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Introduction
• Muon anomalous magnetic moment (muon g-2)
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New physics hints

• 2HDM
• MSSM
• U(1) extension
• …

ü CP conserving process

Muon g-2 collab., PRL126(2021)141801

1-loop diagrams

https://inspirehep.net/literature/1856627


Introduction
• The same diagrams will have contributions to CP violating 

processes à electric dipole moment (EDM)

• EDM (dμ): same type of operator as g-2
if model has CP violating source, EDM is predicted!

• Lepton EDMs constrain models with CPV

Y. Shigekami (TDLI) Large muon EDM in two Higgs doublet model and its extension 2

<latexit sha1_base64="94+tXUsAzaMFmvdI592+N73frKI="></latexit>

Time reversal : S ! �S B ! �B E ! +E

Parity : S ! +S B ! +B E ! �E

<latexit sha1_base64="6XQ9QjGK7lllUh8iyamjesCCJOg="></latexit>

H = �µ
S

|S|
·B� d

S

|S|
·E

Relativistic
<latexit sha1_base64="Ul5MNIDsHXTjpmZrTZTZ5BHSnNQ="></latexit>

L � �aµ
e

4mµ

�
µ̄�↵�µ

�
F↵� � dµ

i

2

�
µ̄�↵��5µ

�
F↵�



Introduction
• Experimental status of EDMs

electron muon

• Indirect bounds
- Minimal flavor violation

- EDM of heavy atoms
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ACME collab., Nature 562 (2018) 355 Muon (g-2) collab., PRD80(2009)052008
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|dµ| =
����
mµ

me
de

���� < 2.3⇥ 10�27 e cm

NPB292(1987)93, PRL65(1990)2939,
PLB500(2001)161, NPB645(2002)155, JHEP08(2014)019

Ema, Gao, Pospelov, PRL128(2022)131803, PLB835(2022)137496

à Severe constraint for MFV models

à One order smaller than direct bound
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|dµ| < 1.7⇥ 10�20 e cm
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|dµ| < 1.8⇥ 10�19 e cm (95%C.L.)
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JILA, 2212.11841
Note: For tau EDM, < O(10-17) e cm

Belle collab., PLB551(2003)16
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Introduction
• Future prospects

• What kind of model can predict “large” muon EDM?
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[1] EPJ Web Conf. 118 (2016) 01005
[2] PTEP2019(2019)5, 053C02
[3] 2102.08838 [hep-ex]
[4] 2201.06561 [hep-ex]
[5] PoS NuFact2021 (2022) 136
[6] PRL93(2004)052001
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|dµ| [e cm] Ref.
Fermilab (g � 2) exp. 10�21 [1]

J-PARC O(10�21) [2]
PSI 6⇥ 10�23 [3-5]

J-PARC (dedicated exp.) 10�24 [6]

Muon EDM is also important obs. for NP search!

Note: similar contributions to muon g-2 and EDM predict
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Introduction
• Model classification - rough estimate

NP scale M
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�CPV : CPV phase

M : New physics mass scale

� : Coupling in loop

yµ⌧ : LFV coupling

k : Loop level
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� ⇡ 0.65, yµ⌧ ⇡ 0.3use

Produce PSI (Fermilab and J-PARC)
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Introduction
• We focus on Spurion and radiative stability approaches

Spurion … muon specific two Higgs doublet model (2HDM)

Radiative stability … radiative muon mass model
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|dµ| ⇠ O(10�23) e cm

Ø CPV source à exotic fermion sector:

Ø Large muon EDM due to radiative mass
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|dµ| ⇠ O(10�22) e cm

Both models can be explored by future experiments!

for g-2 explanation, JHEP05(2021)174

for g-2 explanation, 
JHEP07(2017)012

https://inspirehep.net/literature/1853442
https://inspirehep.net/literature/1598051


Muon specific 2HDM
• Model: muon exclusively couples to 1 scalar doublet

Z4 sym.: only muon couples to Φ1

• Yukawa couplings and scalar potential
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Muon specific 2HDM
• Muon magnetic and electric dipole moments

sθ: mixing between CP-odd and CP-even heavy Higgses
Both enhance large tanβ and

• Dependence of θ
θ → 0 (or π/2): Δaμ⤴, dμ⤵ (CP conserving limit)
θ → π/4:            Δaμ⤵, dμ⤴ (maximal CP violation)
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g-2 EDM

θ → π/8 (sθ → 0.35) will be important both for Δaμ and dμ
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Muon specific 2HDM
• Results: tanβ = 3500 (left); ΔmH = 300 GeV (right)
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Muon specific 2HDM
• Results: tanβ = 3500 (left); ΔmH = 300 GeV (right)
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Interesting parameter space: sθ〜 0.35

Ref: Nakai, Sato, YS, PLB831(2022)137194

However, LHC Run 2 full result pushes up the lower bound on mH!

Iguro, Kitahara, Lang, Takeuchi, 2304.09887

CP-conserving muon specific 2HDM case: mA > 900 GeV is required

When mH = 900 GeV is applied…
• g-2 band is disappeared (or require lower cutoff)
• it is difficult to test at PSI experiment, although dμ = O(10-23) e cm
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Radiative muon mass (Rad-mμ) model
• Model: singlet fermion + singlet scalar + doublet scalar

• Lagrangian
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Ref: M.J. Baker, P. Cox, R.R. Volkas, JHEP05(2021)174
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Rad-mμ model
• Radiative muon mass (with                             )

• Attach photon à dipole operators:

• Loop factor + couplings àmμ
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Rad-mμ model
• Constraints on the model

hà μ+μ- decay;                          Zà μ+μ- decay

Scalar couplings … unitarity constraints, T-parameter and SM vacuum
trilinear (a) and quartic (λi) couplings are constrained

Collider searches for exotic particles
slepton searches can be applied to our model

Dark Matter (DM)
check relic abundance (DM candidate is $ 1 in our analysis)

• We explore viable parameter space which is consistent 
with these constraints and (g-2)μ with large dμ
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Rad-mμ model
• Results
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Summary and Discussion
• We explore the possibilities to predict large muon EDM

focus on muon specific 2HDM and Rad-mμ model

• Predictions:

• Rad-mμ model has a parameter space which can be  
tested by FNAL and J-PRAC experiments (O(10!"#) e cm)
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Large tanβ ! 3500 No loop suppression

muon specific 2HDM … O(10!"$) e cm 
Rad-mμ model … O(10!"" ) e cm

! constrained by LHC…

! can be tested by PSI!

The muon EDM may have important key for the NP!
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Muon specific 2HDM
• Results: tanβ = 3500 (left); ΔmH = 300 GeV (right)

mH = 700 GeV case
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Potential analysis for 2HDM with CPV

• Mass matrix elements of neutral scalars:
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Potential analysis for 2HDM with CPV

• We consider M" > δ ! v"

mass matrix is approximately diagonalized:
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Potential analysis for 2HDM with CPV

• Expressions for λi in M" > δ and large tanβ limit
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Potential analysis for 2HDM with CPV

• Theoretical conditions
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Potential analysis for 2HDM with CPV
• Higgs quartic couplings → related to theoretical conditions
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Potential analysis for 2HDM with CPV
• 1-loop RGEs for dimensionless couplings

à relevant couplings: gi, λi, yt, yμ

• We have large yμ :
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Muon specific 2HDM
• Parameter scan strategy – we have 7 parameters

• We focus on mH ! 650 GeV to avoid LHC constraint

• Find parameter space for (s%, ΔmH) and (s%, tanβ) planes
we assume Λcutoff ! 10 TeV is viable parameter space
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We can optimize these:

Sub-dominant for Δaμ, we can fix it as 

Higher cutoff Λcutoff can be obtained!
satisfy all perturbative unitarity and 
vacuum stability conditions at this scale

Abe, Sato, Yagyu, JHEP07(2017)012

https://inspirehep.net/literature/1598051


f couplings in muon specific 2HDM
• Fermion-neutral scalar couplings:

• Only muon coupling is enhanced by tanβ
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1-loop integrals for Δaμ and dμ
• Neutral scalar contribution

Δaμ:

dμ :

• Charged scalar contribution

Δaμ:
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2-loop contribution to dμ
• Dominant one: Barr-Zee type diagram with muon loop

loop integral:

• Facts:
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T-parameter
• ρ-parameter: (= 1 in the SM)

• NP contributions deviate it from 1: 
experimental status (PDG):

• In 2HDM, mass differences among H#&"and H' are crucial

• For muon specific 2HDM, ΔmH is enough small to satisfy
e.g.) mH = 650 GeV with ΔmH = 320 GeV and sθ = 0.35 à T = -0.03

• Radiative mμ model also predicts small T ! 0.002
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h ! μ!μ" decay in μ2HDM
• Yukawa interaction in mass basis for scalars:

• Large tan limit, h-μ-μ coupling may be large
current experimental status (95% C.L.):
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Mass spectrum in radiative mμ model
• Fermion sector
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Diagonalization of Mψ

• Mψ is complex symmetric matrix
Real eigenvalues can be obtained by Mψ†Mψ

Comparing with diagonal matrix, Mψ,diag†Mψ,diag = diag(mψ1
2, mψ2

2)

• Each off-diagonal element gives sin2α and tanτ:
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Mass spectrum in radiative mμ model
• Scalar sector

neutral scalar (basis (σφ, aφ))

charged scalar (basis (φ+, η+))
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Radiative muon mass model
• Radiative muon mass (with                             )

• Similar diagram (attach SM Higgs) gives effective Yukawa:
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U! =
!

c" s" e! i #

! s" e! i # c"

"
for ! L,R

Us =
!

c$ s$

! s$ c$

"
for " + , #+

<latexit sha1_base64="tCzKR5jEohCnDRMU5tu8oeT9aR0="></latexit>

x i,a ! m2
! +

i
/m 2

" a

<latexit sha1_base64="EfZzlWMwxmYhjEY/b9L6fv7lWvs="></latexit>

ye!
µ (p2

h ) = !
!

i,j,a

yia
L yja

R Aij

16! 2 m! a C0(m2
µ , m2

µ , p2
h , m2

" +
i

, m2
! a

, m2
" +

j
)

Relevant couplings:



Radiative muon mass model
• Point: mμ has phase

• This affects dipole operators

• Loop factor and some coupling can be replaced by mμ
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rad
<latexit sha1_base64="8smxlNPtZzWu+b0A6MTnAYz3B9U="></latexit>

µ ! e! i ! µ " 5 / 2µ

<latexit sha1_base64="lRk0j0iH5n526o5qDAjjR7UgGzo="></latexit>
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e
2

CT (q2)
!
øµ! !" µ

"
F!" !

e
2

CT ! (q2)
!
øµi ! !" " 5µ

"
F!"

= !
e

4mµ
aµ

!
øµ! !" µ

"
F!" !

i
2

dµ
!
øµ! !" " 5µ

"
F!"

<latexit sha1_base64="wGUKI1Jy4GNZGkrl3mQxU0MdVn4="></latexit>

mrad
µ = mµ ei ! µ

<latexit sha1_base64="TWfhVqRwgbT1sktXqmDRvRU/fGs="></latexit>

g ! 2 : aµ = 2mµ (CT (0) cos! µ + CT ! (0) sin ! µ )

EDM : dµ = e(CT ! (0) cos! µ ! CT (0) sin ! µ )
<latexit sha1_base64="mE7OczzI8XcfNqw4ixGLBFnSGOM="></latexit>

CT (0) =
!

i,a

Re[yia
L yia

R ]
16! 2

x2
i,a ! 1 ! 2xi,a ln(xi,a )

2m! ,a (1 ! xi,a )3 , CT ! (0) =
!

i,a

Im[yia
L yia

R ]
16! 2

x2
i,a ! 1 ! 2xi,a ln(xi,a )

2m! ,a (1 ! xi,a )3

Need chiral rotation

<latexit sha1_base64="/LQaG5szPpq/wU46JgX5xg3mfgY="></latexit>

mrad
µ , CT (0), CT ! (0) !

y! y"

16! 2 Enhancement is expected!



Full forms for 
<latexit sha1_base64="yhhzuoJkpedoULulyLamOOiFiBM="></latexit>

ye!
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i
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i
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j
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$

%
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#
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i
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i
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(yia

R

(
(2
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%
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"
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#
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i
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(yia
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<latexit sha1_base64="UGuoUnPAIImoVcXRudXVuVNMbK4="></latexit>

ye!
µ (p2

h ), CT (q2), CT ! (q2)

<latexit sha1_base64="bj7QCdxBKBYpIEdEPVPJ5SAZM7k="></latexit>

C0(q2, m2
! a

, m2
" +

i
) ! C0(m2

µ , m2
µ , q2, m2

" +
i

, m2
! a

, m2
" +

i
)

CN (q2, m2
A , m2

B ) ! CN (m2
µ , q2, m2

µ , m2
A , m2

B , m2
B ) (N = 1 , 11, 12)

Csub (q2, m2
A , m2

B ) ! C1(q2, m2
A , m2

B ) + C11(q2, m2
A , m2

B ) + C12(q2, m2
A , m2

B )

with



Muon couplings to bosons
• Higgs coupling:

Decay width in our model

• Z boson coupling: 
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<latexit sha1_base64="zKYxwqBKETEuYKWbDqGZTapzsqU="></latexit>

L e! ! "
ye!

µ#
2

øµL µR h0 + h .c.

<latexit sha1_base64="Ra0T07/ixYy0G/3GBxy8A6JzrRk="></latexit>

! h ! µ + µ ! =
mh

16!

!

1 !
4m2

µ

m2
h

"#

1 !
4m2

µ

m2
h

$
%
Reye!

µ

&2
+

%
Im ye!

µ

&2

'

<latexit sha1_base64="i5kr0oYW1OXmO/+QWPwPhqg4m10="></latexit>
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!
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mµ

!
"
Reye!

µ
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+
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1 "

4m2
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h
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<latexit sha1_base64="QplZofmdNZ8FG1xXDg2UPoCfPnU="></latexit>

L Z !
g

cos! W
øµ" ! [(gµ

L + #gµ
L ) PL + ( gµ

R + #gµ
R ) PR ] µZ !

<latexit sha1_base64="4H5vK92CpYFgz6+floXwI4cxZF8="></latexit>

! (Z ! µ+ µ! )
! (Z ! e+ e! )

" 1 +
2ge

L Re (! gµ
L ) + 2 ge

R Re (! gµ
R )

(ge
L )2 + ( ge

R )2

<latexit sha1_base64="cTiYTYzmPP05dzCGEgKdY+lqkOY="></latexit>

! gµ
L,R in our model can be found in Ref. JHEP04(2021)151

https://inspirehep.net/literature/1837620


Dark matter in Rad-mμ model (ψ#)
• Main annihilation mode: muon in the final state

• Direct detection:
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self-annihilation co-annihilation



Lattice results on HVP
• Result: 
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CHHKSÕ19

KNTÕ19

DHMZÕ19

BMWcÕ17

RBCÕ18

ETMÕ19

FHMÕ19

MainzÕ19

BMWcÕ20

 660  680  700  720  740

 1010 !  aLO-HVP
µ

lattice
R-ratio

no new physics

<latexit sha1_base64="J4wV9RuM//fG5Pf6FxwnyPu4ILw="></latexit>

aLO-HVP
µ = 707.5(2.3)(5.0) ! 10! 10

S. Borsanyi, et. al., Nature 593 (2021) 51

https://inspirehep.net/literature/1782626


Lattice results on HVP
• Result: 
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Figure from talk of L. Lellouch (Wits ICPP iThemba Labs seminar)

<latexit sha1_base64="J4wV9RuM//fG5Pf6FxwnyPu4ILw="></latexit>

aLO-HVP
µ = 707.5(2.3)(5.0) ! 10! 10

https://indico.tlabs.ac.za/event/103/

