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1, Introduction
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1. transition processes
•
•
• conversion in nuclei     
• muonium-antimuonium transition:

• B/D/K decaying into mu e such as

µ+ � e+�
µ+ � e+e�e+

µ� e

µ� e

(µ+e�)� (µ�e+)

Shopping list of charged lepton-flavor violation (CLFV)

2.                  transition processes 
•
•
•
•

� � µ/e
⇥ � µ/e + �
� � µ/e + ll
� � µ/e + hadrons
B0 � �µ

(Generation of charged lepton is changed in CLFV  processes.)

Nowadays CLFV decays of heavy particles, such as              , are available. 

In my talk I will mainly concentrate into lepton-flavor violating decay of charged
leptons as in my title.

H ! ⌧µ
<latexit sha1_base64="HaLkY6QAA3FYjFhO/I7BiDD7zXY="></latexit>

(F.Wilson@parallel session)

K+ ! ⇡+µe
<latexit sha1_base64="gtJ1IimPCIhDexRA7JSgTRhI5W8="></latexit>

(R.Marchevski@parallel session)

D0 ! h+h�µe
<latexit sha1_base64="YfQswQhBmsVGOJ0GssCfcjSYVqM="></latexit>
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Tiny mν does not induce observable effects. 

CLFV processes are suppressed 
by GIM mechanism. 

Finite neutrino masses

：MNS matrix                

However, lepton flavor may not be conserved in BSM.



Searches for symmetry breaking: Window to BSM

Global symmetries in SM are not exact in nature. 
• CP violation (CKM in the SM)

EDMs

• Lepton-flavor violation (neutrino oscillation)
• Charged lepton flavor-violating decay  

• Lepton and/or baryon number violation 
(B asymmetry in the universe) 

0nbbdecay
Proton decay 
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e-EDM
(loop)

n-EDM
(loop)

μ→e γ
(loop)

μ→e conversion 
(tree)

Proton decay (tree)

Searches for symmetry breaking
Sensitivities of current experimental bounds to NP scale (Λ).  
Only one loop factors are included for the loop processes, EDM and l→l’γ.  
Small SB parameters may suppress the sensitivities. 

Λ (GeV)

• Electron EDM and muon LFV are 
important to probe new physics at and 
beyond TeV scale.  

• Upperbound on electron EDM is 
improved by O(100) during this decade.

• Muon LFV searches will have big 
progresses next decade. τ→μ γ (loop)

τ→ 3μ  
(tree)
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LFV in BSM at TeV and beyond TeV
Theoretical Motivation:
• Naturalness problem and/or WIMP DM paradigm 

Introduction of partners of leptons 
such as in SUSY SM, Extra-Dim, and so on.

• Origin of neutrino masses
Low-energy seesaw models

Some of these issues may be solved beyond TeV, so high 
sensitivities of  CLFV searches are quite important. 

Anomalies observed in experiments:
• Muon g-2   (3.7sigma)
• Electron g-2   (2.5 sigma)
• B anomalies

B ! K(⇤)l+l�
<latexit sha1_base64="eWeJqbagP5MbwDT8ixz7o4bNAQ4="></latexit>

⌫
<latexit sha1_base64="nty/yWzlBbSnDQDGzb81UlUzJyo="></latexit>

hHi
<latexit sha1_base64="IaKFGsmJFB0F29zBY45Btq0/1yg="></latexit>

⌫
<latexit sha1_base64="nty/yWzlBbSnDQDGzb81UlUzJyo="></latexit>

⌃
<latexit sha1_base64="CPd5EkbFNKyJ2Xx1I5JJMlXalVg="></latexit>

hHi
<latexit sha1_base64="IaKFGsmJFB0F29zBY45Btq0/1yg="></latexit>
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Figure 25: A comparison of recent and previous evaluations of aSMµ . The analyses listed in chronological
order are: DHMZ10 [82], JS11 [83], HLMNT11 [9], FJ17 [84] and DHMZ17 [78]. The prediction from
this work is listed as KNT18, which defines the uncertainty band that other analyses are compared to.
The current uncertainty on the experimental measurement [1–4] is given by the light blue band. The
light grey band represents the hypothetical situation of the new experimental measurement at Fermilab
yielding the same mean value for aexpµ as the BNL measurement, but achieving the projected four-fold
improvement in its uncertainty [5].

leading pseudoscalar-pole (⇡0, ⌘, ⌘0) contribution to a precision of approximately 15% [108].
Alternatively, the pion transition form factor (⇡0 ! �⇤�⇤) can be calculated on the lattice for

the same purpose [110]. New e↵orts into the prospects of determining ahad,LbLµ using dispersive
approaches are also very promising [111–116], where the dispersion relations are formulated

to calculate either the general hadronic LbL tensor or to calculate ahad,LbLµ directly. These
approaches will allow for the determination of the hadronic LbL contributions from experimental
data and, at the very least, will invoke stringent constraints on future estimates. Lastly, there has
been huge progress in developing methods for a direct lattice simulation of ahad,LbLµ [110,117–123].
With a proof of principle already well established, an estimate of approximately 10% accuracy
seems possible in the near future. Considering these developments and the e↵orts of the Muon
g � 2 Theory Initiative [124] to promote the collaborative work of many di↵erent groups, the

determination of ahad,LbLµ on the level of the ‘Glasgow consensus’ will, at the very least, be
consolidated and a reduction of the uncertainty seems highly probable on the timescales of the
new g � 2 experiments.

Following equation (3.31), the sum of all the sectors of the SM results in a total value of
the anomalous magnetic moment of the muon of

aSMµ = (11 659 182.04± 3.56)⇥ 10�10 , (3.36)

where the uncertainty is determined from the uncertainties of the individual SM contributions

37

Kashavarzi et al (18)

Muon g-2 

Giacomo Caria University of Melbourne22/03/2019

• Most precise measurement of 
R(D) and R(D*) to date 

• First R(D) measurement 
performed with a semileptonic 
tag

• Results compatible with SM 
expectation within 1.2σ 

• R(D) - R(D*) Belle average is 
now within 2σ of the SM 
prediction 

• R(D) - R(D*) exp. world average 
tension with SM expectation 
decreases from 3.8σ to 3.1σ 
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Chapter 81559

Conclusion1560

This thesis presents the measurement of the branching ratio of B̄ ! D
(⇤)

⌧
�
⌫̄⌧ relative to1561

B̄ ! D
(⇤)

`
�
⌫̄` decays – where ` is either e or µ – using semileptonic tagging channels and1562

leptonic ⌧ decays exclusively. It is performed on the full dataset on the ⌥(4S ) resonance of1563

the Belle experiment.1564

In the past these measurements have been carried out using hadronic tags, and this work1565

is the first analysis that uses a semileptonic tag for a combined measurement of R(D) and1566

R(D⇤) . Furthermore, with respect to the previous semileptonic measurement of R(D⇤+) by1567

Belle [44], this analysis uses a larger number of Btag channels, which directly translates to a1568

larger analysis dataset.1569

Our results are

R(D) = 0.307 ± 0.037 ± 0.016 (8.1)

R(D⇤) = 0.283 ± 0.018 ± 0.014, (8.2)

where the first uncertainty is statistical and provided by the fit, and the second error is1570

systematic. This is the single most precise measurement of R(D) and R(D⇤) ever performed.1571

The results are in agreement with the previous Belle measurement of R(D⇤) performed with1572

a semileptonic tag, which is now superseded.1573

The goal was to test the compatibility of this experimental data with the SM, whose
expectation values are

R(D) SM = 0.299 ± 0.003 (8.3)

R(D⇤) SM = 0.258 ± 0.005. (8.4)

Our results for R(D) and R(D⇤) are in agreement with the SM predictions within 0.2� and1574

1.1� respectively. The combination of our R(D) and R(D⇤) results is compatible with the1575

SM within 1.3�. Before these results, the experimental R(D) and R(D⇤) world average1576

showed a discrepancy of approximately 4� with the SM expectations. However, given the1577

compatibility of our results with the SM and their high precision, this discrepancy is reduced1578

to 3� when including these latest results.1579

151

SM prediction

Chapter 71522

Results and Discussion1523

7.1 Results1524

After performing the fit and evaluating the systematic uncertainty, we extract the results:

R(D) = 0.307 ± 0.037 ± 0.016 (7.1)

R(D⇤) = 0.283 ± 0.018 ± 0.014, (7.2)

where the first uncertainty is statistical and provided by the fit, and the second error is1525

systematic. A break-down of electron and muon channel results is given in Table 7.1. We1526

exploited the isospin symmetry between B
0 and B

+ to impose the relationship R(D(⇤)) =1527

R(D(⇤)+) = R(D(⇤)0) in the fit. The fit projection on the EECL axis and on the classifier axis,1528

for both the whole 2D fit region and for the signal region defined by class > 0.9, are shown1529

in Figures 7.2 to 7.8. The correlation matrix for all floating parameters of the fit is shown in1530

Figure 7.9. As expected, we find a statistical correlation factor of �0.53 between R(D⇤) and1531

R(D) .

Table 7.1: Fit results for the electron, muon and sum of electron and muon channels.

R(D, `) 0.307 ± 0.037 ± 0.016

R(D, e) 0.281 ± 0.042 ± 0.017

R(D, µ) 0.373 ± 0.068 ± 0.030

R(D⇤
, `) 0.283 ± 0.018 ± 0.014

R(D⇤
, e) 0.304 ± 0.022 ± 0.016

R(D⇤
, µ) 0.245 ± 0.035 ± 0.020

1532

The 2D combination of the R(D⇤) and R(D) results, together with their correlation and1533

the SM expectation is shown in Figure 7.10.1534

137

This resultBelle

(3.1sigma)

(2.0-2.6sigma)

m⌫ 6= 0
<latexit sha1_base64="VwyTqNC5XIS3hwexXwNOEx7M3Ak="></latexit>

B ! D(⇤)⌧⌫
<latexit sha1_base64="9PWJS51E0s02z8zWbK+GNNlvoHw="></latexit>
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Diagrams of CLFV processes

l
<latexit sha1_base64="J2wdTHBFBu19K5N2T6fsHJhs+SA="></latexit> l0

<latexit sha1_base64="aKjhHcbJS6gsUEBCMksP0Jr6WpY="></latexit>

H
<latexit sha1_base64="vXhtVgVFxh+GOgz3JmcC3PEEI80="></latexit> Z

<latexit sha1_base64="mW51AQcfZGuBm6Qwqu9kSI4aJSs="></latexit> Z 0
<latexit sha1_base64="Ne7zWLZYzUfpCsiWFpKVj2AKnVY="></latexit>

�
<latexit sha1_base64="mYn8fB02ZJpsVzzA7wX1QUq3xRw="></latexit> �

<latexit sha1_base64="mYn8fB02ZJpsVzzA7wX1QUq3xRw="></latexit>

Z
<latexit sha1_base64="mW51AQcfZGuBm6Qwqu9kSI4aJSs="></latexit>

l0
<latexit sha1_base64="aKjhHcbJS6gsUEBCMksP0Jr6WpY="></latexit>

l0
<latexit sha1_base64="aKjhHcbJS6gsUEBCMksP0Jr6WpY="></latexit>

l
<latexit sha1_base64="J2wdTHBFBu19K5N2T6fsHJhs+SA="></latexit>

l
<latexit sha1_base64="J2wdTHBFBu19K5N2T6fsHJhs+SA="></latexit>

l
<latexit sha1_base64="J2wdTHBFBu19K5N2T6fsHJhs+SA="></latexit> l0

<latexit sha1_base64="aKjhHcbJS6gsUEBCMksP0Jr6WpY="></latexit> l
<latexit sha1_base64="J2wdTHBFBu19K5N2T6fsHJhs+SA="></latexit> l0

<latexit sha1_base64="aKjhHcbJS6gsUEBCMksP0Jr6WpY="></latexit>

l00, q
<latexit sha1_base64="0Y/uC66Lz5/kM2Q3YQikYaAfAuI="></latexit>

l00, q
<latexit sha1_base64="0Y/uC66Lz5/kM2Q3YQikYaAfAuI="></latexit>

l00, q
<latexit sha1_base64="0Y/uC66Lz5/kM2Q3YQikYaAfAuI="></latexit>

l00, q
<latexit sha1_base64="0Y/uC66Lz5/kM2Q3YQikYaAfAuI="></latexit>

l00, q
<latexit sha1_base64="0Y/uC66Lz5/kM2Q3YQikYaAfAuI="></latexit>

l00, q
<latexit sha1_base64="0Y/uC66Lz5/kM2Q3YQikYaAfAuI="></latexit>

l00, q
<latexit sha1_base64="0Y/uC66Lz5/kM2Q3YQikYaAfAuI="></latexit>

l00, q
<latexit sha1_base64="0Y/uC66Lz5/kM2Q3YQikYaAfAuI="></latexit>

• In WIMP dark matter/naturalness motivated models, such as SUSY SM, Four-Fermi 
operators come from loop-diagrams. 

• In other models, such as extra Higgs, Z', and extra matter  models, they are induced at 
tree level. 

• Models are discriminated with pattern of CLFV processes. 9



2, μ-e transition processes

•

•

• conversion in nuclei   

µ+ � e+e�e+

µ� e

µ+ � e+�
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MEG and MEG-II experiments (                 )

11

BGs: accidental BGs and radiative muon decay 
Signal: monochromatic, back-to-back, and produced at the same time.

PSI has the most intense DC muon beam up to            .
The final result of MEG (2016) 

MEG-II is an upgrade of all sub-detectors.
First physics run will start in 2020
Expectation in 3 years run is                           .

Future experiments:  Next target is                      .            
Hear Iwamoto-san or see slide of Renga @ CLFV conf.

µ+
<latexit sha1_base64="Zuy2OY5INVuh0erMyrqnxrodlAQ="></latexit>

e+
<latexit sha1_base64="xhD4ZAEcMI4Cz4/estAJO21cEu0="></latexit>

�
<latexit sha1_base64="bfB/06Ux3OmFrgekXUQ3/xjV794="></latexit>

BR < 4.2⇥ 10�13 (90%C.L.)
<latexit sha1_base64="Cd/nPMFBUrbK8tJKcmNmb/at+fw="></latexit>

BR ⇠ 6⇥ 10�14
<latexit sha1_base64="efroB9NO29xpi1bBDnKiXtQYZ/o="></latexit>

MEG-II experiment

108µ/s
<latexit sha1_base64="a/8T205PiqS0rVDtyciW89WSaYI="></latexit>

µ+ ! e+�
<latexit sha1_base64="5CzxAPVYQetjbu4lizSAVw5Hie4="></latexit>

BR
<latexit sha1_base64="oF5kv7/6g7BEBX6ztTZslbmSR2Y="></latexit>

Iwamoto-sanʼs talk
In parallel  session 

BR ⇠ 1015.
<latexit sha1_base64="+cbtRLHpceEBwDhnvnW8pJuDO6A="></latexit>

10�15
<latexit sha1_base64="rdDrufIu4rOxSVHkzyc0wD2pYTg="></latexit>
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Mu3e experiment (                       )

12

BGs: accidental BGs and radiative muon decay with internal conversion
Signal: kinematics, and produced at the same time and same place.
Current bound from SINDUM (1988)

PSI has the most intense DC muon beam up to            .
Mu2e Phase I detector construction in 2020/21.
Aiming for sensitivity of Mu3e (phase I) 

“Aiming for sensitivity of phase II is beyond 10-16 with            
(not before 2025, physics up to 2030).” from Schöning@CLFV conf.  

µ+
<latexit sha1_base64="Zuy2OY5INVuh0erMyrqnxrodlAQ="></latexit>

e+
<latexit sha1_base64="xhD4ZAEcMI4Cz4/estAJO21cEu0="></latexit>

Schematic view of 
Mu3e experiment

108µ/s
<latexit sha1_base64="a/8T205PiqS0rVDtyciW89WSaYI="></latexit>

109µ/s
<latexit sha1_base64="3t3iLtbqb9N4PfzJxm0f69JZqe0="></latexit>

e+
<latexit sha1_base64="xhD4ZAEcMI4Cz4/estAJO21cEu0="></latexit>

µ+ ! e+e�e+
<latexit sha1_base64="ulzNyuG5R3btiAd6/ZbVV4uEz5Q="></latexit>

e�
<latexit sha1_base64="omRfEly8XT6IApNkll2zn2OIR4k="></latexit>

BR < 2⇥ 10�15
<latexit sha1_base64="E5E7pDqBw7IIVCFqAzQRW9Bd9eU="></latexit>

BR < 1.0⇥ 10�12 (90%C.L.)
<latexit sha1_base64="kB0phT00b84e6aQMu+RPzcBelQ4="></latexit>
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(Au case in SINDRUM II)

COMET and Mu2e experiments (       conversion in nuclei)
Signal of        conversion: monochromatic electron with

BGs: Muon decay in orbit:  
Branching ratio drops near the end point (calculated by Czarnecki (16))

Beam related BG
Cosmic ray BG

Current bounds (normalized by capture rate)

µ-e
<latexit sha1_base64="H8FdhfGkpQElys8QyIHi6aq4rTc="></latexit>

µ�
<latexit sha1_base64="Rv90MzLEayb4UiK7Zp6nM2CgOpA="></latexit>

e�
<latexit sha1_base64="omRfEly8XT6IApNkll2zn2OIR4k="></latexit>

nucleus

Rµe(N) � �(µ�N ⇥ e�N)
�(µ�N ⇥ �µN ⇥)

Rµe(Ti) < 6� 10�13

Rµe(Au) < 7� 10�13

(SINDRUM II, 93’)
(SINDRUM II, 00’)

E = mµ � Ebinding � Enuclear recoil
<latexit sha1_base64="CbANrXcarCDuoBUm8NCx5cnShEY="></latexit>

µ-e
<latexit sha1_base64="H8FdhfGkpQElys8QyIHi6aq4rTc="></latexit>
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COMET

Mu2e

µ-e
<latexit sha1_base64="H8FdhfGkpQElys8QyIHi6aq4rTc="></latexit>

COMET and Mu2e experiment (       conversion in nuclei)
Original idea comes from MELC experiments.
• Thick target with SC solenoidal as capture magnet.  
• Long muon beam line with momentum selection
• Light detector to provide precise electron measurement

COMET@J-Parc
Phase-I: Under construct. Muon beam measured to study BGs.

Phase-II: Full muon beam line installed.

“With the same beam power, 10 times better sensitivity (𝒪(10−18)) 
is likely and optimization is on the way. “ from Wu Chen@CLFV.

Mu2e@Fermilab (Brendan Kiburg will talk next)

Commissioning expected in 2022. 

Rµe ⇠ 3⇥ 10�15
<latexit sha1_base64="029PzlBh8uuMPH6thi3TI2+Qasc="></latexit>

Rµe ⇠ 2.6⇥ 10�17
<latexit sha1_base64="5SPdX/hgpRq2yhNTul+UAxteD/E="></latexit>

(S.E.S., 1 year) 

(S.E.S., 5 months) 

Rµe ⇠ 2.5⇥ 10�17
<latexit sha1_base64="3tfI6mYJAFfnX2er9p4sQY9OepM="></latexit>

(S.E.S.) 14



Schedule of muon LFV searches

Muon LFV searches will be interesting next decade (2020’s).

1812.06540 
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Effective operator approach for  muon LFV processes

angles). The logarithms in Eqs. (14) and (15) correspond to the anomalous dimension mixing of the

operator in Eq. (13) with the four-fermion operator generating the relevant rare muon process [28]. If

Λ ∼ ΛF , then the contributions from the four-fermion operator are irrelevant, since the ratios in Eqs. (11)

and (12) are larger than those in Eqs. (14) and (15). More interesting is the case in which the four-

fermion operator in Eq. (13) is generated at tree level, while the magnetic-moment transition in Eq. (9)

is generated only at one loop, as in models with R-parity violation [14] or with leptoquarks [23]. In this
case, we expect

(

Λ

ΛF

)4

≃
(4π)3

α
. (16)

If Eq. (16) holds and if we takeMF ≃ 1 TeV, then the ratios in Eqs. (14) and (15) become of order unity,
so the different rare muon processes have comparable rates.

Alternatively, if the fermion f in Eq. (13) is an electron (or a light quark), the effective operator
can mediate µ → 3e (or µ−–e− conversion) at tree-level, and the corresponding process can dominate
over the others [29]. For instance, we obtain

B(µ → 3e)

B(µ → eγ)
=

1

12(4π)2

(

Λ

ΛF

)4

, (17)

for the case f = e.

Figure 1 summarizes the behaviour of the ratio of branching ratios as a function of the relative

strength of the effective operators in Eq. (9) and Eq. (13), when the fermion f in Eq. (13) is an electron,
as in the left part of Fig. 1, or a combination of first generation quarks, as in the right part of Fig. 1. It can

easily be seen from the plots that when the magnetic moment operator dominates (Λ2 ≪ Λ2
F ) the ratio

of branching ratios saturates at several times 10−3, while it grows like (Λ2/Λ2
F )2 when the four-fermion

operators are dominant (Λ2 ≫ Λ2
F ). Interference effects are largest when Λ2 ∼ Λ2

F , as expected.
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Fig. 1: Branching ratios normalised to B(µ → eγ) as a function of the ratio of the couplings of effective

dimension-5 and dimension-6 operators (see text), for µ+ → e+e−e+ (left) and µ−N → e−N conversion in
48T i. The solid (dashed) curves apply when the two operators interfere constructively (destructively).

In conclusion, the various rare muon processes are all potentially very interesting. In the event of a

positive experimental signal for muon-number violation, a comparison between searches in the different

8
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(ISS Physics Working Group Collaboration,09)



Effective operator approach for  muon LFV processes

angles). The logarithms in Eqs. (14) and (15) correspond to the anomalous dimension mixing of the

operator in Eq. (13) with the four-fermion operator generating the relevant rare muon process [28]. If

Λ ∼ ΛF , then the contributions from the four-fermion operator are irrelevant, since the ratios in Eqs. (11)

and (12) are larger than those in Eqs. (14) and (15). More interesting is the case in which the four-

fermion operator in Eq. (13) is generated at tree level, while the magnetic-moment transition in Eq. (9)

is generated only at one loop, as in models with R-parity violation [14] or with leptoquarks [23]. In this
case, we expect

(

Λ

ΛF

)4

≃
(4π)3

α
. (16)

If Eq. (16) holds and if we takeMF ≃ 1 TeV, then the ratios in Eqs. (14) and (15) become of order unity,
so the different rare muon processes have comparable rates.

Alternatively, if the fermion f in Eq. (13) is an electron (or a light quark), the effective operator
can mediate µ → 3e (or µ−–e− conversion) at tree-level, and the corresponding process can dominate
over the others [29]. For instance, we obtain

B(µ → 3e)

B(µ → eγ)
=

1

12(4π)2

(

Λ

ΛF

)4

, (17)

for the case f = e.

Figure 1 summarizes the behaviour of the ratio of branching ratios as a function of the relative

strength of the effective operators in Eq. (9) and Eq. (13), when the fermion f in Eq. (13) is an electron,
as in the left part of Fig. 1, or a combination of first generation quarks, as in the right part of Fig. 1. It can

easily be seen from the plots that when the magnetic moment operator dominates (Λ2 ≪ Λ2
F ) the ratio

of branching ratios saturates at several times 10−3, while it grows like (Λ2/Λ2
F )2 when the four-fermion

operators are dominant (Λ2 ≫ Λ2
F ). Interference effects are largest when Λ2 ∼ Λ2

F , as expected.
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Fig. 1: Branching ratios normalised to B(µ → eγ) as a function of the ratio of the couplings of effective

dimension-5 and dimension-6 operators (see text), for µ+ → e+e−e+ (left) and µ−N → e−N conversion in
48T i. The solid (dashed) curves apply when the two operators interfere constructively (destructively).

In conclusion, the various rare muon processes are all potentially very interesting. In the event of a

positive experimental signal for muon-number violation, a comparison between searches in the different
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(ISS Physics Working Group Collaboration,09)

When dipole term is dominated, such as in SUSY SM,

Muon LFV experiments are competitive and complemental 
to reach others.

BR(µ ! 3e) ' 6.1⇥ 10�3BR(µ ! e�)
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Rµe(Ti) ' 4⇥ 10�3BR(µ ! e�)
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Rµe(Al) ' 3⇥ 10�3BR(µ ! e�)
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Model discrimination with μ-e conversion experiments  
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Figure 3: Target dependence of the µ → e conversion rate in different single-operator
dominance models. We plot the conversion rates normalized to the rate in Aluminum
(Z = 13) versus the atomic number Z for the four theoretical models described in the
text: D (blue), S (red), V (γ) (magenta), V (Z) (green). The vertical lines correspond to
Z = 13 (Al), Z = 22 (Ti), and Z = 83 (Pb).

proton scattering data exists, the uncertainty on the ratios of conversion rates becomes
negligible. This point is illustrated by Table 1, where we report the detailed breakdown of
uncertainties in the ratios Bµ→e(Ti)/Bµ→e(Al) and Bµ→e(Pb)/Bµ→e(Al). For other targets,
the uncertainty induced by neutron densities never exceeds 5% [6]. The conclusions of this
exercise are that:

• The theoretical uncertainties (scalar matrix elements and neutron densities) largely
cancel when we take a ratio.

• As evident from Fig. 3, a realistic discrimination among models requires a measure
of Bµ→e(Ti)/Bµ→e(Al) at the level of 5% or better, or alternatively a measure of
Bµ→e(Pb)/Bµ→e(Al) at the 20% level. These are two cases that well represent the
trend in light and heavy target nuclei.
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Spin-independent coherent int. with nucleus is assumed to dominate the processes.
Spin-dependent noncoherent int. start to be included so that model-discrimination 
power might be enhanced.   

Higgs-like scalar int.
Photonic dipole
Photonic-like vector int.

Z boson-like vector int. 

(Cirigliano, Kitano, Okada, Tuson (09))

(Davidson, Kuno, Saporta (17)) 18

Z(charge of nucleus)
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Tau LFV searches in Belle II/SuperKEKB
KEKB is upgraded to SuperKEKB (40 times higher luminosity).  

(                   )
•

Main BG:
Belle results:
BG reduction in Belle II is being discussed. Prospects are O(10-9).

•
Almost BG free. Belle reached at BR~O(10-8), and prospects 
of Belle II are O(10-(9-10)) 

4.6⇥ 1010 ⌧+⌧�
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Tag side : 1 prong + missing (BR ⇠ 85%)
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Signal side : µ�, e� (full reconstructed)
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⌧ ! µ⌫⌫̄ + ISR �
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15 Tau and low multiplicity physics

Table 135: Event selection criteria in the Belle ⌧ ! `� analysis.

level requirements

1 two opposite-charged tracks (pt > 0.1 GeV/c)

n� � 1 (E� > 0.1 GeV)

pCM
track < 4.5GeV/c for both tracks

0.9 < |thrust| < 0.98

ECM
sum < 9.0 GeV, ECM

total < 10.5 GeV

2 (signal side)

�0.866 < cos ✓µ < 0.956

pµ > 1.0 GeV/c ; µ-IDsig > 0.95

�0.602 < cos ✓� < 0.829

E� > 0.5 GeV

(tag side)

�0.866 < cos ✓tag < 0.956

µ-IDtag < 0.80

3 0.4 < cos ✓CM
µ�� < 0.8, cos ✓H < 0.4

cos ✓CM
µ�tag < 0.0, 0.4 < cos ✓CM

tag�miss < 0.98

pmiss > 0.4 GeV/c , �0.8660 < cos ✓miss < 0.9560

�0.5 (GeV)2 < m2
⌫ < 2.0 (GeV)2

4 pmiss > �5m2
miss � 1 GeV/c, pmiss < 1.5m2

miss � 1 GeV/c
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Fig. 178: Mµ�–�E distributions at Belle in the search for (a) ⌧ ! µ� and (b) ⌧ ! e� [1518].

The black dots and shaded boxes show the data and signal MC, respectively, and the ellipse

is the 2� signal region.

• Track distance from interaction point (along beam axis) |dz| < 0.5 m;

• Pt > 0.08 GeV.

Distributions of each variable except for the p-value are shown in Figs. 179. The main

contributions to the background reduction were found to be from the two energy-based cuts.
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Tau LFV searches in Belle II/SuperKEKB
Various modes will be tested at Belle II:
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Fig. 177: Current 90% C.L. upper limits for the branching fraction of ⌧ LFV decays obtained in the CLEO,
BaBar, and Belle experiments. Purple boxes, blue inverted triangles, green triangles and yellow boxes show
CLEO, BaBar, Belle and LHCb results, respectively, while red circles express the Belle II future prospects,
where they are extrapolated from Belle results assuming the integrated luminosity of 50 ab�1.

in the signal region are blinded when determining the selection criteria and the systematic

uncertainties. After fixing these quantities, we open the blind and evaluate the number of

signal events in the signal region.

The observed Mµ�–�E distributions at Belle (4.9 ⇥ 108 ⌧+⌧� pairs [1518]) are shown

in Figs. 178(a) and (b) for ⌧ ! µ� and ⌧ ! e�, respectively. The signal yield is evaluated

from an extended unbinned maximum-likelihood fit to the Mµ�–�E distribution. The main

background (BG) is from ⌧ ! `⌫`⌫⌧ + extra � events and radiative di-muon (for µ�) or

Bhabha (for e�) events. The cuts imposed to reduce the background are summarised in

Table 135.

The upper limit obtained from this analysis yields Br(⌧ ! µ� (e�)) = 4.5 ⇥ 10�8 (1.2 ⇥
10�7) at 90% C.L.

Beam background studies. At Belle II, the beam background in ⌧ LFV searches becomes a

more serious concern compared to the Belle experiment due to the small number of daughter

particles from ⌧ LFV decay. A preliminary ⌧ ! µ� study in the presence of beam background

was performed using MC samples, in order to determine the feasibility of ⌧ LFV analyses

in this more contaminated environment.

We first studied generic SM-decaying ⌧+⌧� pairs generated with (BGx1) and without

(BGx0) beam background in order to study its impact on the distributions of various physics

observables and introduce background reduction techniques. As a result, we introduced the

following basic selection criteria:

� For photon clusters:

• E� > 0.100(forward endcap), 0.090(barrel), 0.160(backwards endcap) GeV;

• |�tcluster| < 50 ns.

� For charged particles:

• Track fit p-value > 0.01;

506/690
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Other Tau LFV searches
• @ CMS (33fb-1, 13TeV)

B/D meson decays are main source of tau

Result:
LHCb:                              (only Ds)

• TauFV: new proposal for              of fixed-target exp. 
Using Beam Dump Facility at CERN.
Thin targets are distributed and beam profile is 
squeezed in order to suppress multiple scattering.
Aiming to Br~O(10-10) in ~2030. 

D�s � ��(+�̄� )� 3µ

D�s � �(µ+µ�)��

⌧ ! 3µ
<latexit sha1_base64="mJp+PKxhwF2MPgTlKHsrgcxqAFY="></latexit>

2

4 Simulation
Table 1 shows the absolute and relative production rates of t leptons in pp collisions at a center-
of-mass energy of 13 TeV. The hadronic t production rates are obtained from minimum-bias
processes simulated using PYTHIA (version 8.1) [5], with the underlying event simulated with
the CUEP8M1 tune [11]. The contribution from direct baryon decays is small and ignored in
this analysis, and so is an O(10�4) contribution of t leptons produced in W/Z boson decays.
About 75% of t leptons at LHC come from D meson decays (predominantly, Ds ! tn), while
the remainder is associated with B decays. The challenge for using such hadronically-produced
t leptons is that they, and hence muons from t ! 3µ decays, have very low momenta and are
significantly boosted in the forward direction. The probability of all three muons from such
a t ! 3µ decay to be within the CMS muon detection fiducial acceptance (|h| < 2.4 and
p > 2.5 GeV, needed for a muon to penetrate the CMS calorimeters), is O(1%).

Table 1: The expected inclusive number of t leptons produced in D and B meson decays at LHC
(13 TeV) for an integrated luminosity of 33 fb�1. Numbers are from PYTHIA (without EVTGEN).
Charge conjugated states are implied. For comparison, the number of t leptons produced in W
and Z boson decays is 8 ⇥ 108.

Process Number of t leptons (33 fb�1)
pp ! c c̄ + ...

D ! tn 4.0 ⇥ 1012 (95% Ds, 5% D±)
pp ! bb + ...

B ! tn + ... 1.5 ⇥ 1012 (44% B±, 45% B0, 11% B0
s , 0% B±

c )
B ! D(tn) + ... 6.3 ⇥ 1011 (98% Ds, 2% D±)

We produce two signal simulation samples using minimum-bias process and filtering it for
events with Ds mesons, including those arising from B-decays, or for B±/B0. Tau lepton decays
to three muons are simulated according to the trimuon phase space, i.e., assuming a constant
decay matrix element. As discussed in Ref. [8], the search sensitivity does not critically depends
on this assumption. Another Ds sample with Ds ! fp ! µµp decays is produced and used
in conjunction with data to validate the Ds production rate.

Pileup minimum-bias events are added to the simulated signal events with a pp collision multi-
plicity distribution matching that observed in the data. The CMS detector response is simulated
using GEANT4 [12]; the subsequent trigger selections and event reconstruction are performed
with the same algorithms as those used with the data.

The analysis does not rely on the knowledge of the absolute cross sections for Ds and B meson
production. The signal event rate associated with hadronically produced t leptons is derived
from measurements of the Ds ! fp ! µµp production rate. For such a conversion, we use a
number of decay branching fractions. Table 2 lists these branching fractions together with their
uncertainties.

5 Data set used in the search
We use the data collected in 2016 with protons colliding at a center-of-mass energy of 13 TeV.
We use events selected by the following Level-1 triggers:

• trimuon with no additional requirements on muons;
• dimuon with at least one muon having pT > 10 GeV and the h separation between

muons |Dh| < 1.8;

(Signal channel)

(Normalization channel)

BR < 8.8⇥ 10�8 (90%C.L.)
<latexit sha1_base64="EUYgUZ33H21vFs+vqvySOdx0oxk="></latexit>

BR < 4.6⇥ 10�8
<latexit sha1_base64="jSdvENyhW9FsGgIQkgT4ezw5BAw="></latexit>

3. Experiment overview and location

The target system of TauFV will consist of a set of thin blades, made of tungsten
alloy or some other high-density material. These blades will be matched to an ellip-
tical beam profile of vertical size ⇠ 1mm, each separated by ⇠ 2 cm and distributed
over a length of 10-20 cm (see Fig. 1, left). This layout will ensure that interac-
tions will be well spread both longitudinally and transversally, which is desirable for
background rejection. Furthermore, the majority of the tau leptons will decay in
free space, and there will be a low probability of a decay track passing through a
downstream target.

Figure 1: (a) TauFV target system. (b) half-view schematic of the spectrometer.

The spectrometer design (see Fig. 1, right) has an acceptance in polar angle
between 20 and 260mrad, and length of around 7m. A Vertex Locator (VELO),
comprising planes of silicon-pixel detectors broadly similar to the LHCb VELO,
interleave the target system, and continue downstream of it. Bending of charged
tracks is provided by a dipole of integrated field of ⇠ 2.5Tm, which is followed by a
tracker, a TORCH (Timing Of internally Reflected CHerenkov light) detector [19],
a high performance ECAL and a muon system. All sub-detector components will
have fast-timing capabilities, good radiation hardness and high granularity. More
information on the most critical sub-detectors can be found in Sec. 5

Several locations can provide the required beam conditions and the beam drift
space to accommodate the detector along the new 200m transfer line between the
TDC2 switch-yard cavern and the BDF target station, without either a↵ecting the
location of the BDF experimental area or requiring significant changes to the beam-
line configuration. The choice is instead driven by considerations related to the civil
engineering in the vicinity of the existing installations, radiological protection, and
access and transport requirements, both above ground and underground. Lateral
space is required on both sides for shielding in order to limit the radiation exposure
of the surrounding underground area to levels typical for the rest of the beam line.

4

Target system spectrometer

TauFV

⌧ ! 3l
<latexit sha1_base64="9MBe5Wl0xSfuXDKnqmYW03Wq9zA="></latexit>
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4, CLFV in BSM models 
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• SUSY SM 

• LFV Higgs couplings. 

• Low-energy seesaw model.



μ-e transition in  SUSY SM
SUSY-breaking mass terms for sleptons are sources of 
LFV in SUSY SM.
Origin: 1) Slepton coupling to SUSY breaking sector

2) Radiative correction from LFV int., 
such as in SUSY Seesaw (1012-15GeV)  
or SUSY GUTs (1016GeV) .

SUSY seesaw: 
Neutrino Yukawa coupling (Degenerate RH ν mass,      )

Universal SUSY breaking para. are assumed at GUT scale.
Large        means larger Yukawa so that large CLFVs
are induced.  

34 LORENZO CALIBBI and GIOVANNI SIGNORELLI

scale results MR3 ⇡ 1015 GeV, if we take hierarchical light neutrinos: m̂⌫ ' (10�3, 9 ⇥

10�3, 5 ⇥ 10�2) eV. Despite the large coupling, the e↵ect is suppressed by the small
CKM angles and it is additionally challenged by the strong constraints on the mass
of coloured SUSY particles that we mentioned at the beginning of this section. The
reason is that sleptons and Bino/Wino masses are related to squarks and gluino masses
by the SO(10) unification. For instance, gaugino mass unification implies the following
low-energy relation between Bino mass M1 and gluino mass M3 (obtained by solving the
corresponding RGEs): M3 ⇡ 6M1. These limitations are clearly depicted in the left panel
of Figure 11, where the predicted rates of the µ ! e transitions are shown and compared
with the LHC bound: we take for simplicity as limit on the gluino mass M3 > 2 TeV.
As we can see, as a consequence of this constraint together with the small mixing, this
scenario does predict rates below the present and future sensitivities of MEG, even with
a choice of the parameters aimed at maximise the CLFV e↵ects (tan � = 50, a⌫ = 3):
BR(µ ! e�) . 2 ⇥ 10�14. For the other channels we have BR(µ ! eee) . 10�16, and
CR(µN ! eN) . 10�16, so that these processes could be observable only if the SUSY
spectrum lies close to the present bounds set by the LHC experiments. The situation
does not improve in the ⌧ � µ and ⌧ � e sectors that are tightly correlated to the µ � e
sector by Eq. (57). For instance, we have for ⌧ ! µ�:

(58)
BR(⌧ ! µ�)

BR(µ ! e�)
=

|V ⇤
tb

Vts|
2

|V ⇤
ts

Vtd|
2

⇥ BR(⌧ ! µ⌫̄⌫) ⇡ 5 ⇥ 103,

so that the LHC bound in Figure 11 implies BR(⌧ ! µ�) . 10�10.
Fortunately SO(10) unification does not necessarily imply that the CLFV e↵ects are

suppressed by the small CKM angles. In fact, one can modify the relation in Eq. (56) by
introducing multiple Higgs representations and/or non-renormalisable operators, which
on the other hand is required to correct the relations among charged lepton and quark
masses that work poorly, especially for the first two generations. In our context, this has
been discussed in [182, 186], with a particular focus on the possibility of obtaining large
PMNS-like mixing:

(59) Y⌫ = U†Ŷu [“large � mixing” SO(10)],

where Ŷu is the diagonal up-quark Yukawa matrix and U is the PMNS. In this case, the
induced slepton mixing is controlled by the large angles of the PMNS:

(�LL)i6=j ⇡ �
3 + a2

⌫
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Ui3U

⇤
j3 ln
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MR3

.(60)

The result of this is shown in the right panel of Figure 11, where we can see that the
present MEG limit already excludes the model way beyond the LHC.

By inspecting Eq. (55), we can easily spot other scenarios, for which we can expect
large CLFV e↵ects. For instance, if the RH neutrinos are degenerate with mass MR,
i.e. M̂R = MR1, they can not contribute to the PMNS mixing, the matrix R becomes
trivial, and again the mixing structure of Y⌫ is given by the PMNS:

(61) Y⌫ =

p
MR

vu

p
m̂⌫ U† [degenerate ⌫R i].

m̂⌫ : LH ⌫ mass
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Figure 12. – Bounds and prospects for a SUSY seesaw model with degenerate RH neutrinos, as
in Eq. (61), for tan� = 5 (left) and 50 (right). The blue region is excluded by LHC searches for
sleptons [137].

Similarly, even if M̂R is hierarchical but with a trivial flavour structure, namely R = 1
(which can be enforced by a flavour symmetry), one gets Y⌫ ⇠ U†. Both cases give
quantitatively similar predictions in terms of CLFV processes, hence we will focus on the
one of Eq. (61) in the following. In this case, the RGE-induced CLFV parameters shown
in Eq. (54) result:

(�LL)i6=j ⇡ �
3 + a2

⌫
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UikU⇤
jk

ln
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p
MR

vu

⇣p
m̂⌫

⌘

kk

�
.(62)

Notice that, because of the unitarity of the PMNS, (�LL)i6=j is strongly suppressed if the
light neutrinos are almost degenerate, i.e. the y⌫k are almost equal. In the following we
consider hierarchical light neutrinos, choosing for illustration m⌫1 = 10�3 eV, as above.
As we can see, (�LL)i6=j grows linearly with MR, as heavier RH neutrinos mean larger
Yukawa couplings. The resulting CLFV constraints and future prospects are shown in
Figure 12 on a plane displaying the LH slepton mass and the degenerate RH neutrino
mass. Here we dropped any GUT relation among EW-interacting and coloured SUSY
particles and considered only the limit from direct searches for sleptons [137], shown as a
blue-shaded region. As we can see, the MEG limit already set bounds on the degenerate
RH neutrino mass at the level of MR . 1012÷13 GeV for SUSY masses close to the LHC
sensitivity, which future experiments will further improve down to MR . 1010÷11 GeV.
This range is of particular interest as successful leptogenesis typically requires for the
lightest RH neutrino MR1 > 108

÷ 109 GeV [184, 185](20). The predicted CLFV rates
for a case with a rather low value of MR (1012 GeV) are shown in Figure 13. On the
other hand, we see from Figure 12 that scenarios with high seesaw scales are already
excluded unless mL > O(1) TeV and will be tested up to mL = O(10) TeV. Given that,

(20) Moreover, scenarios with strongly-hierarchical RH neutrinos give results that are very close
to those of Figs. 12 and 13 with the substitution MR ! MR3 .
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τ→ μγ in SUSY SM
If chargino/neutralino and sleptons have O(100)GeV masses, Belle-II may have 
chance to discover τ→ μγ. 

Bino, wino, and Higgsino 
masses are 250 GeV, 
500 GeV, and 1 TeV, 
respectively, while tanβ is 
30. 
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τ→ μγ in SUSY SM
15 Tau and low multiplicity physics
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Fig. 175: Branching ratio of ⌧ ! µ� in the SUSY SMs with left-handed (black) and

right-handed (red) smuon-stau mixing mass terms. The dashed line indicates the current

experimental bound. See text for input parameters.
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Fig. 176: Branching ratios of ⌧ ! µ� and ⌧ ! e� in the SUSY seesaw model under assump-

tion of specific textures of Yukawa couplings which suppress µ ! e�. For the blue (red) points

normal (inverted) hierarchy is assumed for neutrino mass ordering. Here, CMSSM boundary

conditions for SUSY breaking parameters are assumed. See text for input parameters.

⌧ ! µ� case, these variables are defined as

Mµ� =
q

E2
µ� � P 2

µ� , (495)

�E = ECM
µ� � lECM

beam, (496)

where Eµ� and Pµ� are the sum of the energies and the magnitude of the vector sum of the

momenta for the µ and the �, respectively. The superscript CM indicates that the variable

is defined in the CM frame, e.g. ECM
beam is the beam energy in the CM frame. For signal, Mµ�

and �E should peak at Mµ� ⇠ m⌧ and �E ⇠ 0 (GeV), while for the background, Mµ� and

�E will smoothly vary without any special peaking structure.

Taking into account the resolution of the detector and the correlation between Mµ� and

�E, we use an elliptical signal region. To avoid biases, we perform a blind analysis: the data

505/690

If chargino/neutralino and sleptons have O(100)GeV masses, Belle-II may have 
chance to discover τ→ μγ. 

Bino, wino, and Higgsino 
masses are 250 GeV, 
500 GeV, and 1 TeV, 
respectively, while tanβ is 
30. 

��(The Belle II Physics Book)

Experimental bound

(The Belle II Physics Book)



Z’ boson
Extra U(1)  may be predicted in GUTs, such as SO(10), or E6.  
If its mass is below O(101-2) TeV and Z’ boson has flavor violating coupling, future 
experiments, Mu3e and COMET/Mu2e, may test it. (sorry for not referring many papers.)

Example: SUSY SM with extra U(1)  inspired by SUSY SO(10)  GUT
(and also motivated by Minisplit SUSY,                                     )

Figure 8: Our predictions for the deviation of BR(µ → 3 e) with ΛZ′ = 1400 TeV
(left) and ΛZ′ = 500 TeV (right). The coefficients of higher-dimensional operators sat-
isfy |ϵ cdij| < 10−2 (red) and |ϵ cdij| < 10−3 (blue). The green region is excluded by the
SINDRUM experiment [40] and the green dashed line is the future prospected bound [41].

BR(µ → 3 e) =
m5

µ

1536 π3 Γµ

(
2
∣∣C3e

L

∣∣2 +
∣∣C3e

R

∣∣2
)

(53)

≃ 5.8× 10−18

(
1400TeV

ΛZ′

)4
(
|Al

µe|
0.04

)2

, (54)

where mµ and Γµ are mass and total decay width for µ, respectively.
This LFV process has been investigated at the SINDRUM experiment: BR(µ →

3 e) < 1.0×10−12 [40]. The coming experiment will reach O(10−16) [41]. Fig. 8 shows the
correlation between δ(ϵK) and BR(µ → 3 e), setting ΛZ′ = 1400 TeV (left) and ΛZ′ = 500
TeV (right). The green region is excluded by the SINDRUM experiment [40] and the
dashed green line corresponds to the expected upper bound in the Mu3e experiment [41].
According to the figures, we can expect that BR(µ → 3e) is less than O(10−15), as far as
ΛZ′ > 500 TeV. When ΛZ′ is 500 TeV which correspond to MZ′ ≃ 36 TeV, BR(µ → 3e) is
about 3.5× 10−16 and can exceed the future sensitivity. Note that |δϵK | is also enhanced
in this case, as shown in Fig. 4.

3.3.2 µ-e conversion

The µ-e conversions in nuclei are also predicted by our Z ′ interaction. Now, we assume
that the coherent conversion, in which the final state is the same as the initial, is dominant

19

Figure 9: Our predictions for BR(µAu → eAu) (upper panels) and BR(µAl → eAl)
(lower panels). We set ΛZ′ = 1400 TeV in left two panels and ΛZ′ = 500 TeV in right two
panels. The coefficients of higher-dimensional operators satisfy |ϵ cdij| < 10−2 (red) and
|ϵ cdij| < 10−3 (blue). In the upper panels, green region shows the experimental bound [43].
In the lower pannels, two green dashed lines show future sensitivity from COMET-I (upper
one) and COMET-II (lower one) experiment [44, 45].

In LFV τ decays, there are many modes, e.g. τ → 3µ, τ → µ−e+e−, τ → e+µ−µ−

and so on. The branching ratios for some of these modes can be estimated by changing
mµ → mτ , Γµ → Γτ and C3e

L,R → C3l
L,Rijk

in Eq. (53). In the case that there are three

21

Mu3e

COMET(phase-I)

COMET(phase-II), Mu2e

mZ0 ' 30TeV
<latexit sha1_base64="Rn39P8EMbYeMrwWGCrqRPZoIuus="></latexit>

(JH, Muramatsu, 
Omura, Shigekami (16))

mSUSY ⇠ (102�3)TeV
<latexit sha1_base64="giaicoGXoT0rPXj5oTPGJpUn3h0="></latexit>

mZ0 ' 30TeV
<latexit sha1_base64="Rn39P8EMbYeMrwWGCrqRPZoIuus="></latexit>

26



LFV Higgs coupling
General flavor violating Higgs coupling: 
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large deviations from the SM do not require very exotic flavor structures. A branching ratio

for h ! ⌧µ comparable to the one for h ! ⌧⌧ , or a h ! µ+µ� branching ratio a few

times larger than in the SM can arise in many models of flavor (for instance in models with

continuous and/or discrete flavor symmetries [28], or in Randall-Sundrum models [29]) as

long as there is new physics at the electroweak scale and not just the SM. The lepton flavor

violating decay h ! ⌧µ has been studied in [11], and it was found that the branching ratio

for this decay can be up to 10% in certain Two Higgs Doublet Models (2HDMs).

In fact, there may already be experimental hints that the Higgs couplings to fermions

may not be SM-like. For instance, the BaBar collaboration recently announced a 3.4�

indication of flavor universality violation in b ! c⌧⌫ transitions [30], which can be explained

for instance by an extended Higgs sector with nontrivial flavor structure [31].

The paper is organized as follows. In Sec. II we introduce the theoretical framework we

will use to parameterize the flavor violating decays of the Higgs. In Sec. III we derive bounds

on flavor violating Higgs couplings to leptons and translate these bounds into limits on the

Higgs decay branching fractions to the various flavor violating final states. In Sec. IV we

do the same for flavor violating couplings to quarks. We shall see that decays of the Higgs

to ⌧µ and to ⌧e with sizeable branching fractions are allowed, and that also flavor violating

couplings of the Higgs to top quarks are only weakly constrained. Motivated by this we

turn to the LHC in Section V and estimate the current bounds on Higgs decays to ⌧µ and

⌧e using data from an existing h ! ⌧⌧ search. We also discuss a strategy for a dedicated

h ! ⌧µ search and comment on di↵erences with the SM h ! ⌧⌧ searches. We will see

that the LHC can make significant further progress in probing the Higgs’ flavor violating

parameters space with existing data. We conclude in Section VI. In the appendices, we give

more details on the calculation of constraints from low-energy observables.

II. THE FRAMEWORK

After electroweak symmetry breaking (EWSB) the fermionic mass terms and the cou-

plings of the Higgs boson to fermion pairs in the mass basis are in general
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Figure 6: Constraints on the flavor violating Yukawa couplings |Ye⌧ |, |Y⌧e| (upper left panel), |Yeµ|,

|Yµe| (upper right panel) and |Yµ⌧ |, |Y⌧µ| (lower panel) of a 125 GeV Higgs boson. The diagonal

Yukawa couplings are approximated by their SM values. Thin blue dashed lines are contours of

constant BR for h ! ⌧e, h ! µe and h ! ⌧µ, respectively, whereas thick blue lines are the

LHC limits derived in Sec. VA. (These limits could be greatly improved with dedicated searches

on existing LHC data, see Sec. VC.) Shaded regions show the constraints discussed in Sec. III

as indicated in the plots. Note that g � 2 [EDM] searches (diagonal black dotted lines) are only

sensitive to parameter combinations of the form Re(Y↵�Y�↵) [Im(Y↵�Y�↵)]. We also show limits

from a combination of g � 2 and EDM searches with marginalization over the complex phases

of the Yukawa couplings (green shaded regions). Note that (g � 2)µ provides upper and lower

limits (as indicated by the double-sided arrows in the lower panel) if the discrepancy between the

measurement and the SM prediction [39, 44] is taken into account. The thin red dotted lines show

rough naturalness limits YijYji . mimj/v2 (see Sec. II).
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(Harnik,Kopp, Zupan(12))

Constraints on  
and       from LHC 
and              were 
complimentary at 
2012.  
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large deviations from the SM do not require very exotic flavor structures. A branching ratio
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continuous and/or discrete flavor symmetries [28], or in Randall-Sundrum models [29]) as
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will use to parameterize the flavor violating decays of the Higgs. In Sec. III we derive bounds

on flavor violating Higgs couplings to leptons and translate these bounds into limits on the

Higgs decay branching fractions to the various flavor violating final states. In Sec. IV we

do the same for flavor violating couplings to quarks. We shall see that decays of the Higgs

to ⌧µ and to ⌧e with sizeable branching fractions are allowed, and that also flavor violating

couplings of the Higgs to top quarks are only weakly constrained. Motivated by this we

turn to the LHC in Section V and estimate the current bounds on Higgs decays to ⌧µ and

⌧e using data from an existing h ! ⌧⌧ search. We also discuss a strategy for a dedicated

h ! ⌧µ search and comment on di↵erences with the SM h ! ⌧⌧ searches. We will see

that the LHC can make significant further progress in probing the Higgs’ flavor violating

parameters space with existing data. We conclude in Section VI. In the appendices, we give

more details on the calculation of constraints from low-energy observables.
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Yukawa couplings are approximated by their SM values. Thin blue dashed lines are contours of

constant BR for h ! ⌧e, h ! µe and h ! ⌧µ, respectively, whereas thick blue lines are the

LHC limits derived in Sec. VA. (These limits could be greatly improved with dedicated searches

on existing LHC data, see Sec. VC.) Shaded regions show the constraints discussed in Sec. III

as indicated in the plots. Note that g � 2 [EDM] searches (diagonal black dotted lines) are only

sensitive to parameter combinations of the form Re(Y↵�Y�↵) [Im(Y↵�Y�↵)]. We also show limits

from a combination of g � 2 and EDM searches with marginalization over the complex phases

of the Yukawa couplings (green shaded regions). Note that (g � 2)µ provides upper and lower

limits (as indicated by the double-sided arrows in the lower panel) if the discrepancy between the

measurement and the SM prediction [39, 44] is taken into account. The thin red dotted lines show

rough naturalness limits YijYji . mimj/v2 (see Sec. II).
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Figure 5: Upper limits on the absolute value of the couplings Y⌧` and Ỳ ⌧ together with the limits from the ATLAS
Run 1 analysis (light grey line) and the most stringent indirect limits from ⌧ ! `� searches (dark purple region).
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9 Conclusions

Direct searches for the decays H ! e⌧ and H ! µ⌧ are performed with proton–proton collisions
recorded by the ATLAS detector at the LHC corresponding to an integrated luminosity of 36.1 fb�1 at a
centre-of-mass energy of

p
s = 13 TeV. No significant excess is observed above the expected background

from Standard Model processes. The observed (expected) upper limits at 95% confidence level on the
branching ratios of H ! e⌧ and H ! µ⌧ are 0.47% (0.34+0.13

�0.10 %) and 0.28% (0.37+0.14
�0.10 %), respectively.

These limits are more stringent by a factor of 2 (5) than the corresponding limits for the H ! e⌧ (H ! µ⌧)
decay determined by ATLAS at

p
s = 8 TeV.
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ATLAS (13TeV, 36.1fb-1)

Constraints from 
LHC is one-order 
severer than from  

,             .

It seems difficult for 
low-energy exp. to 
improve the bounds 
now.

This does not deny 
extra Higgs has LFV 
Yukawa, though we 
have to tune models.  
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CMS also have similar results.
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In Seesaw models,  Majorana neutrino masses are generated.
Type-I: SU(2) singlet fermions
Type-II: SU(2) triplet Higgs boson
Type-III: SU(2) triplet fermions

Inverse (type-I) seesaw model
Two singlet neutrinos are introduced in addition to LH ν,                    .   Lepton-number
violation is much smaller than EW scale so that the neutrino masses 
are suppressed. 

Type-II model
Neutrino mass is suppressed by (lepton-flavor violating) Higgs triplet-doublet coupling . 

Origin of neutrino mass: seesaw models

29

Tiny lepton-number 
violation
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38 LORENZO CALIBBI and GIOVANNI SIGNORELLI

Model µ ! eee µN ! eN BR(µ!eee)
BR(µ!e�)

CR(µN!eN)
BR(µ!e�)

MSSM Loop Loop ⇡ 6⇥ 10�3 10�3
� 10�2

Type-I seesaw Loop⇤ Loop⇤ 3⇥ 10�3
� 0.3 0.1�10

Type-II seesaw Tree Loop (0.1� 3)⇥ 103 O(10�2)

Type-III seesaw Tree Tree ⇡ 103 O(103)

LFV Higgs Loop† Loop⇤ †
⇡ 10�2

O(0.1)

Composite Higgs Loop⇤ Loop⇤ 0.05� 0.5 2� 20

Table VII. – Pattern of the relative predictions for the µ ! e processes as predicted in several

models (see the text for details). It is indicated whether the dominant contributions to µ !

eee and µ ! e conversion are at the tree or at the loop level; Loop
⇤
indicates that there are

contributions that dominate over the dipole one, typically giving an enhancement compared to

Eq. (40, 41).
†
A tree-level contribution to this process exists but it is subdominant.

violating couplings to Z. As a consequence `i ! `j`k`k and µ ! e conversion in nuclei
arise at the tree level from a Z exchange, resulting in very definite predictions for the
ratios of the di↵erent modes [204]. We illustrate the pattern of the relative predictions
for the µ ! e modes within a selection of models in Table VII. The chosen examples
are the minimal (in terms of low-energy particle content) SUSY model discussed in the
previous section (MSSM), the three types of low-energy seesaw models, the scenario
with LFV-couplings of the Higgs (LFV Higgs) that we discussed at the end of section 2
(cf. Eq. (14) and Table III), and the so-called ‘two-site’ composite Higgs model studied in
[114]. The displayed results highlight the model-discriminating power of the three modes
and show how all the three searches are necessary. In Figure 14 these correlations are
nicely displayed for the case of the low-energy type I seesaw (from [103]).

Before moving to discuss the experimental aspects of searches for CLFV, let us com-
ment about the possible connection between recent hints of breaking of lepton flavour
universality and CLFV observables.
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Correlation among CLFV processes: 

CLFV in low-energy seesaw models
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Searches for symmetry breakings are a important to windows to BSM. Lepton-flavor 
violating decay of charged lepton is an important to tool to probe physics at and 
beyond TeV in addition to EDMs. After discovering the neutrino oscillation, we have no 
explicit reason that BSM is lepton-flavor conserving. 

MEG-II, Mu3e, COMET and Mu2e will be performed next decade. They are competitive 
and complemental to each others. Even if BSM is realized at O(101-2) TeV, the 
experiments may cover it. If signal is found, we may pin down models by taking 
correlation among the processes.

Tau LFV processes may be found at BELLE-II if BSM is realized at TeV scale. The 
searches may be complementary to CLFV heavy particle decay and also new particle 
searches at  LHC.

Summary of my talk 
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Thank you very much.
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Tools to probe new physics
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Atrophysics

Direct search for 
TeV-scale physics
• LHC
• ILC
•FCC

• High statistical experiment 
• High precise theoretical prediction,    

sometimes related to symmetry breaking. 

• Underground exp. 
• Cosmology
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Latest magnetic moments of charged leptons
• Electron

• Muon

• Tau 

aexpe = 1 159 652 180.73(28)⇥ 10�12
<latexit sha1_base64="vKC4PxU9/PmBNToGl7WLSQw0T6s="></latexit>

aSMe = 1 159 652 181.61(23)⇥ 10�12
<latexit sha1_base64="3ZssC1j2zjrzKATvOEtLVPBiDAI="></latexit>

�ae = aexpe � aSMe = �0.88(36)⇥ 10�12
<latexit sha1_base64="EKveRoZIkV/HVO4Iww40vHzrhbE="></latexit>

(2.5 sigma deviation)→

(Aoyama,Kinoshita,Nio (18)+new α using Cs atom (18))

(Gabrielse group (08))

aexpµ = 11 659 209.1(5.4)(3.3)⇥ 10�10
<latexit sha1_base64="vbDKdkD9goMWifEz4Phco3NDSAc="></latexit>

aSMµ = 11 659 192.04(3.56)⇥ 10�10
<latexit sha1_base64="VYVx37vqePsKaWaQo6dwoeiY/ks="></latexit>

�aµ = aexpµ � aSMµ = 27.06(7.26)⇥ 10�10
<latexit sha1_base64="ekuZRMJLML4cEd3rMzunjL0tbpw="></latexit>

→ (3.7 sigma deviation)

(Muon g-2 Collaboration)

(Keshavarzi, Nomura, Teubner (18))

�0.052 < aexp⌧ < +0.013
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BSM explanation of muon g-2 
MSSM had been considered to be a leading candidate for explanation of muon g-2.  

tan� � ⇥H2⇤/⇥H1⇤

⇤aµ �
5�2 + �Y

48⌅

m2
µ

M2
SUSY

tan⇥

= 3� 10�9

�
tan�

10

⇥ �
MSUSY

200GeV

⇥�2

(                                   )

Colored SUSY particles are 
heaver than 1TeV.
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BSM explanation of muon g-2 
Still we have rooms to explain muon g-2, where sleptons are heavier than chargino/ 
neutralino2.

Figure 5. Regions of parameter space that produce the observed excess in the anomalous magnetic
moment of the muon. Solid lines denote consistency with the current experimental values, while
shaded regions show 1σ variations. Left: The M2 and µ dependence for several choices of the
slepton soft mass parameter ML̃ and tanβ = 20. Right: The ML̃ and µ dependence for several
values of tanβ and M2 = −172 GeV. Other parameters not shown are fixed to the BM values shown
in Table 2.

and 10 <
∼ tan β <

∼ 20 (with larger values of the heavy Higgs mass for larger values of tan β),

or for Higgs masses ! 2 TeV for tan β = 60. As shown in the left-hand upper panel of Fig. 4

this would lead to a preference for the Z-resonance annihilation region for the smaller tan β

values.

Finally, Fig. 5 shows the region of parameter space that accommodates the observed

deviation of the anomalous magnetic moment of the muon with respect to the SM predic-

tion. The left panel of Fig. 5 shows the preferred values of M2 and µ for different values of

the slepton masses, and tan β = 20. For simplicity, we have assumed equal soft supersym-

metry breaking parameters for left- and right-handed sleptons, characterized by M
L̃
≃ Mν̃ .

The solid lines denote the values of µ leading to agreement with the observed value of aµ,

while the shaded bands show the range of µ consistent with the current 1σ experimental

uncertainty on this quantity. Overall, the dependence of aµ on the supersymmetry break-

ing mass parameters is in agreement with our general expectations based on Eqs. (4.3) and

(4.4). Lighter (heavier) sleptons imply larger (smaller) preferred values of |µ|, with values

of |µ| in the range 200–500 GeV for this value of tan β and slepton masses at the weak

scale.

The right panel of Fig. 5 shows the dependence of the preferred values of the slepton

masses and the Higgsino mass parameter for different values of tan β and M2 = −172 GeV.

While values of tan β = 10 demand values of these parameters of the order of 200-300 GeV,

the slepton masses can be significantly larger for values of tan β = 60. In particular, for

tan β = 60 and |µ| = 300 GeV, slepton masses of the order of 500 GeV (700 GeV) are

consistent with the central experimental value (a deviation of one standard deviation with

– 16 –

(Carena, Osborn, Shah, Wagner (18)) 37



BSM explanation of muon g-2 
Still we have rooms to explain muon g-2, where sleptons are heavier than charginos/ 
neutralinos
Benchmark: 

respect to the central value).

Let us comment that as can be seen from the right panel of Fig. 5, for small values

of the slepton masses, M
L̃
< |µ|, which are not described by Eq. (4.4), there is a turning

point in the contours of constant aµ, which tends to lower values of |µ|. This is induced

by an increase of the contribution of neutralinos compared to the one of charginos. Also,

the right-handed slepton contribution become relevant in this regime. Such light right-

handed sleptons, however, are being constrained by the LHC, which is putting relevant

bounds on slepton masses [26, 36]. For instance, the bound on degenerate first and second

generation left and right handed sleptons decaying into leptons and missing energy is about

520 GeV. In our setup, however, only the right-handed sleptons decay directly into leptons

and missing energy. The left-handed sleptons instead decay first into chargino and second-

lightest neutralino states, which as we discussed before, decay into weak gauge bosons and

missing energy. Hence, the bounds on these sleptons are expected to be significantly weaker

than the ones associated with the decay into just leptons and missing energy. Regarding the

limit on the right-handed sleptons, the collective cross section of first and second generation

sleptons with mass of about 520 GeV is about 1 fb, while the one of 400 GeV right-handed

sleptons is also about 1 fb and hence at the edge of the LHC limit. However, since the

right-handed sleptons do not play an important role in determining aµ, it is enough to

make them a few tens of the GeV heavier to easily avoid the current LHC limits, without

affecting any of the essential features of this scenario.

As a concrete example, we present a BM parameter set satisfying all of the constraints

discussed above. The MSSM parameters are shown in Table 2 for tan β = 20, and the

associated mass spectrum (generated with SuSpect2 [108], including radiative corrections)

is shown in Table 3. The NLO production cross section in the MSSM corresponding to our

BM masses is

σ(pp → χ±

1 χ
0
2) = 2.92 pb , (6.1)

for the sum of χ̃+
1 χ̃

0
2 and χ̃−

1 χ̃
0
2 production. The lightest neutralino annihilates via the

Higgs resonance, giving a relic abundance of

ΩCDMh2 = 0.121 , (6.2)

while the cross sections for SI and SD direct detection are

σSI
p = 6.82× 10−13 pb , σSD

p = 1.70× 10−5 pb ,

σSI
n = 4.70× 10−13 pb , σSD

n = 1.33× 10−5 pb .
(6.3)

Finally, the MSSM contribution to the muon’s anomalous magnetic moment is estimated

to be

aMSSM
µ = 248× 10−11 . (6.4)

The production cross section required to accommodate the central value excesses in

the three lepton searches at ATLAS for (mχ̃±
1
/χ̃0

2

, mχ̃0
1
) = (165, 61.7) GeV is approximately

4 pb (c.f. Fig. 2). While our BM cross section remains ∼ 1σ below this central value, we

again stress that this may alleviate some tension with previous analyses. We note that

lower values of mχ̃±
1
/χ̃0

2

, as preferred for χ̃0
1 resonant annihilation to the Z boson, generally

– 17 –

Param. [GeV] Param. [GeV] Param. [GeV] Param. [GeV]

µ -300 M2 -172 M
L̃

400 MH 1500

M1 63.5 M3 2000 M
Q̃

2000 At 3000

Table 2. Benchmark values of MSSM input parameters for micrOMEGAs with tanβ = 20. The
squark and slepton soft masses are degenerate between generations and chiralities.

Part. m [GeV] Part. m [GeV] Part. m [GeV] Part. m [GeV]

h 125.84 χ̃±

1 165.0 ν̃e 395.0 ũR 2069.8

H 1500.03 χ̃±

2 333.6 ν̃µ 395.0 ũL 2069.5

H3 1500.00 τ̃1 389.5 ν̃τ 395.0 d̃R 2070.3

H± 1502.38 τ̃2 415.0 g̃ 2129.2 d̃L 2071.0

χ̃0
1 61.7 ẽR 402.4 t̃1 1927.7 s̃R 2070.3

χ̃0
2 164.8 ẽL 402.6 t̃2 2131.6 s̃L 2071.0

χ̃0
3 314.2 µ̃R 402.4 b̃1 2067.1 c̃R 2069.8

χ̃0
4 331.2 µ̃L 402.6 b̃2 2074.1 c̃L 2069.5

Table 3. Benchmark mass spectrum generated from the input parameters of Table 2.

improve the consistency with the trilepton RJR searches at the expense of increasing the

tension with previous analyses. Regarding the direct detection cross sections for our BM

point, while they are sufficiently suppressed to evade current limits, they may be probable

in the near future through SD interactions. Lastly, we see that the resulting value of aµ is

well within 1σ of the currently observed experimental value.
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BSM explanation of muon g-2 
Light particles may explain muon g-2 even if their couplings are weak.
Original dark photon       model:

Variant dark photon models,            
Generation-dependent B-L or Lμ – Lτ gauge bosons
Light scalar models.

2

A�

�2

�1

�1

f̄

f

A��

FIG. 1: Schematic diagram of dark photon decays in our
scenario. Here the A0 decays promptly to both visible and
invisible particles, thereby evading the A0 ! f̄f resonance
searches (where f is a charged SM fermion) and missing en-
ergy searches for A0 ! invisible decays.

visible SM states. In Fig. 1 we illustrate how the dark
photon may decay if it couples inelastically to two dark
sector states �1 and �2, where the �1 state is stable and
forms the thermal DM component in the Universe. We
refer to the decay in Fig. 1 as the semi-visible decay mode
of the dark photon.

MODEL SETUP

In this study we consider the model introduced in Ref.
[26], in which the dark sector and the SM are connected
by a massive gauge boson (A0) charged under a U(1)0

extension of the SM. The most general renormalizable
Lagrangian contains

L � ✏Y
2
F 0
µ⌫B

µ⌫ +
m2

A0

2
A0

µA
0µ + gBµJ µ

Y + gDA0
µJ µ

D. (2)

After re-defining away the kinetic mixing term and elec-
troweak symmetry breaking, in the mass basis we have

L � �1

4
Fµ⌫F

µ⌫ � 1

4
F 0
µ⌫F

0µ⌫ +
m2

A0

2
A0

µA
0µ

+
X

f

f̄(i/@ � eqf /A � ✏eqf /A0 � mf )f, (3)

where ✏ ⌘ ✏Y cos ✓W is the kinetic mixing parameter, qf is
the charge of the SM fermion f , and Fµ⌫ and F 0

µ⌫ are the
field strengths for the SM photon and dark sector photon
(“dark photon”) after symmetry breaking respectively.

In this work we focus on fermionic dark sector states
 , which in general can couple to a dark scalar hD

through a gauge-invariant Yukawa coupling of the form
yDhD ̄c . After dark symmetry breaking, we obtain

a Majorana mass term yD hhDi  ̄c , in addition to the
symmetry-preserving Dirac mass term mD ̄ . Express-
ing the Dirac fermion field  in terms of Weyl fermions�
⌘ ⇠†

�
, the mass terms are given by

� Lm � mD⌘⇠ +
m⌘

2
⌘⌘+

m⇠

2
⇠⇠ + h.c. (4)

In the mass basis, the mass eigenstates �1 and �2 will be
linear combinations of ⌘ and ⇠. We thus obtain

L �
X

i=1,2

�̄i(i/@ � m�i)�i � (gD�̄2 /A0�1 + h.c.), (5)

where gD ⌘
p

4⇡↵D is the dark gauge coupling. The gen-
eral case m⌘ 6= m⇠ gives rise to both inelastic and elastic
terms in the vector current, whereby the dark matter
state �1 and the “excited” state �2, with mass split-
ting � ⌘ m�2 � m�1 , couple dominantly o↵-diagonally
to the dark photon. However there is also a subdomi-
nant diagonal coupling, containing

P
i=1,2 �̄i /A0�i. Hence

the early Universe DM abundance is set by the anni-
hilation of �1 as well as co-annihilation of �1 and �2

states. This case of a diagonal coupling (Dirac fermion
DM) where the thermal relic abundance is set by the
annihilation of �1, is robustly excluded by CMB data
for mDM < 10 GeV [27]. Thus we focus primarily on the
scenario in which m⌘ = m⇠ such that there is only an o↵-
diagonal inelastic coupling between �1, �2 and the dark
photon (Pseudo-Dirac DM). Here the relic abundance is
set by the co-annihilation of �1 and �2 as well as down-
scattering and decay of �2 into �1 and SM states, which
are safe from CMB bounds (see Refs. [26, 28] for more
detailed information).

RESULTS

The primary goal of this paper is to illustrate that in
an iDM model with large mass splittings (� & 40%) we
can significantly weaken the existing limits such that the
previously excluded 2� dark photon explanation of the
gµ�2 anomaly is still viable, and in a region of parameter
space the thermal relic dark matter abundance is readily
explained. To show this, we recast the invisibly decaying
dark photon limits based on the following possibilities:

1. In a beam dump, �2 after it’s production from
prompt A0 decay, is long-lived and can travel a dis-
tance to the detector, decaying into �1ff̄ inside the
detector. Alternatively, in a collider environment
the dark photon may be produced through the reac-
tion e+e� ! �A0, with a subsequent prompt decay
A0 ! �1�2. If �2 is long lived it will decay outside
the detector, resembling a monophoton signature.
On the other hand, �2 may be short lived enough
to decay inside the detector. If the SM final states
fall below the detector thresholds then the signal

A0
µ
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FIG. 5: Regions of the A0 parameter space (" vs mA0) ex-
cluded by this work (green area) compared to the previous
constraints [7, 18–20] as well as the region preferred by the
(g � 2)µ anomaly [5].
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[15] J. Blümlein and J. Brunner, Phys. Lett. B 731, 320
(2014).

[16] S. Andreas, C. Niebuhr and A. Ringwald, Phys. Rev. D
86, 095019 (2012).

[17] M. Pospelov, Phys. Rev. D 80, 095002 (2009).
[18] S. Adler et al. [E787 Collaboration], Phys. Rev. Lett. 88,

041803 (2002).
[19] A. V. Artamonov et al. [E949 Collaboration], Phys. Rev.

D 79, 092004 (2009).
[20] D. Banerjee et al. [NA64 Collaboration], Phys. Rev. Lett.

118, 011802 (2017).
[21] J. P. Lees et al. [BABAR Collaboration], Nucl. Instrum.

Meth. A 726, 203 (2013).
[22] B. Aubert et al. [BABAR Collaboration], Nucl. Instrum.

Meth. A 479, 1 (2002); Nucl. Instrum. Meth. A 729, 615
(2013).

[23] S. Agostinelli et al. [GEANT4 Collaboration], Nucl. In-
strum. Meth. A 506, 250 (2003).

[24] A. Hoecker et al., PoS ACAT 040 (2007),
arXiv:physics/0703039.

[25] A. Drescher et al.[ARGUS Collaboration], Nucl. Instrum.
Methods Phys. Res., Sect. A 237, 464 (1985).

[26] Additional plots are available through EPAPS Document
No. E-PRLTAO-XX-XXXXX. For more information on
EPAPS, see http://www.aip.org/pubservs/epaps.html.

[27] M. J. Oreglia, Ph.D. Thesis, report SLAC-236 (1980),
Appendix D; J. E. Gaiser, Ph.D. Thesis, report SLAC-
255 (1982), Appendix F; T. Skwarnicki, Ph.D. Thesis,
report DESY F31-86-02(1986), Appendix E.

[28] P. del Amo Sanchez et al. [BABAR Collaboration], Phys.
Rev. Lett. 107, 021804 (2011).

[29] W. A. Rolke, A. M. Lopez and J. Conrad, Nucl. Instrum.
Meth. A 551, 493 (2005).

✏
=

✏ Y
co
s
✓ W

<latexit sha1_base64="TQWCGJPFI76cEW5MPa5vR/34FS0="></latexit>

e+e� ! �A0
<latexit sha1_base64="wlQDIDp0GUn7sESJcRz9AhvGjTE="></latexit>

)2 (MeV/cA’m10 210

-710

-610

-510

NA48/2

)σ
 (3

e2)−
(g

µ
2)−(g AP

EX

A1

HADES

KLOE
WASA

E141
E774

BaBar

2ε

Figure 4: Obtained upper limits at 90% CL on the mixing parameter ε2 versus the DP mass
mA′ , compared to other published exclusion limits from meson decay, beam dump and e+e−

collider experiments [16–22]. Also shown is the band where the inconsistency of theoretical and
experimental values of muon (g − 2) reduces to less than 2 standard deviations, as well as the
region excluded by the electron (g − 2) measurement [2, 23,24].

the mass range 2me < mA′ < mK − mπ. The expected branching fraction value is B(K± →
π±A′) < 2 · 10−4ε2 over the whole allowed mA′ range [24], in contrast to B(π0 → γA′) ∼ ε2

for mA′ < 100 MeV/c2. In the NA48/2 data sample, the suppression of the DP production
in the K+ decay with respect to its production in the π0 decay is partly compensated by the
favourable K±/π0 production ratio, lower background (mainly from K± → π±ℓ+ℓ− for ℓ = µ
or mA′ > mπ0) and higher acceptance [25,26].

For the A′ → e+e− decay, the expected sensitivity of the NA48/2 data sample to ε2 is
maximum in the mass interval 140 MeV/c2 < mA′ < 2mµ, where the K± → π±A′ decay is not
kinematically suppressed, the π0

D background is absent, and B(A′ → e+e−) ≈ 1 assuming that
the DP decays only into SM fermions. In this mA′ interval, the expected NA48/2 upper limits
have been computed to be in the range ε2 = (0.8 − 1.1) × 10−5 at 90% CL, in agreement with
earlier generic estimates [2, 24]. This sensitivity is not competitive with the existing exclusion
limits.

Conclusions

A search for the dark photon (DP) production in the π0 → γA′ decay followed by the prompt
A′ → e+e− decay has been performed using the data sample collected by the NA48/2 experiment
in 2003–2004. No DP signal is observed, providing new and more stringent upper limits on the
mixing parameter ε2 in the mass range 9–70 MeV/c2. In combination with other experimental
searches, this result rules out the DP as an explanation for the muon (g − 2) measurement
under the assumption that the DP couples to quarks and decays predominantly to SM fermions.
The NA48/2 sensitivity to the dark photon production in the K± → π±A′ decay has also been
evaluated.
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deviation in ge�2 cannot be simultaneously explained to-
gether with the ⇠ 3.7� anomaly in gµ�2 in the simplest
versions of those models, even if one could circumvent
existing experimental constraints.
In this paper, we would like to point out that a minimal

model based on a single light real scalar �, can in princi-
ple explain the deviations of both gµ � 2 and ge � 2, in a
relatively economical fashion. We will show that a two-
loop Barr-Zee diagram [16, 17] might explain �ae while
a one-loop contribution could be the primary origin of
�aµ [10, 18], with both corrections mediated by the same
scalar �. For more detailed discussions of these loop pro-
cesses and their contributions to the electron and muon
anomalous magnetic moments see Ref. [19, 20], where
the authors discuss the relative contributions of one- and
two-loop diagrams, but focus primarily on the case of a
pseudoscalar boson.
Before going further, we note that somewhat less min-

imal solutions, e.g. with a scalar coupled to the muon
and a pseudo-scalar coupled to the electron, can poten-
tially yield the right size and sign for the deviations in
gµ � 2 and ge � 2, respectively, and satisfy experimental
constraints. However, here, we focus on the e↵ect of a
single light scalar where inclusion of the Barr-Zee contri-
bution represents an extension of earlier work in Ref. [10].
Studies of the contribution of Barr-Zee type diagrams to
gµ � 2 in the context of two Higgs doublet models and
supersymmetry can also be found in Ref. [21].
Let us consider the following e↵ective Lagrangian for

the real scalar � of mass m�

L� = �
1

2
m

2
�
�
2
�

X

f

�f� f̄f �
�

4
�Fµ⌫F

µ⌫
, (5)

where we only include explicit couplings with strengths
�f to a set of fermions f and have omitted various kinetic
terms and fermion masses. In this work, we allow f to
correspond to SM fermions, as well as other potential
more massive charged fermions. The �f are constrained
by phenomenology, as will be discussed later. We assume
that the � coupling to photons, through the field strength
tensor Fµ⌫ , is governed by the the constant � which has
mass dimension �1. The sum over ��� triangle diagrams
mediated by f will induce a contribution to � , but we
do not specify the properties of all charged states that
couple to �.
We will start with the gµ � 2 discrepancy, assumed to

be dominated by the one-loop diagram in Fig.1, which is
given by [10, 22, 23]

�a` =
�
2
`

8⇡2
x
2

Z 1

0
dz

(1 + z)(1� z)2

x2(1� z)2 + z
(6)

for a lepton ` of mass m` and x ⌘ m`/m�.
Current experimental constraints, as illustrated in

Ref. [24] - under the assumption that � only couples
to muons - allow 2mµ

<
⇠ m�

<
⇠ 100 GeV and �µ ⇠

µ µ

�

�

FIG. 1: One-loop � contribution to gµ � 2.

e e

�

��

FIG. 2: E↵ective two-loop Barr-Zee diagram contribution to
ge � 2, with fermion loops integrated out. The dot (•) repre-
sents light and heavy fermion loops that contribute to � .

5⇥10�4
�0.1, roughly corresponding to a range of param-

eters that can explain the 3.7� deviation in gµ � 2, given
by Eq. (1), which we will approximate as�aµ ⇡ 3⇥10�9.
The above lower bound on m� corresponds to demand-
ing that � decay promptly into muon pairs. In our
scenario, couplings to the electron lead to prompt de-
cays � ! e

+
e
� below the muon pair threshold, allowing

m�
<
⇠ 200 MeV. However, for such values of m�, the

one-loop positive contribution to ge � 2 starts to become
significant and cancel out the desired two-loop e↵ect that
we will discuss below. For m� well above the GeV scale,
we also find it di�cult to accommodate the suggested
ge � 2 anomaly in Eq. (4) with reasonable values of �e

and � . In addition, for m� � 1 GeV, typical low en-
ergy probes of � at intense beam facilities become less
e�cient, adversely a↵ecting experimental prospects for
testing the scenario. For the above reasons, we mostly
focus on the � mass range 2mµ

<
⇠ m�

<
⇠ few GeV, in

what follows.

Let us choose, for concreteness,

m� = 250 MeV and �µ = 10�3
, (7)

which according to Eq. (6) yields �aµ ⇡ 3⇥ 10�9.

We now address the deviation in Eq. (4). Here, we will
concentrate on the “Barr-Zee” diagram contribution to
a` in Fig.2, for a heavy fermion f loop that is represented
by the dot (•) in the figure, given by [16, 19]

�a
BZ
`

(f) = �
↵

6⇡

m`

mf

�`�f

⇡2
Q

2
f
N

f

c
I(y) , (8)

2

BSM explanation of  both muon and electron g-2s 
Two anomalies:

Lepton-universality:

Light scalar particle models (Dovoudiasl, Marciano (18))

Deviation of muon g-2 comes from one-loop while electron’s one is from two-loop.

Benchmark: 

�ae = aexpe � aSMe = �0.88(36)⇥ 10�12
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�aµ = aexpµ � aSMµ = 27.06(7.26)⇥ 10�10
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versions of those models, even if one could circumvent
existing experimental constraints.
In this paper, we would like to point out that a minimal

model based on a single light real scalar �, can in princi-
ple explain the deviations of both gµ � 2 and ge � 2, in a
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loop Barr-Zee diagram [16, 17] might explain �ae while
a one-loop contribution could be the primary origin of
�aµ [10, 18], with both corrections mediated by the same
scalar �. For more detailed discussions of these loop pro-
cesses and their contributions to the electron and muon
anomalous magnetic moments see Ref. [19, 20], where
the authors discuss the relative contributions of one- and
two-loop diagrams, but focus primarily on the case of a
pseudoscalar boson.
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and a pseudo-scalar coupled to the electron, can poten-
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terms and fermion masses. In this work, we allow f to
correspond to SM fermions, as well as other potential
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by phenomenology, as will be discussed later. We assume
that the � coupling to photons, through the field strength
tensor Fµ⌫ , is governed by the the constant � which has
mass dimension �1. The sum over ��� triangle diagrams
mediated by f will induce a contribution to � , but we
do not specify the properties of all charged states that
couple to �.
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be dominated by the one-loop diagram in Fig.1, which is
given by [10, 22, 23]
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m� = 250MeV
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comes from loop of tau or new particles with masses few 100GeV.

�
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BSM explanation of muon and electron g-2 
Heavy particle models (Crivellin. Hoferichter,  Schmidt-Wellenburg (18))

Intro. of vector-like fermions with the same quantum numbers as doublet and singlet 
leptons. Large chirality enhancement by internal fermions in one-loop diagrams may 
explain both anomalies.  

(vector-like fermion masses)
(vector-like fermion Yukawa coupl with Higgs)
(vector-like and SM fermion Yukawa coupl)

L = �MLL̄LLR �MEĒLER

� LL̄LhER � EL̄RhEL

� �LL̄LlRh� �EĒRlLh
+ h.c.

<latexit sha1_base64="AXyCsBi7kuZ9Zo4TyHFGPVoUqBo="></latexit>

We can avoid constraints from 
leptonic Z and Higgs decay if we 
introduce a new scalar field.   

µ
E = �1

<latexit sha1_base64="dTuSoVQVq1S0pf9cQk/MI1GQS5I="></latexit>

e
E = +1

<latexit sha1_base64="HggDCUO28LD1YLAB2apUTyqjYHM="></latexit>
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Benchmark models

HighVscale$SUSY$�

MoFvaFon$of$HighVscale$SUSY$(~O(102V3)$TeV).$

•  SoluFon$of$following$problems$$$
–  FCNC$and$CP$problems$

–  GraviFno$problem$in$nucleosynthsis$

–  D=5$proton$decay$in$SUSY$GUTs$
–  125GeV$Higgs$mass$

•  Easy$model$building$of$SUSY$breaking$$

•  WIMP$dark$ma`er$

•  Improved$gauge$coupling$unificaFon$

$

Standard$model�

MSSM$@$$O(102V3)$TeV$�

SUSY$GUTs$~$1016$GeV$�

���

Phenomenology of this model works well !
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Benchmark models

Mass$spectrum$in$HighVscale$SUSY$�

���

(Loop$suppressed$
in$anomaly$mediaFon)�
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μ→eγ in high-scale SUSY

(Moroi and Nagai (13))
Figure 1: Br(µ → eγ) as a function of the slepton mass ml̃ for tan β = 50 and µ = ml̃. In
addition, ∆l̃L,12

= ∆l̃L,21
= ∆ẽR,12 = ∆ẽR,21 = 0.1, while other components of ∆f̃ ,ij are taken

to be zero. Upper (red) and lower (green) lines are for the heavy gaugino case with M3 = ml̃

and the AMSB case with m3/2 = 5ml̃, respectively.

We first consider the µ → eγ process. The simplest possibility to induce the µ → eγ
process is to introduce non-vanishing values of ∆l̃L,12

and/or ∆ẽR,12. In Fig. 1, we plot
Br(µ → eγ) in such a case as a function of the slepton mass ml̃. Here, we take ∆l̃L,12

=
∆l̃L,21

= ∆ẽR,12 = ∆ẽR,21 = 0.1. (Other components of ∆f̃ ,ij are taken to be zero; notice
that, in such a case, Br(µ → eγ) is approximately proportional to ∆2

l̃,12
.) In order to see

how large Br(µ → eγ) can be, we adopt relatively large value of tanβ (which is the ratio of
up- and down-type Higgs bosons); in our numerical calculation, we take tanβ = 50. (For the
case of large tan β, Br(µ → eγ) is approximately proportional to tan2 β.) For the gaugino
mass, we consider two cases: the heavy gaugino case with GUT relation (with M3 = ml̃)
and the AMSB case (with m3/2 = 5ml̃).

#4 In addition, we take µ = ml̃. We can see that
Br(µ → eγ) becomes smaller in the AMSB case. This is because, in the case of large tan β,

#4For the AMSB case, if we naively take m3/2 = ml̃, the gluino mass may conflict with the LHC bounds
in some parameter region of our study below. Thus, we assume a slight suppression of the slepton mass
relative to the gravitino mass in the AMSB case.

4

Off-diagonal components in slepton mass matrices generate charged 
LFV processes, such as μ→eγ. 

light gaugino

Current bound (MEG)
MEG-II COMET

Mu2eI
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Electron EDM induced by flavor violation

Figure 3: The SUSY contribution to the electron EDM as a function of the slepton mass ml̃

for tanβ = 50 and |µ| = ml̃. Upper (red) and lower (green) lines are for the heavy gaugino
case with M3 = ml̃ and the AMSB case with m3/2 = 5ml̃, respectively. For the dashed lines,
all the elements in ∆ẽR,ij and ∆ẽl,ij are taken to be zero, and the phase of µ is chosen to

maximize d(SUSY)
e . For the solid lines, ∆ẽR,ij = ∆l̃L,ij

= 0 except for |∆ẽR,13| = |∆ẽR,31| =
|∆l̃L,13

| = |∆l̃L,31
| = 0.1 and Arg(µ) = 0; in this case, the phases of the off-diagonal elements

are chosen to maximize d(SUSY)
e .

to |∆ẽR,13∆l̃L,31
| (with the phases of off-diagonal elements being fixed). As in the case of the

LFV, the electron EDM in the heavy gaugino case is larger than that in the AMSB case. In
addition, de is more enhanced as tan β becomes larger; de is approximately proportional to
tan β.

So far, we have concentrated on the leptonic flavor and CP violations. However, it is well
known that the SUSY models may also affect flavor and CP violations of baryons. It is often
the case that K0-K̄0 mixing parameters, in particular the ϵK parameter, give very stringent
constraints on the scale of the superparticle masses [15, 42, 43, 44]. To see the importance of
the constraints from the SUSY contribution to K0-K̄0 mixing parameters, we parameterize

8

light gaugino

When both Off-diagonal components in left-handed and right-handed slepton mass 
matrices are nonzero, electron EDM is generated.

Current bound (ACME-II)
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