGHT: BSM example.

RHc SM Value Tera-Z 4⇥Tera-Z 10⇥Tera-Z

RJ/ 0.289 4.3⇥ 10�2 2.1⇥ 10�2 1.4⇥ 10�2

RDs 0.393 4.1⇥ 10�3 2.1⇥ 10�3 1.3⇥ 10�3

RD⇤
s

0.303 3.3⇥ 10�3 1.6⇥ 10�3 1.0⇥ 10�3

R⇤c 0.334 9.8⇥ 10�4 4.9⇥ 10�4 3.1⇥ 10�4

Table 5: SM predictions for the RHc observables and relative precision for their measure-

ments at Tera-Z, 4⇥Tera-Z, and 10⇥Tera-Z, considering statistical uncertainties only [39].

Bc ! `0⌫`0 . For these observables, the systematics, such as the uncertainties from the CKM

matrix elements and form factors, largely cancel. As an illustration, we show the Feynman

diagrams for the SM and BSM contributions to the Hb ! Hc`+⌫` transitions in Figure 13.

For the test of LFU at the Z pole, a variety of RHc observables (RDs , RD⇤
s
, RJ/ ,

and R⇤c) have been recently investigated employing the fast simulation template of the

CEPC [39]. The relative precisions that can be achieved, considering statistical errors only,

are summarized in Table 5. Systematics in the RHc measurements, as mentioned before,

are expected to cancel largely since RHc denotes a ratio of two aligned measurements. This

study indicates that at Tera-Z, a relative precision of . 5% for RJ/ , as well as . 0.4% and

⇠ 0.1% for R
D

(⇤)

s
and R⇤c , respectively, could be reached. Due to the complex topology and

dynamics, these outcomes rely heavily on a vertex-based strategy for event reconstruction.

They would benefit from a higher detector performance in general. Concretely, the RJ/ 

measurement benefits the most from the improvement of tracker resolution, (see right panel

of Figure 3 also), in reconstructing the B±
c vertex as well as in identifying the J/ one,

while the R
D

(⇤)

s
measurements gain more from the increase of soft photon identification

e�ciency in distinguishing the D⇤
s and Ds modes via the decay D⇤

s ! Ds�.

Note that these measurements cover a variety of b ! c⌧⌫ transitions: such as the

ones from pseudoscalar (Bs,c) to vector (D⇤
s , J/ ) or pseudoscalar (Ds); those from baryon

(⇤b) to another baryon (⇤c); and the decays of a pseudoscalar (Bc) to a pair of fermions.

Consequently, they can be employed to constrain di↵erent LEFT operators that can induce

b ! c⌧⌫ transitions. Following the approach in Ref. [39], we present in Figure 14 the

marginalized constraints on the Wilson coe�cients of b ! c⌧⌫ LEFT at the CEPC, based

– 20 –
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and R⇤c , respectively, could be reached. Due to the complex topology and

dynamics, these outcomes rely heavily on a vertex-based strategy for event reconstruction.

They would benefit from a higher detector performance in general. Concretely, the RJ/ 

measurement benefits the most from the improvement of tracker resolution, (see right panel

of Figure 3 also), in reconstructing the B±
c vertex as well as in identifying the J/ one,

while the R
D
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measurements gain more from the increase of soft photon identification

e�ciency in distinguishing the D⇤
s and Ds modes via the decay D⇤
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of Figure 3 also), in reconstructing the B±
c vertex as well as in identifying the J/ one,

while the R
D

(⇤)

s
measurements gain more from the increase of soft photon identification

e�ciency in distinguishing the D⇤
s and Ds modes via the decay D⇤

s ! Ds�.

Note that these measurements cover a variety of b ! c⌧⌫ transitions: such as the

ones from pseudoscalar (Bs,c) to vector (D⇤
s , J/ ) or pseudoscalar (Ds); those from baryon

(⇤b) to another baryon (⇤c); and the decays of a pseudoscalar (Bc) to a pair of fermions.

Consequently, they can be employed to constrain di↵erent LEFT operators that can induce

b ! c⌧⌫ transitions. Following the approach in Ref. [39], we present in Figure 14 the

marginalized constraints on the Wilson coe�cients of b ! c⌧⌫ LEFT at the CEPC, based

– 20 –

CEPC could achieve a precision below 1% on

the LFU tests in b → c𝜏𝜈 decays:

(estimates based on statistics only, but 
systematics mostly cancel in the ratios)



Ops with only 3rd family: Q(1)
`q = (L̄3�

µL3)(Q̄3�µQ3) , Q(3)
`q = (L̄3�

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

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

scan the parameters varied in the following ranges: C1,3/⇤2
2 {�4, 4} TeV�2, ⇤ 2 {1, 10} TeV,

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

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

µ⇢)) within our model, while satisfying all other bounds but R⌧/`
D(⇤) , for two di↵erent C1 vs. C3

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

⇤ 2 {1, 10} TeV, |�e
23| 2 {0, 0.5}, �d

23 2 {�0.2,�0.01}. All bounds refer to 2� uncertainties.
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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:
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The momentum transfer carried by the intermediate W� is very small compared to MW . Therefore, the
vector-boson propagator shrinks to a point and can be well approximated through a local four-fermion
interaction governed by the Fermi coupling constant GF/

p
2 = g2/(8M2

W ). The leptonic decay widths
are given by
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where f(x) = 1� 8x+ 8x3 � x4 � 12x2 log x , and [24–32]
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takes into account radiative QED corrections, which are known to O(↵2). The tiny neutrino masses
have been neglected and (�) represents additional photons or lepton pairs which have been included
inclusively in �`

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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Figure 29: Illustrative Feynman diagrams for the muon and tau decays. In the SM,

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

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

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

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

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

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

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

9.2 LFU tests in ⌧ decays

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

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

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

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

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

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

by measuring the following quantities:
✓
gµ

ge

◆2

=
BR(⌧ ! µ⌫⌫̄)

BR(⌧ ! e⌫⌫̄)

f(m2
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2
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R
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W

, (9.1)
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◆5 BR(⌧ ! `⌫⌫̄)
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2
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f(m2
`/m

2
⌧ )

R
µe
WR

µ
�

R⌧`
WR⌧

�

, (` = e, µ), (9.2)

where ⌧⌧/µ is the decaying lepton lifetime, f(x) = 1 � 8x + 8x3 � x
4 � 12x2 log x is a

phase-space factor, R`0`
W = 1+ 3

5

m2
`0

m2
W

+ 9
5

m2
`

m2
W

and R
`
� = 1+ ↵(m`)

2⇡

�
25
4 � ⇡

2
�
are electroweak

and QED radiative corrections respectively [9, 187].5 Using the purely leptonic processes

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

compatible with LFU at the per mil level [9]:
✓
gµ

ge

◆
= 1.0009± 0.0014 ,

✓
g⌧

ge

◆
= 1.0027± 0.0014 ,

✓
g⌧

gµ

◆
= 1.0019± 0.0014 . (9.3)

As muon physics quantities are known with high precision, the above uncertainties only

stem from measurements of ⌧ leptonic BRs, lifetime and mass. The present relative un-

certainties on BR(⌧ ! e⌫⌫̄) and BR(⌧ ! µ⌫⌫̄) are respectively 2.2h and 2.3h [129],

5
Numerically one obtains R

µ
�/R

⌧

� ' 1 + 8.0 ⇥ 10
�5

[9], R
⌧e
W /R

⌧µ
W ' 1 �

9
5

m2
µ

m2
W

' 1 � 3.1 ⇥ 10
�6

and

R
µe
W /R

⌧`

W ' 1�
3
5

m2
⌧

m2
W

' 1� 2.9⇥ 10
�4

.

– 40 –

Currently LFU tested with per mil level precision:

radiative

corrections

phase-space

factors

[ error budget: 1.1‰ from BRs, 0.9‰ from 𝜏𝜏, 0.2‰ from m𝜏 ]
BESIII & Belle II
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= 1.0002± 0.0011 ,
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ge
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g⌧
gµ

= 1.0016± 0.0014
HFLAV, A. Lusiani ICHEP24

Lorenzo Calibbi (Nankai)CEPC Flavour Physics

LEP & Belle II Belle

https://indico.cern.ch/event/1291157/contributions/5896342/


HFLAV

Tau

Lepton Flavour Universality tests and determination of

Vus using the tau branching fractions fit

Alberto Lusiani
on behalf of the HFLAV group

ICHEP 2024

Abstract

We describe the updated tau lepton averages performed by the Heavy Flavour Averaging Group (HFLAV) for the incoming edition of the Heavy Flavour measurements averages, and
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Tau branching fraction fit inputs

inputs examples

171 measurements of ⌧ branching
fractions & branching ratios B(⌧� ! ⇡�⌫⌧ ),

B(⌧� ! µ�⌫̄µ⌫⌧ )

B(⌧� ! e�⌫̄e⌫⌧ )

1 nuisance fit parameter measurement
(new feature)

B(a�1 ! ⇡��) = 0.0021 ± 0.0008
[Schael et al., 2005]

91 constraints

B3/5 =
B3
B5

with

• B3/5 =
B(⌧� ! µ�⌫̄µ⌫⌧ )

B(⌧� ! e�⌫̄e⌫⌧ )
,

• B3 = B(⌧� ! µ�⌫̄µ⌫⌧ ), B5 = B(⌧� ! e�⌫̄e⌫⌧ )

1 uncertainty scale factor 5.44 scale factor applied to inconsistent
BABAR and Belle B(⌧� ! K�K�K+⌫⌧ )

�2
minimization

�2 =
X

ijkl

�
mi � Mikqk

� ⇣
V�1

⌘

ij

⇣
mj � Mjlql

⌘
+
X

r

(nr � pr )
2

�2
nr

,

mi measurement result
qk fit parameter
Mik model matrix applied to fit parameters to predict measurements
Vij measurements covariance matrix
pr nuisance fit parameter
nr ± �nr

measurement of nuisance fit parameter

Tau branching fractions fit results

137 fit parameters 1 nuisance fit parameter (new feature)
covariance matrix of fit parameters and nuisance fit parameters
�2/d.o.f. = 138/125 P(�2) = 20.2%
unitarity residual Bur = 1 � Ball = 0.0007 ± 0.0011

Tau mass and lifetime fits

1776 1777 1778

 [MeV]τm

DELCO 1978

 4.00−

 3.00+1783.00 

ARGUS 1992

 1.40± 2.40 ±1776.30 

BES 1996

 0.17−

 0.25+ 
 0.21−

 0.18+1776.96 

CLEO 1997

 1.20± 0.80 ±1778.20 

OPAL 2000

 1.00± 1.60 ±1775.10 

BELLE 2007

 0.35± 0.13 ±1776.61 

BABAR 2009

 0.41± 0.12 ±1776.68 

BES3 2014

 0.13−

 0.10+ 0.12 ±1776.91 

BELLE II 2023

 0.11± 0.08 ±1777.09 

KEDR 2023

 0.15± 
 0.19−

 0.17+1776.69 

HFLAV 2023 prelim.

 0.09±1776.94 

HFLAV
2023 prelim.

⌧ mass fit

NEW

NEW

285 290 295

 [fs]ττ

OPAL 1996

 1.20± 1.70 ±289.20 

CLEO 1996

 4.00± 2.80 ±289.00 

ALEPH 1997

 1.10± 1.50 ±290.10 

L3 2000

 1.50± 2.00 ±293.20 

DELPHI 2004

 1.00± 1.40 ±290.90 

Belle 2014

 0.33± 0.53 ±290.17 

HFLAV 2023 prelim.

 0.53±290.29 

HFLAV
2023 prelim.

⌧ lifetime fit

⌧ mass [MeV]
PDG 2023 1776.86 ± 0.12
PDG 2024 1776.93 ± 0.09
HFLAV 2023 prelim. 1776.94 ± 0.09

(slightly different treatment
of asymmetric uncertainties)

Ratio of tau hadronic to leptonic branching fractions

Buni
e = (17.815 ± 0.023)%, average of (see [Davier, Hocker, and Zhang, 2006])

I Be = B(⌧� ! e�⌫̄e⌫⌧ )

I Be from Bµ = B(⌧� ! µ�⌫̄µ⌫⌧ ) assuming Lepton Flavour Universality
I Be from ⌧ lifetime assuming Lepton Flavour Universality

Rhad =
�(⌧ ! hadrons)
�(⌧ ! e⌫̄e⌫⌧ )

=
Bhad

Buni
e

= 3.634 ± 0.008

Lepton Flavour Universality: coupling ratios
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!
=
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Bµe

⌧µm5
µfµeRµ

�Rµe
W

⌧⌧m5
⌧ f⌧eR⌧

�R⌧e
W

= 1.0016 ± 0.0014
✓

g⌧
ge
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Bµe

⌧µm5
µfµeRµ

�Rµe
W

⌧⌧m5
⌧ f⌧µR⌧

�R⌧µ
W

= 1.0018 ± 0.0014

✓gµ
ge

◆
=

vuutB⌧µ

B⌧e

f⌧eR⌧e

f⌧µR⌧µ = 1.0002 ± 0.0011
improved by Belle II recent prelim. measurement of
B⌧µ/B⌧e [Adachi et al., 2024], was 1.0019 ± 0.0014

0

@m2
⇢

m2
�

1

A = 1 � 8x + 8x3 � x4 � 12x2 ln x with x =
m2
⇢

m2
�

, �, ⇢ =lepton flavours

R�
� , R�⇢

W radiative corrections [Pich, 2014]

Lepton Flavour Universality, g⌧/gµ coupling ratio

 
g⌧
gµ

!

⇡

=

vuuut
B(⌧ ! ⇡⌫⌧ )

B(⇡ ! µ⌫̄µ)

2m⇡m2
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(1 + �R⌧/⇡)m
3
⌧ ⌧⌧

1 � m2
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⇡/m2

⌧

= 0.996 ± 0.004
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gµ

!

K
=

vuuut
B(⌧ ! K⌫⌧ )

B(K ! µ⌫̄µ)
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µ⌧K

(1 + �R⌧/K )m3
⌧ ⌧⌧

1 � m2
µ/m2

K

1 � m2
K/m2

⌧

= 0.986 ± 0.008

�R⌧/⇡, �R⌧/K radiative corrections [Arroyo-Ureña et al., 2021; Amhis et al., 2023]
 

g⌧
gµ

!

⌧+⇡+K
= 1.0011 ± 0.0014

“Canonical” tau Lepton Flavour Universality plot

68% CL contour
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mτ PDG 2023
mτ HFLAV 2023 prelim. (with Belle II and KEDR 2023) B0

e = average of Be = B(⌧� ! e�⌫̄e⌫⌧ ) and

Be prediction from Bµ, Bµ
f (m2

e/m2
⌧ )

f (m2
µ/m2

⌧ )

R⌧e
W

R⌧µ
W

proportional to ge, gµ

B0
e Standard Model prediction from tau lifetime

B(µ ! e⌫̄e⌫µ)
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represented by oblique bands, whose widths are
determined primarity by the tau mass precision
(improved by recent Belle II [Adachi et al., 2023] &
KEDR [Anashin et al., 2023] results)

|Vus| from B(⌧ ! “strange hadronic system” + ⌫), – “inclusive”

|Vus|⌧s =

vuutRs/

"
RVA
|Vud |

2 � �R⌧ -SU(3)-break

#
[Gámiz et al., 2003]

I �R⌧ -SU(3)-break accounts for SU(3)-breaking effects

I Rs = B(⌧ ! strange hadronic)/Buni
e , RVA = B(⌧ ! non-strange hadronic)/Buni

e

|Vus| from B(⌧ ! ⇡⌫)/B(⌧ ! K⌫) and B(⌧ ! ⇡⌫) – “exclusive”

|Vus| = |Vud |

vuuuut
B(⌧� ! K�⌫⌧ )

B(⌧� ! ⇡�⌫⌧ )

f 2
⇡±

f 2
K±

⇣
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⇡

⌘2

⇣
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⌧ � m2

K

⌘2
1

1 + �⌧K/⌧⇡

|Vus| =
1

GFfK±

⇣
1 � m2

K/m2
⌧

⌘

vuut16⇡}B(⌧� ! K�⌫⌧ )

⌧⌧m3
⌧S⌧h

EW(1 + �⌧K )

calculations require decay constants
(obtained from lattice QCD averages)
and radiative corrections

details in incoming HFLAV report
(updated from previous HFLAV report)

|Vus| from tau measurements

0.22 0.225

|
us

|V

 = 2+1+1
f

, Nl3 KusV

 0.0005±0.2233 

 = 2+1+1
f

, Nl2 KusV

 0.0005±0.2250 

ub & V
ud

CKM unitarity & V

 0.0011±0.2272 

νs X→  τ

 0.0010± 0.0018 ±0.2184 

νπ → τ / ν K→  τ

 0.0010± 0.0016 ±0.2229 

ν K→  τ

 0.0008± 0.0015 ±0.2224 

  exclusive averageτ

 0.0017±0.2225 

  averageτ

 0.0014±0.2209 

HFLAV
2023 prelim.

|Vus| computed using tau measurements (red)
compared with the determinations based on kaon
measurements (green) [Cirigliano et al., 2023] and
|Vus| prediction assuming unitarity of first row of CKM
matrix and the measured value of |Vud | [Cirigliano
et al., 2023]

details in incoming HFLAV report
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BR(⌧ ! e⌫⌫̄)

tau lifetime

Zhiqing Zhang (IJCLab, Orsay) /45Belle II winter school, Nankai Univ. 25-29/11/24

Lepton Universality Test 

20

The test is currently limited by 
the precision of the leptonic 
branching fraction and lifetime 
measurements 

and by the tau mass uncertainty 
on the prediction side 

The prediction of tau branching 
fraction vs its lifetime can be 
derived using their counterpart from 
muon decays and their mass ratio
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and g𝜇=ge prediction for
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◆Test of new physics! Example, 3rd generation lepton-Higgs operator:

Current LFU limits set a bound on the NP scale of 𝛬 > 8 TeV
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Figure 27: Expected precision of testing LFU by measuring the SM properties of the

⌧ lepton in the CEPC era. The yellow (blue) areas correspond to the present (future)

68% CL allowed regions. The ellipse shows the measured value of the ⌧ lifetime and B0
e.

B0
e is defined as the average of the measured value of BR(⌧ ! e⌫⌫̄) and its predicted value

obtained by setting gµ = ge in Eq. (7.1). The diagonal band displays the SM prediction,

based on taking g⌧ = g` in Eq. (7.2). The width of the band is due to the experimental

uncertainty on m⌧ . This plot is based on Ref. [73, 176] – see also [166–168].

compatible with LFU at the per mil level [73, 176]:

gµ
ge

= 1.0002± 0.0011 ,
g⌧
ge

= 1.0018± 0.0014 ,
g⌧
gµ

= 1.0016± 0.0014 . (7.3)

As muon physics quantities are known with high precision, the above uncertainties

mainly stem from the measurements of ⌧ leptonic BRs, lifetime and mass. The present

relative uncertainties on BR(⌧ ! e⌫⌫̄) and BR(⌧ ! µ⌫⌫̄) are respectively 2.2h and

2.3h [160], which yield an impact of 1.1h on the measurement of coupling ratios. As one

can see, they constitute the source of largest uncertainty at the moment. The impact of ⌧⌧
on the uncertainty of g⌧/g` is at a comparable level, namely 0.9h, given its current 1.7h
relative precision [160]. The current world average for m⌧ is substantially more precise,

with a relative error of 5 ⇥ 10�5 [160], which contributes to the uncertainty of g⌧/g` only

at the 0.2h level.

As shown in Table 7, an improvement by a factor of few for the precision of the m⌧

measurement is possible at Tera-Z factories, such thatm⌧ would be known precisely enough

to allow to perform the LFU test in Eq. (7.2) with an uncertainty at the 0.1h level or below.

Moreover, substantial improvements on the determination of m⌧ are also to be expected
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Measurement Current Belle II FCC CEPC prelim.

Lifetime [sec] (2903± 5)⇥ 10�16 ± 6⇥ 10�18 ± 7⇥ 10�18

BR(⌧ ! e⌫⌫̄) (17.82± 0.04)% ± 0.003% ± 0.003%

BR(⌧ ! µ⌫⌫̄) (17.39± 0.04)% ± 0.003% ± 0.003%

m⌧ [MeV] 1776.93± 0.09
± 0.0016 (stat.)

± 0.018 (syst.)

BR(⌧ ! µµµ) < 2.1⇥ 10�8 3.6⇥ 10�10 1.4⇥ 10�11 10�10

BR(⌧ ! µ�) < 4.4⇥ 10�8 6.9⇥ 10�9 1.2⇥ 10�9 10�10

Table 7: Current [160] and projected sensitivities at Belle II [7, 162, 169], FCC-ee [166,

167, 170] and CEPC [171], for some ⌧ physics measurements. For other LFV leptonic

modes ⌧ ! `(0)`¯̀, for which dedicated studies are still missing, we expect that the CEPC

can achieve a sensitivity similar to that estimated for ⌧ ! µµµ. Similarly, a sensitivity for

⌧ ! e� of the same order of magnitude as that for ⌧ ! µ� can be plausibly reached.

search is expected to be background free due to the excellent muon identification and mo-

mentum reconstruction. The LFV radiative ⌧ decays are subject to a background from

Z ! ⌧⌧� followed by ordinary leptonic ⌧ decays, which can be alleviated by precise mea-

surements of photon momenta. Given the excellent electron identification performance

anticipated at the CEPC [45], we expect that a sensitivity similar to the one displayed

in Table 7 for ⌧ ! µµµ could be achieved for other LFV leptonic decay modes, such as

⌧ ! eee, ⌧ ! µee, , ⌧ ! eµµ. Similarly, we expect the CEPC sensitivity to ⌧ ! e� to be

comparable to the ⌧ ! µ� one. The CEPC prospects should be also compared with the

future reach of Belle II. Based on projections from the existing Belle results, the prospects

for over 50 distinct LFV ⌧ decay modes have been presented in Ref. [7] and recently revised

in Ref. [162, 169]. With 50 ab�1 of collected data, Belle II is expected to set limits in the

10�10� 10�9 range for most decay modes with a notable exception of the radiative decays,

⌧ ! `�. The BRs for these decays can not be constrained much below the 10�8 level,

as a consequence of the di�cult background from initial-state-radiation photons a↵ecting

e�e+ colliders running at energies around the ⌥(nS) resonances. As we can see, a Tera-Z

factory can play a crucial role in discovering or constraining ⌧ LFV by searching for the ra-

diative modes — and, more in general, it will be complementary to Belle II measurements,

reaching a comparable sensitivity for the leptonic modes as shown in Table 7.

The CEPC sensitivity to LFV ⌧ decays can be interpreted in terms of constraints on

EFT operators. For instance, the limit BR(⌧ ! µ�) < 10�10 would imply a lower bound

⇤ > 2800 TeV on the energy scale of the LFV dipole operators 1
⇤2 (µ̄�µ⌫PL,R⌧)�Fµ⌫ , where

� is the Higgs field and Fµ⌫ is the EM field tensor. Similarly, BR(⌧ ! µµµ) < 10�10 would

translate into the constraint ⇤ > 44 TeV on the scale of four-lepton LFV operators of the

kind 1
⇤2 (µ̄�µPL,R⌧)(µ̄�µPL,Rµ).

To achieve the sensitivities displayed in Table 7, the ECAL/PFA performance will

be crucial, especially when the LFV final states have one or more neutral components.
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Preliminary studies show that a 10-fold improvement of the systematics is possible:

LFU tests in tau decays
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Tera-Z factories could test tau 
LFU at the 0.1‰ level

This translates to a sensitivity 
to LFU new-physics operators 

up to scales ~20 TeV



Figure 40: Preliminary sensitivity analysis for searching for an invisible ALP in the

Z ! ⌧(! µa)⌧(! 3⇡⌫) events at the CEPC. LEFT: Reconstruction of q2 ⌘ (p⌧ � pµ)2.

RIGHT: Upper limits on BR(⌧ ! µa) with 95% CL, where four q2 windows have been

considered. The plots are taken from [343].

tracking/calorimetry resolution. As shown in the left panel, the reconstructed q2 for the

signal events sharply peaks at m2
a, in contrast to that of the backgrounds. The right panel

shows the expected CEPC 95% C.L. upper limits on BR(⌧ ! µa). Compared with the

current Belle II bound, i.e., BR(⌧ ! µa) < 5.9⇥ 10�4 (95% CL) for a practically massless

ALP [342], the estimated CEPC limits are about two orders of magnitude stronger. In

terms of the interactions in Eq. (11.1), this implies that a NP scale as high as fa/c
A,V
⌧µ ⇠

O(108) GeV could be probed at the CEPC.

The light ALPs can be also searched for by their lepton-flavor-conserving radiation,

such as that in the Z ! ⌧⌧a process [334]. Currently, the ALP coupling with ⌧ leptons is

essentially yet unconstrained. For the case of Z ! µµa, where the dynamics is relatively

simple, it has been shown [334] that the CEPC has the potential to reach BR(Z ! µµa) .
3⇥ 10�11, yielding a limit to the ALP coupling with muons of fa/cAµµ & 1 TeV.

Moreover, both Dirac and Majorana HNLs can be produced via LFV processes. The

HNLs might be responsible for the origin of neutrino mass, the puzzle of dark matter

and even the cosmic baryon asymmetry. Their mixing with neutrinos allows them to be

produced via ⌧ decays such as ⌧ ! `⌫N and ⌧ ! ⇡N , if they are lighter than the ⌧

lepton. This provides an alternative to the Z ! ⌫N decays in searching for HNLs at the

Z pole [344]. Nevertheless, the relevant sensitivity analysis is yet to be explored.

11.2 Quark Sector

Light BSM particles can be also produced in heavy-flavored quark decays [96, 340, 346–350].

As an example, let us consider a dark pion from the strong dynamics of a hidden sector,

where this dark pion also couples with the SM leptons, yielding a signature of a displaced

di-lepton vertex from its decay (see the right panel of Figure 39) [340]. The reconstruction

of a narrow di-lepton resonance away from the primary vertex with high quality then

allows for the e�cient distinction of the signal events from the backgrounds. Figure 41

demonstrates preliminary limits for searching for a long-lived particle in B ! KX(! µµ)
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Light invisible NP boson in LFV tau decays, τ → ℓX
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Figure 3. Distributions of p⌧` for events satisfying all selection criteria are shown. The left figure
shows the distributions for the ⌧� ! e�↵ search and the right figure shows the distributions for
the ⌧� ! µ�↵ search. The background MC samples are normalized to the SM expectation. The
signal MC distributions are shown for an arbitrary branching fraction B(⌧� ! `�↵) = 1.0⇥ 10�3.
The bottom figure shows the ratio of the data and the sum of backgrounds.

no significant excess of signal events in data over background. For instance, the number of
observed events with m↵ = 0.0 GeV/c2 are nsig = 2260.3± 852.2 for the ⌧� ! e�↵ search
and nsig = �764.3 ± 723.3 for the ⌧� ! µ�↵ search. We provide an appendix containing
the fitted signal yields.

Since no significant excess of signal events is observed in data, we determine 95% CL
upper limits on the branching fractions of ⌧� ! `�↵ using a frequentist method [24]. In
this method, we generate 10,000 pseudoexperiments with signal and background events
based on their PDFs for different signal yields. We then define the upper limit of the signal
yield at 95% CL (n95

sig
) as the generated signal yield for which 5% of the experiments have

fitted signal yields less than nsig in data. The procedure is performed for each ↵ mass point
and final state. The upper limits on the branching fractions at 95% CL are given by

B(⌧ ! `�↵) =
n95

sig

2✏N⌧⌧
, (3.1)

where ✏ is the signal detection efficiency for a given ↵ mass.
We estimate systematic uncertainties in the measured branching fractions of ⌧ ! `↵

decays arising from various sources. The uncertainties in track reconstruction efficiencies are
estimated with partially reconstructed D⇤+ ! D0⇡+, D0 ! K0

S⇡
+⇡� events. A systematic

uncertainty of 0.35% is assigned per track. Considering both two-track and four-track
candidates, a total uncertainty of 1.1% is estimated for this analysis. The uncertainties
in the lepton identification efficiencies are estimated with J/ ! `+`� (` = e, µ) events
and rates to misidentify a pion as a lepton are estimated with ⌧� ! ⇡�⇡+⇡�⌫⌧ events.
The difference of the identification and misidentification efficiencies between data and MC
simulation is considered and they are estimated to be 2.3–2.6% for the ⌧� ! e�↵ search and

– 6 –

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
]2 [GeV/cαm

0
0.5

1
1.5

2
2.5

3
3.5

4
3−10×

)
α- e

→- τ
B 

(
Expected UL

σ 1±Expected UL 
σ 2±Expected UL 

Observed UL
Observed UL at Belle II

Belle
-1 L = 800 fb∫

95% CL UL
[PRL 130, 181803 (2023)]

(a) ⌧� ! e�↵

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
]2 [GeV/cαm

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

3−10×

)
α-

µ
→- τ

B 
(

Expected UL
σ 1±Expected UL 
σ 2±Expected UL 

Observed UL
Observed UL at Belle II

Belle
-1 L = 800 fb∫

95% CL UL
[PRL 130, 181803 (2023)]

(b) ⌧� ! µ�↵

Figure 4. Upper limit at the 95% CL on the branching fraction of B(⌧� ! e�↵) (a) and
B(⌧� ! µ�↵) (b) as a function of the ↵ mass. The dashed (solid) lines are expected (observed)
upper limits. The blue line shows the observed upper limits at Belle II [9].
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Figure 45: Anticipated upper limits or measurement precisions for the flavor physics benchmarks at the CEPC. It should be remarked

that the limits of Z hadronic FCNC decays are statistic w.r.t. current performance of jet origin identification, whose calibration remains

challenging. A breakthrough is thus needed to control the relevant systematic uncertainty to a level comparable to their statistic ones.
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Figure 45: Anticipated upper limits or measurement precisions for the flavor physics benchmarks at the CEPC. It should be remarked

that the limits of Z hadronic FCNC decays are statistic w.r.t. current performance of jet origin identification, whose calibration remains

challenging. A breakthrough is thus needed to control the relevant systematic uncertainty to a level comparable to their statistic ones.
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Figure 45: Anticipated upper limits or measurement precisions for the flavor physics benchmarks at the CEPC. It should be remarked

that the limits of Z hadronic FCNC decays are statistic w.r.t. current performance of jet origin identification, whose calibration remains

challenging. A breakthrough is thus needed to control the relevant systematic uncertainty to a level comparable to their statistic ones.
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Figure 45: Anticipated upper limits or measurement precisions for the flavor physics benchmarks at the CEPC. It should be remarked

that the limits of Z hadronic FCNC decays are statistic w.r.t. current performance of jet origin identification, whose calibration remains

challenging. A breakthrough is thus needed to control the relevant systematic uncertainty to a level comparable to their statistic ones.
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Figure 45: Anticipated upper limits or measurement precisions for the flavor physics benchmarks at the CEPC. It should be remarked

that the limits of Z hadronic FCNC decays are statistic w.r.t. current performance of jet origin identification, whose calibration remains

challenging. A breakthrough is thus needed to control the relevant systematic uncertainty to a level comparable to their statistic ones.
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More than 40

benchmarks

Summary: benchmark searches and measurements

In the white paper there is much more than what I could mention: 


• opportunities beyond Z pole (top/Higgs FCNCs, CKM entries 
measurements from W decays etc.)


• detector performance requirements for such an ambitious program

…
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Final remarks

The Z-pole run of the CEPC would offer plenty of flavour 
physics opportunities, summarised in our white paper

O(1012) Z decays would enable us to study many processes with a 
much higher precision than (or inaccessible to) other experiments

Examples of unique opportunities at Tera Z: rare B decays,  
Z LFV decays, tests of LFU in tau decays or Bc decays etc.

Plenty of mystery (hence of opportunities to learn something) 
in the flavour sector of the Standard Model

Through flavour observables, one can probe some of the 
highest energy scales accessible in laboratory experiments

https://arxiv.org/abs/2412.19743
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Outlook

It is not over: there is much more to study! 

The “wish list” is long, here some examples:


• CKM: summarize the prospects for CKM measurements  
(especially the new methodology of determine it directly from W and top decay)


• CPV: explore conventional CPV observation channels (including baryons like ), 
and discuss new methods


• Possible to probe matter origin? Any sensitivity to e.g. leptogenesis (heavy sterile 
neutrinos?) and relevant physics processes (EWPT, QCD phase transition, etc.)


• Interplay between Flavour & QCD: (i) hadronization, (ii) form factors,  
(iii) QCD effects & B-anomalies … 


• Dedicated studies on charm ( , ) and strange hadrons


• Light new physics particles ( ) in hadrons decays? ,  etc.


…


Everyone is welcome to join these efforts and share their insight!

Λb

D Λc

X D → π X B → K X



有问题吗?谢谢⼤家!
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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 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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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

10

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

Lorenzo Calibbi (Nankai)CEPC Flavour Physics



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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⌧ ! µ ``

⌧ ! µ⇡

⌧ ! µ ⇢

· · ·

Z
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Dimension-6 effective operators that can induce CLFV

LFV in the SM effective field theory

88 LORENZO CALIBBI and GIOVANNI SIGNORELLI

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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In the SM EFT, only 5 operators contribute at the tree level:
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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:

CV LL = 2Ckikj
""

CV RR = 2Ckikj
ee

CV LR = −
1

2
CSRL = Ckikj

"e

CV RL = −
1

2
CSLR = Ckjki

"e

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 → !−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)
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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 → "−f "
+
i or

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

+
i + "−i "

+
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["i → "fγ], 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: 

<latexit sha1_base64="xdLjao9h7tulcn9Rag+XF5l4vhE="></latexit>

BR(Z ! ``0) ⇠ BR(Z ! ``)⇥ C2
NP

✓
v

⇤NP

◆4

In the SM EFT, only 5 operators contribute at the tree level:

Q(1)
�` = (�†i

$
Dµ�)(¯̀L�

µ` 0L), Q(3)
�` = (�†i

$
D I

µ �)(¯̀L⌧I�
µ` 0L), Q�e = (�†i

$
Dµ�)(¯̀R�

µ` 0R)

QeW = (¯̀L�
µ⌫` 0R)⌧I�W I

µ⌫ , QeB = (¯̀L�
µ⌫` 0R)�Bµ⌫

2

Q(1)
�` = (�†i

$
Dµ�)(¯̀L�

µ` 0L), Q(3)
�` = (�†i

$
D I

µ �)(¯̀L⌧I�
µ` 0L), Q�e = (�†i

$
Dµ�)(¯̀R�

µ` 0R)

QeW = (¯̀L�
µ⌫` 0R)⌧I�W I

µ⌫ , QeB = (¯̀L�
µ⌫` 0R)�Bµ⌫

2

18

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

contributions and
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e

2sW cW
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v2
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(
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e
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ϕe − 2s2W δfi
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, (V.3)
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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 → "−f "
+
i or

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

+
i + "−i "

+
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["i → "fγ], assuming that all
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γ from the experimental upper limits on Br["i → "fγ], assuming that all
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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 → "−f "
+
i or

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

+
i + "−i "

+
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["i → "fγ], assuming that all
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Ca



Model-independent indirect limits on Z LFV decays

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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LFV tau decays:

Present/future limits on LFV tau decays

Lorenzo Calibbi (Nankai)CEPC Flavour Physics

Measurement Current Belle II FCC CEPC prelim.

Lifetime [sec] (2903± 5)⇥ 10�16 ± 6⇥ 10�18 ± 7⇥ 10�18

BR(⌧ ! e⌫⌫̄) (17.82± 0.04)% ± 0.003% ± 0.003%

BR(⌧ ! µ⌫⌫̄) (17.39± 0.04)% ± 0.003% ± 0.003%

m⌧ [MeV] 1776.93± 0.09
± 0.0016 (stat.)

± 0.018 (syst.)

BR(⌧ ! µµµ) < 2.1⇥ 10�8 3.6⇥ 10�10 1.4⇥ 10�11 10�10

BR(⌧ ! µ�) < 4.4⇥ 10�8 6.9⇥ 10�9 1.2⇥ 10�9 10�10

Table 7: Current [160] and projected sensitivities at Belle II [7, 162, 169], FCC-ee [166,

167, 170] and CEPC [171], for some ⌧ physics measurements. For other LFV leptonic

modes ⌧ ! `(0)`¯̀, for which dedicated studies are still missing, we expect that the CEPC

can achieve a sensitivity similar to that estimated for ⌧ ! µµµ. Similarly, a sensitivity for

⌧ ! e� of the same order of magnitude as that for ⌧ ! µ� can be plausibly reached.

search is expected to be background free due to the excellent muon identification and mo-

mentum reconstruction. The LFV radiative ⌧ decays are subject to a background from

Z ! ⌧⌧� followed by ordinary leptonic ⌧ decays, which can be alleviated by precise mea-

surements of photon momenta. Given the excellent electron identification performance

anticipated at the CEPC [45], we expect that a sensitivity similar to the one displayed

in Table 7 for ⌧ ! µµµ could be achieved for other LFV leptonic decay modes, such as

⌧ ! eee, ⌧ ! µee, , ⌧ ! eµµ. Similarly, we expect the CEPC sensitivity to ⌧ ! e� to be

comparable to the ⌧ ! µ� one. The CEPC prospects should be also compared with the

future reach of Belle II. Based on projections from the existing Belle results, the prospects

for over 50 distinct LFV ⌧ decay modes have been presented in Ref. [7] and recently revised

in Ref. [162, 169]. With 50 ab�1 of collected data, Belle II is expected to set limits in the

10�10� 10�9 range for most decay modes with a notable exception of the radiative decays,

⌧ ! `�. The BRs for these decays can not be constrained much below the 10�8 level,

as a consequence of the di�cult background from initial-state-radiation photons a↵ecting

e�e+ colliders running at energies around the ⌥(nS) resonances. As we can see, a Tera-Z

factory can play a crucial role in discovering or constraining ⌧ LFV by searching for the ra-

diative modes — and, more in general, it will be complementary to Belle II measurements,

reaching a comparable sensitivity for the leptonic modes as shown in Table 7.

The CEPC sensitivity to LFV ⌧ decays can be interpreted in terms of constraints on

EFT operators. For instance, the limit BR(⌧ ! µ�) < 10�10 would imply a lower bound

⇤ > 2800 TeV on the energy scale of the LFV dipole operators 1
⇤2 (µ̄�µ⌫PL,R⌧)�Fµ⌫ , where

� is the Higgs field and Fµ⌫ is the EM field tensor. Similarly, BR(⌧ ! µµµ) < 10�10 would

translate into the constraint ⇤ > 44 TeV on the scale of four-lepton LFV operators of the

kind 1
⇤2 (µ̄�µPL,R⌧)(µ̄�µPL,Rµ).

To achieve the sensitivities displayed in Table 7, the ECAL/PFA performance will

be crucial, especially when the LFV final states have one or more neutral components.
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search is expected to be background free due to the excellent muon identification and mo-

mentum reconstruction. The LFV radiative ⌧ decays are subject to a background from

Z ! ⌧⌧� followed by ordinary leptonic ⌧ decays, which can be alleviated by precise mea-

surements of photon momenta. Given the excellent electron identification performance

anticipated at the CEPC [45], we expect that a sensitivity similar to the one displayed

in Table 7 for ⌧ ! µµµ could be achieved for other LFV leptonic decay modes, such as

⌧ ! eee, ⌧ ! µee, , ⌧ ! eµµ. Similarly, we expect the CEPC sensitivity to ⌧ ! e� to be

comparable to the ⌧ ! µ� one. The CEPC prospects should be also compared with the

future reach of Belle II. Based on projections from the existing Belle results, the prospects

for over 50 distinct LFV ⌧ decay modes have been presented in Ref. [7] and recently revised

in Ref. [162, 169]. With 50 ab�1 of collected data, Belle II is expected to set limits in the

10�10� 10�9 range for most decay modes with a notable exception of the radiative decays,

⌧ ! `�. The BRs for these decays can not be constrained much below the 10�8 level,

as a consequence of the di�cult background from initial-state-radiation photons a↵ecting

e�e+ colliders running at energies around the ⌥(nS) resonances. As we can see, a Tera-Z

factory can play a crucial role in discovering or constraining ⌧ LFV by searching for the ra-

diative modes — and, more in general, it will be complementary to Belle II measurements,

reaching a comparable sensitivity for the leptonic modes as shown in Table 7.

The CEPC sensitivity to LFV ⌧ decays can be interpreted in terms of constraints on

EFT operators. For instance, the limit BR(⌧ ! µ�) < 10�10 would imply a lower bound

⇤ > 2800 TeV on the energy scale of the LFV dipole operators 1
⇤2 (µ̄�µ⌫PL,R⌧)�Fµ⌫ , where

� is the Higgs field and Fµ⌫ is the EM field tensor. Similarly, BR(⌧ ! µµµ) < 10�10 would

translate into the constraint ⇤ > 44 TeV on the scale of four-lepton LFV operators of the

kind 1
⇤2 (µ̄�µPL,R⌧)(µ̄�µPL,Rµ).

To achieve the sensitivities displayed in Table 7, the ECAL/PFA performance will

be crucial, especially when the LFV final states have one or more neutral components.
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LFU tests in Z decays

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


• At LEP statistical and systematic uncertainties of the same order


• With 1012 Z, CEPC has no problem of statistics 


• Can systematics be controlled e.g. at the 10-4 level?


• This would test new physics coupling preferably to tau up to scales 
of the order of 10-20 TeV

The study in [114] also considers an alternative probe: the non-resonant production

of ⌧µ at future electron-positron colliders. The CEPC and FCC-ee’s expected sensitivity

to e
+
e
� ! ⌧µ signals was examined. It was found that the signal exhibits a charac-

teristic dependence on the center-of-mass energy, depending on which e↵ective operator

in the SMEFT is the dominant source of LFV. For instance, while the contributions of

operators containing the Z boson are resonantly enhanced on the Z pole, the contact in-

teractions contributing to the e
+
e
� ! ⌧µ cross-section – i.e., 4-fermion operators such

as (ē�µPXe)(µ̄�µPY ⌧) (X,Y = L,R) – increases linearly with the center-of-mass energy

squared s. In contrast, dipole interactions as in Eq. (6.2) yield a cross-section that remains

constant at large s, while the Higgs current interactions in Eq. (6.1) result in a cross-section

that decreases as 1/s for large s. Overall, the Tera Z factories can test NP scales of the

order of O(10 TeV), rivaling the sensitivity of searches for LFV tau decays at Belle II.

The framework provided by this study enables the disentanglement of contributions from

di↵erent operators, exploiting the complementarity of searches at various center-of-mass

energies. Additional diagnostic measures could potentially be provided by measurements

of forward-backward asymmetry or CP asymmetries. LFV searches at energies beyond the

Z pole, in particular for LFV Higgs decays, were recently studied also in [118], with the

conclusion that the statistical uncertainty on BR(h ! ⌧`) can reach the 10�4 level. The

sensitivity improves to the O(10�5) level when considering the h ! µe decay. However,

the rate of this process is indirectly constrained to be BR(h ! µe) . 10�8 by LFV muon

decays [119].

A set of related observables is provided by the ratios of (flavor-conserving) leptonic

Z decays. In fact, LFUV and LFV processes are often correlated and imply each others

within explicit NP models [120]. Currently, the flavor universality of the Z boson couplings

to leptons is probed at the per mil level [121]:

BR(Z ! µ
+
µ
�)

BR(Z ! e+e�)
= 1.0009± 0.0028 ,

BR(Z ! ⌧
+
⌧
�)

BR(Z ! e+e�)
= 1.0019± 0.0032 . (6.3)

Despite being based on a combination of old data sets, (1.7 ⇥ 107 Z decays at LEP ex-

periments, plus 6 ⇥ 105 Z decays with polarized beams at SLC), these tests were among

the most challenging constraints on NP models aiming at a combined explanation of the

anomalies in charged-current and neutral-current semileptonic B decays [122]. Improving

on these observables would then test LFUV NP with high precision. For instance, reaching

a 10�4 level precision on the measurements of BR(Z ! `
+
`
�) would be sensitive to the

scale ⇤ of the flavor-conserving counterparts of the operators appearing in Figure 25 – see

Eq. (6.1) – above ⇡ 20 TeV, (if NP couples dominantly to ⌧ leptons). Similarly, a Z LFU

test with such a level of precision would reach ⇤ ⇡ 10 TeV for the scale of a semilep-

tonic charged-current operator comprising third generation fields that contributes to other

LFUV observables such as RD(⇤) , cf. Eq. (3.5). We notice that at a Tera Z factory, these

measurements are only limited by systematics, while statistical and systematic errors were

of the same order at LEP. Hence further scrutiny is necessary in order to assess the CEPC

capability of performing tests of LFU in Z decays by reducing the systematic uncertainties

on BR(Z ! `
+
`
�) substantially below the LEP level.
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Present limits on 𝜏 → e a , 𝜏 → 𝜇 a (invisible a)
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Fig. 2. Efficiency corrected electron momentum spectrum in the 7- pseudo 
rest frame (points with error bars). The solid line represents a fit to the data 
assuming no contribution from the decay m + ec~ 
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Fig. 3. Efficiency corrected muon momentum spectrum in the r pseudo rest 
frame (points with elTor bars). The solid line represents a fit to the data 
assuming no contribution from the decay 7- ---+ /~c~ 

in order to ensure good momentum resolution and trigger 
conditions. 

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

4 

i=1 

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

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

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

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

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

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

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

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

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

□ 𝜏 → ea

■ 𝜏 → 𝜇a

ma ≈ 0 : 
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tau momentum / rest frame 
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  ARGUS 1995 (472 pb-1)

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

in order to ensure good momentum resolution and trigger 
conditions. 

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

4 

i=1 

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

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

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

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

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

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

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

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

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

□ 𝜏 → ea

■ 𝜏 → 𝜇a

ma ≈ 0 : 
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BR(⌧ ! µa) < 4.7⇥ 10�4 (90% CL) ) fa/C
V,A
µ⌧ > 5.1⇥ 106 GeV
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BR(⌧ ! e a) < 7.6⇥ 10�4 (90% CL) ) fa/C
V,A
e⌧ > 4.0⇥ 106 GeV

up to O(10) improvement!
Belle II 2023 (62.8 fb-1)

A challenging search:

tau momentum / rest frame 

cannot be exactly reconstructed

BG: ordinary              . 
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• NEW! Belle 2025 (800 fb-1)
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Figure 3. Distributions of p⌧` for events satisfying all selection criteria are shown. The left figure
shows the distributions for the ⌧� ! e�↵ search and the right figure shows the distributions for
the ⌧� ! µ�↵ search. The background MC samples are normalized to the SM expectation. The
signal MC distributions are shown for an arbitrary branching fraction B(⌧� ! `�↵) = 1.0⇥ 10�3.
The bottom figure shows the ratio of the data and the sum of backgrounds.

no significant excess of signal events in data over background. For instance, the number of
observed events with m↵ = 0.0 GeV/c2 are nsig = 2260.3± 852.2 for the ⌧� ! e�↵ search
and nsig = �764.3 ± 723.3 for the ⌧� ! µ�↵ search. We provide an appendix containing
the fitted signal yields.

Since no significant excess of signal events is observed in data, we determine 95% CL
upper limits on the branching fractions of ⌧� ! `�↵ using a frequentist method [24]. In
this method, we generate 10,000 pseudoexperiments with signal and background events
based on their PDFs for different signal yields. We then define the upper limit of the signal
yield at 95% CL (n95

sig
) as the generated signal yield for which 5% of the experiments have

fitted signal yields less than nsig in data. The procedure is performed for each ↵ mass point
and final state. The upper limits on the branching fractions at 95% CL are given by

B(⌧ ! `�↵) =
n95

sig

2✏N⌧⌧
, (3.1)

where ✏ is the signal detection efficiency for a given ↵ mass.
We estimate systematic uncertainties in the measured branching fractions of ⌧ ! `↵

decays arising from various sources. The uncertainties in track reconstruction efficiencies are
estimated with partially reconstructed D⇤+ ! D0⇡+, D0 ! K0

S⇡
+⇡� events. A systematic

uncertainty of 0.35% is assigned per track. Considering both two-track and four-track
candidates, a total uncertainty of 1.1% is estimated for this analysis. The uncertainties
in the lepton identification efficiencies are estimated with J/ ! `+`� (` = e, µ) events
and rates to misidentify a pion as a lepton are estimated with ⌧� ! ⇡�⇡+⇡�⌫⌧ events.
The difference of the identification and misidentification efficiencies between data and MC
simulation is considered and they are estimated to be 2.3–2.6% for the ⌧� ! e�↵ search and
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(b) ⌧� ! µ�↵

Figure 4. Upper limit at the 95% CL on the branching fraction of B(⌧� ! e�↵) (a) and
B(⌧� ! µ�↵) (b) as a function of the ↵ mass. The dashed (solid) lines are expected (observed)
upper limits. The blue line shows the observed upper limits at Belle II [9].
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• Decays mediated by dimension-5 operators: much larger NP scales can be 
reached than with 𝜇 → e 𝛾, 𝜇 → eee etc. (from dim-6 operators)


• Mu/tau/astro interplay: if ma > m𝜇 constraints mainly come from 𝜏 decays

Summary of searches for light invisible LFV ALPs

µ ! ea
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