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Direct search for 
TeV-scale physics
• LHC
• ILC

• High statistical experiment 
• High precise theoretical prediction,    
sometimes related to symmetry 
breaking. 

• Underground exp. 
• Cosmology
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Searches for symmetry breaking
Global symmetries in SM are not exact in nature. 

• CP violation (CKM in the SM）
Electric dipole moments (EDMs)

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

• Lepton and/or baryon number violation (Baryon 
asymmetry in the universe) 
# Sphaleon process in SM violates B+L conservation.

0nbbdecay
Proton decay 
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Searches for symmetry breaking

Sensitivities of current experimental bounds on new physics scale (Λ).  
Only one loop factors are included for the loop processes.  
Small symmetry breaking parameters suppress the sensitivities. 

Λ (GeV)



Searches for symmetry breaking
The other fundamental symmetries 

• CPT symmetry
• Lorentz symmetry 

Constraints on them are  
“Data Tables for Lorentz and CPT Violation”
(V.A.Kostelecky and N.Russell, 0801.0287 [hep-ph])
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Neutrinoless bbdecay



2nbb decayNeutrinoless bb decay
• Lepton number violating (Δ(L) =2) processes

(A,Z)→(A,Z+2) +2e- (0nbb decay)
• Sensitive to Majorana nature of SM neutrinos.

Effective operators of Δ(L) =2 in SM
Dim 5: Weinberg operator (for neutrino masses)

Dim 7: They might contribute to 0nbb decay.

• Indirect test of seesaw mechanism and leptogenesis
Minimal  seesaw mechanism:          
Introduction of  superheavy right-handed neutrinos 
(SM singlets)

β崩壊 二重β崩壊(2νββ) 二重β崩壊(0νββ)

Avignone et al Rev. Mod. Phys. 80 481 (2007)より

⼆重ベータ崩壊

β崩壊 二重β崩壊(2νββ) 二重β崩壊(0νββ)

Avignone et al Rev. Mod. Phys. 80 481 (2007)より

⼆重ベータ崩壊
0nbb decay
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Feb 12th, 2021ニュートリノを伴わない二重ベータ崩壊とその周辺 4

Current limits and future goal

z To cover IH region, measure T1/2≧1027 years
z To reach NH region, need T1/2~1028 years measuring

J.Detwiler@nu2020

Fukuda-san’s slide



Baryon-number violating 
nucleon decay
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Baryon-number violating nucleon decays
Baryon-number violating nucleon decays are the most sensitive to 
BSM at extremely high energy scale among rare processes.
• Δ(B+L) =2 nucleon decay

They are induced by D=6 effective operators in SM 
Sensitive to GUTs with                                   .

• Δ(B-L)=2 nucleon decay

They are induced by D=7 effective operators in SM
suppressed by SM Higgs or derivative.
Predicted in SO(10) GUTs with intermediate scale.
They might be linked to baryogenesis. 11

p ! e+⇡0, n ! ⌫̄⇡+, · · ·

n ! e�⇡+, · · ·

q q

q l

q q

q
hHi l̄

MGUT ⇠ 1015�16GeV



Baryon-number violating phenomena
• ΔB=2 dinucleon decay

They are induced by D=9 effective operators in SM. 
Predicted in SO(10) GUTs with intermediate scale.
They may be linked to (Majorana) neutrino mass.
Related to         oscillation.
Lower limit of lifetime for neutrons bound in 16O from 
SuperKamiokande,

while                                  from free neutron exp.
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pp ! ⇡+⇡+, nn ! ⇡0⇡0, · · ·

n-n̄
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q q q

⌧intra = 1.9⇥ 1032s⇥
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◆2

⌧n�n̄ > 8.6⇥ 107s



Proton decay in SUSY SU(5) GUTs
Grand Unified Theories (GUTs)
• Unification of gauge groups

• Unification of quarks and leptons
In              GUTs

Electric charge quantization is automatic.

Prediction of GUTs:
• Gauge coupling unification 

tested in SUSY GUTs
• Proton decay 

SU(3)C � SU(2)L � U(1)Y � SU(5), SO(10), E6

�(10) = (uL, dL, (uR)c, (eR)c)
�(5�) = ((dR)c, �L, eL)

SU(5)

|Qp + Qe| < 10�21
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X boson proton decay in SUSY SU(5) GUTs

X bosons are SU(5) partners of  SM gauge bosons.
Main decay mode is                     . 
Effective baryon-number violating (B) operators are D=6.

When MSSM at TeV scale is assumed, 

From experimental bound,

SuperKamiokande experiment is approaching close to the GUT scale. 

�p � 1.2� 1035years�
�

MX

1016GeV

�4

X

q

q

q

l

p� e+�0

�p�e+�0 > 1.29� 1034years

MX > 0.6� 1016GeV
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Colored Higgs proton decay in SUSY SU(5) GUTs

Colored Higgses are  SU(5) partners of SU(2) doblet Higgses in MSSM.  
Colored Higgs exchange induces D=5 B operators, which include 
squarks or sleptons, and they become D=6 operators with SUSY particle 
exchange. 

Main decay mode is                     ,since it is induced by Yukawa couplings 
and it also comes nature of D=5 B operators.

q

q

q

l

H̃C

q̃

l̃
W̃, H̃

p� K+�̄

(Sakai and Yanagida, Winberg, 82)
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Colored Higgs proton decay in SUSY SU(5) GUTs

Assuming Higgsino exchange dominates over gaugino ones, 

while experimental bound is                                                     . 
Various models are constructed to suppress the D=5 proton decay, 
1) introducing global symmetries, such as Peccei-Quinn symmetry,
2) SUSY particle mass scale is much heavier than O(1) TeV.

q

q

q

l

H̃C

q̃

l̃
W̃, H̃

�p�K+� > 3.3� 1033years

�p � 2� 1031years� sin4 2�

�
MHC

1016GeV

�2 �
MSUSY

TeV

�2
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Future plan for proton decay searches

17

Nucleon Decay Physics Potential

JUNE(20kt)

Hyper-K, JUNO, and DUNE are  future plans for proton decay search.

(22.5kt)
(187kt*2)
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Lepton-Flavor 
Violation

in Charged Lepton
DecayEW scale

101-2TeV ?

GUT Scale?

Hadronic 
scale



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>

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

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.



Diagrams of CLFV processes

l
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• 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. 
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MEG and MEG-II experiments (                 )

22

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 ⇠ 1015.
<latexit sha1_base64="+cbtRLHpceEBwDhnvnW8pJuDO6A="></latexit>
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Mu3e experiment (                       )

23

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.) 
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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
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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
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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
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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
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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�)
<latexit sha1_base64="g2UauMR/NJYDHuc34sXov0O9U9Q="></latexit>

Rµe(Ti) ' 4⇥ 10�3BR(µ ! e�)
<latexit sha1_base64="yIlLdDx0pICU7YzBW4KUTHu261I="></latexit>

Rµe(Al) ' 3⇥ 10�3BR(µ ! e�)
<latexit sha1_base64="CIf9BJmk0UeDEwVWqzQLtTRbzFU="></latexit>



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 ⌧+⌧�
<latexit sha1_base64="AdfsI2YSvMIcPQsbrDmZNG42hhc="></latexit>
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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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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.  
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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)i 6=j ⇡ �
3 + a2

⌫

8⇡2
y2

t
Ui3U

⇤
j3 ln

MU

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

<latexit sha1_base64="lvZA3nQtaDihF1UdRGg3pmzTu+Y="></latexit>

U : PMNS matrix
<latexit sha1_base64="Ian1wVhvjEzOuuW5XBQAxXzdIQM="></latexit>

MR
<latexit sha1_base64="u+tzFXhkqV0Fd9yzZvS60emtXNM="></latexit>

MR
<latexit sha1_base64="u+tzFXhkqV0Fd9yzZvS60emtXNM="></latexit>

AN EXPERIMENTAL AND THEORETICAL INTRODUCTION TO CLFV 35

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)i 6=j ⇡ �
3 + a2

⌫

8⇡2

X

k

y2
⌫k

UikU⇤
jk

ln
MX

MR


y⌫k =

p
MR

vu

⇣p
m̂⌫

⌘

kk

�
.(62)

Notice that, because of the unitarity of the PMNS, (�LL)i 6=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)i 6=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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Notice that, because of the unitarity of the PMNS, (�LL)i 6=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)i 6=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 .

(Calibbi and Signorelli, (17))
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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

LY = �mif̄
i

L
f i

R
� Yij(f̄

i

L
f j

R
)h+ h.c.+ · · · , (1)
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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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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).
Also indicated are limits corresponding to di�erent branching ratios (0.01%, 0.1%, 1%, 10% and 50%) and the
naturalness limit (denoted n.l.) |Y⌧`Ỳ ⌧ | .

m⌧m`
v

[84] where v is the vacuum expectation value of the Higgs field.

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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m⌧m`
v

[84] where v is the vacuum expectation value of the Higgs field.

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.  

⌧ ! µ�
<latexit sha1_base64="HmV4fHgCYK6p4aPqmjat5CWFKGE="></latexit>

Br(H ! e⌧) < 0.47%
<latexit sha1_base64="TTQRUY5rIfbLm1QEaulBI47gyy4="></latexit>

Br(H ! µ⌧) < 0.28%
<latexit sha1_base64="8iPGqBvYei4Wx9HYaFXko3OZpZw="></latexit>

(1907.06131)

CMS also have similar results.
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EDMs sensitive to TeV-scale and beyond
Upper bounds on electron and neutron EDMs:

33

de ⇠ e
me

M2
= 10�23ecm

✓
1TeV

M

◆2

|de|<1.1×10-29 e cm      |dn|<1.8×10-26 e cm

EDM measurements would be important even if LHC 
finds new physics. 

(ACME II, 17)

Dim. analysis for EDM assuming source of CPV is 
FC:

(PSI, 20)

dd � e
md

M2
= 10�22ecm

�
1TeV
M

�2

(Renormalizable models give extra suppressions to 
EDMs by loop factors (~O(10-(2-4))). )



CP phases are naturally O(1) ?

CKM PMNS
44
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FIG. 43. One dimensional ��2 surfaces for oscillation pa-
rameter �CP using T2K data with the reactor constraint.
The critical ��2 values obtained with the Feldman-Cousins
method are used to evaluate the 90% confidence level with
the proper coverage.
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FIG. 44. Total predicted ⌫
(–)

e-appearance event rates in the
⌫-mode samples and in the ⌫̄-mode sample as a function of
�CP for di↵erent values of sin2 ✓23 and both mass orderings,
compared to T2K data. The dashed line distinguishes the two
solutions for the octant of ✓23.

B(NH/IH) = 2.28; the Bayes factor for the upper octant
is B(sin2 ✓23 > 0.5/ sin2 ✓23 < 0.5) = 1.32. Neither can
be considered decisive.

2. Results with reactor constraints

This section presents the results obtained with the
MCMC analysis when adding a Gaussian prior on sin2 ✓13
with the value given in Tab. XVIII. The posterior mode
marginalized over the nuisance parameters is given in
Tab. XXIX. Including the reactor prior on sin2 ✓13, the
best-fit is closer to that obtained by the reactor experi-
ments compared to the T2K-only results. The �CP best-
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FIG. 45. One-dimensional marginal ��2 surfaces for oscil-
lation parameters �CP and sin2 ✓13 using T2K data with the
reactor constraint. The contour is produced by marginalizing
the likelihood with respect to all parameters other than the
parameter of interest. The red line shows the critical ��2

values obtained with the Feldman-Cousins method, used to
evaluate the 90% confidence level with the proper coverage.
The green line show the ��2 obtained with the fit to the T2K
data.

TABLE XXVIII. Posterior probabilities for the mass order-
ings and sin2 ✓23 when fitting T2K data only with an MCMC
method.

sin2 ✓23 < 0.5 sin2 ✓23 > 0.5 Line Total
Inverted ordering 0.137 0.168 0.305
Normal ordering 0.294 0.401 0.695
Column total 0.431 0.569 1

fit is closer to the maximum violating value of �⇡/2 due
to the correlations with sin2 ✓13 shown in Fig. 46.
The MCMC algorithm uses a flat prior on �CP , but

its dependence on this choice of prior has been tested
by computing the credible intervals with a flat prior on
sin �CP . The two sets of intervals are in reasonable agree-
ment as shown in Fig. 47.
The Bayes factor for the mass ordering and the ✓23

octant can be computed with the method described in



QCD theta
term

Quark and lepton
EDMs 

Quark CEDMs

Weinberg op. 4-Fermi 

(Flavor-conserving) CP-violating interactions 
at parton level up to D=6

• Wilson coefficients for CP-violating operators depend 
on CP phases in particle physics models. 
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Evaluation of EDMs
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diamagnetic atoms
    EDMs of 

(YbF,PbO,HfF  )+
  (Hg,Xe, Ra, Rn)

S,P,TC    

     EDMs of
nuclei and ions 

Fig. 9.1: A schematic plot of the hierarchy of scales between the leptonic and hadronic CP-odd sources and
three generic classes of observable EDMs. The dashed lines indicate generically weaker dependencies in SUSY
models. The current situation is given on the left, while on the right we show the dependencies of several classes
of next-generation experiments.

classes of EDMs differ by several orders of magnitude, it is important that the actual sensitivity to the
operators in (9.1) turns out to be quite comparable in all cases. This is due to various enhancements
or suppression factors which are relevant in each case, primarily associated with various violations of
“Schiff shielding” – the non-relativistic statement that an electric field applied to a neutral atom must
necessarily be screened and thus remove any sensitivity to the EDM.

9.1.2 EDMs of paramagnetic atoms
For paramagnetic atoms, Schiff shielding is violated by relativistic effects which can in fact be very large.
One has roughly [988, 989],

dpara(de) ∼ 10α2Z3de, (9.2)

which for large atoms such as Thallium amounts to a huge enhancement of the field seen by the electron
EDM (see e.g. [988, 990]), which counteracts the apparently lower sensitivity of the Tl EDM bound,

dTl = −585de − 43 GeV × eCsinglet
S . (9.3)

We have also included here the most relevant CP -odd electron-nucleon interaction, namely CS ēiγ5eN̄N ,
which in turn is related to the semileptonic 4-fermion operators in (9.1).

9.1.3 EDMs of diamagnetic atoms
For diamagnetic atoms, Schiff shielding is instead violated by the finite size of the nucleus and differences
in the distribution of the charge and the EDM. However, this is a rather subtle effect,

ddia ∼ 10Z2(RN/RA)2d̃q, (9.4)

and the suppression by the ratio of nuclear to atomic radii, RN/RA, generally leads to a suppression of
the sensitivity to the nuclear EDM, parameterized to leading order by the Schiff moment S, by a factor of
103 (see e.g. [988, 990]). Thus, although the apparent sensitivity to the Hg EDM is orders of magnitude
stronger than for the Tl EDM, both experiments currently have comparable sensitivity to various CP -odd
operators and thus play a very complementary role. Combining the atomic dHg(S), nuclear S(ḡπNN ),

184

Leptonic EDM CP violation in QCD
Four-fermi operatorsde, dµ

( From the report of the 
“Flavour in the era of the 
LHC” Workshop, 88ʼ)
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SM prediction
In the SM, origin of CP violation is a phase in Kobayashi-
Maskawa matrix (except for QCD theta term). CPV obs. are 
prpto to Jarlskog (rephasing) invariant:

• Quark EDMs
dd ~ 10-34 e cm  (3loops at O(GF

2 αs) )
• Neutron EDM

dn~ 10-(31-32) e cm  (long-distance effect at O(GF
2))

• Electron EDM
de~10-40e cm (4loops O(GF

3 αs))

Discovery of non-zero EDM means beyond the SM.

JCP = ImV �
csVusVcdV

�
ud � 10�5
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EDMs from BSM

38

Assuming maximal CP phases, one-loop diagrams for     
(C) EDMs give strong constraint to  new-physics above
the TeV scale, and even two-loop diagrams can also  
constrain new physics around TeV scale.

Quark/lepton EDMs Quark/lepton EDMs 
(Barr-Zee diagram)

Four-Fermi op. Weinberg op.



EDMs in Supersymmetric standard model

de/e � 0.6� 10�26cm
�

MSUSY

1TeV

��2

tan�

dd/e � dc
d � 2� 10�25cm

�
MSUSY

1TeV

��2

tan�
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Electron EDM 
bound

Neutron EDM 
bound

A simplified model 
• Degenerate mass spectrum
• maximal CP phase.  
• 1<tanβ<50



Higgs
Higgs

g

g

g

g

Higgs-mediated Barr-Zee diagrams

Higgs Higgs Higgs

W
t, b, τ
new particles new particles

When Higgs boson has CP-violating coupling with SM 
particles or new particles in BSM, the Barr-Zee diagrams at 
two-loop level generate (C)EDMs for quarks and leptons.

40

New (charged) fermions coupled to (discovered) Higgs boson 
may contribute to both Higgs decay to 2 gammas and also 
EDMs.



New physics contribution to EDM and h→gg
SU(2) mutiplet fermions (y), whose neutral component is 
the DM candidate, may have coupling with Higgs boson,   

41

Electro
n EDM bound 

Blue lines: SI Cross section
For DM direct Detection
Red lines: Signal strength for 
h→gg

(JH, Kobayashi, Mori, Senaha)
SU(2) triplet (Y=0) (M=400GeV)

• Gaugino-Higgsino system studied 
by Giudice and Romanino.

• Recent similar works:
Fan and Reece. 
McKeen, Pospelov and Ritz.
…..
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If new colored particle is discovered,
The general fermion-scalar interaction is 

And if                                       , CP is violating. We derive general 
formula for the Weinberg operator. (Abe, JH, Nagai)

�L =  ̄B(sBAS + aBAS�5) AS + h.c.

Figure 3: The diagrams that generate GGG̃. We call each diagram from the left to the right as (3,0), (2,1),

(1,2), and (0,3), respectively.
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where
R
` =

R
d4`

(2⇡)4 , and B̃i = Bi+(counter terms). For example, B̃i(`2,m2
S ,m

2
B) = Bi(`2,m2

S ,m
2
B) �

Bi(m2
A,m2

S ,m
2
B) with the on-shell renormalization condition. However, the contributions from coun-

terterms vanish after we add other diagrams discussed in the next section. In the calculation for

Eq. (3.9), we have used relations given in Eqs. (A1) and (A2).

3.2 Diagrams with three external gluon fields

We evaluate diagrams with three external gluon fields to obtain GGG̃ terms. Because of the

same reason as in DGDG̃ terms, diagrams should have at least one gluon field from fermion line,

and diagrams with one gluon field from the scalar field vanish. In addition, we find at least two

gluon fields must be attached to the fermions, otherwise terms with �5 all vanish after calculating

the trace for �-matrices. The diagrams we have to evaluate are shown in Fig. 3. We call each

diagram from left to right as (3,0), (2,1), (1,2), and (0,3), respectively.

There are some terms that consist of X and SU(3)c generators. Direct calculations shows

6

Im[sBASa
⇤
BAS ] 6= 0

· · ·

Figure 6: |dN (w)/e| [cm] as a function of mB [TeV] with fixing other parameters. Here we take mS = mB

and Im(sa⇤) = 0.25. Blue, red, and green lines correspond the case where mA = 100 GeV, mA = 1 TeV,

and mA = 10 TeV, respectively. Magenta region corresponds the parameter region where |dN (w)/e| is

larger than the current upper bound for neutron EDM [7]. Magenta lines show the future prospects for the

measurements of neutron and proton EDMs, |dn| = 5⇥ 10�28 e cm [27] and |dp| = 2.5⇥ 10�29 e cm [28].

lines, middle lines, and lower lines correspond to |dN (w)/e| estimated with ⇤nEDM = 30 MeV,

⇤nEDM = 20 MeV, and ⇤nEDM = 10 MeV, respectively. In figure 7, we show the contours of

|dN (w)/e| in (mA,mB) plane. In the left panels, we take ⇤nEDM = 10 MeV. In the right panels,

we take ⇤nEDM = 30 MeV.
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Searches for symmetry breaking are important tools to 
probe Byond SM.

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

Electric dipole moments (EDMs)
• Lepton-flavor violation （neutrino oscillation）

Charged lepton flavor-violating decays  
• Lepton and/or baryon number violation (Baryon 

asymmetry in the universe) 
# Sphaleon process in SM violates B+L conservation.

0nbbdecay
Proton decay 
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