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Success of the Standard Model

SU(3)c x SU(2)L x U(1)Y

strong electroweak

U(1)QED

Higgs mechanism

Yukawa interaction

★ fermion mass 
★ CKM matrix 
★ CP violation

Higgs potential

V = µ2H†H + �(H†H)2

gauge symmetry

★ spontaneous symmetry 
breaking 

★ Higgs mass
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We need a model beyond the Standard Model

• SM cannot explain that 
★ dark matter 
★ baryon asymmetry (matter >> anti-matter in the universe) 
★ the origin of neutrino mass 
★ muon g-2 
★ …



Muon g-2

• the property of muon as a magnet
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1 Introduction

The anomalous magnetic moment of the muon aµ ⌘ (g � 2)/2, so-called muon g � 2,

is a very precisely measured observable. The latest measurement of aµ by the E821

collaboration [1] gives

aexpµ = 11 659 208.0 (5.4)(3.3)⇥ 10�10. (1)

As it has been well known that there is a discrepancy between the experimental value

and the prediction of the standard model (SM). According to the calculation evaluated

in Refs. [2, 3]

aexpµ � aSMµ = (28.7± 8.0)⇥ 10�10, (Davier et. al.)

aexpµ � aSMµ = (26.1± 8.0)⇥ 10�10, (Hagiwara et. al.)

the discrepancy is more than the 3� level, which can be considered as an indirect evidence

of the existence of a new physics model. This discrepancy will be further probed at

Fermilab [4] and J-PARC [5] in the near future. Since the size of the deviation is the

same order as the electroweak contribution aEWµ = 15.4 ⇥ 10�10 [6], we expect that new

physics exists at the electroweak scale if the strength of new interactions is as large as

that of the weak interaction. In such a new physics scenario, new particles are expected

to be light enough to be directly discovered at the LHC. Therefore, it is quite interesting

to consider models beyond the SM as a solution of the muon g � 2 anomaly.

Among various models which can explain the anomaly (for a review, e.g., see Ref. [7]),

two Higgs doublet models (2HDMs) give simple solutions. In 2HDMs, there are extra

Higgs bosons (H, A, and H±) in addition to the SM-like Higgs boson (h), and they can

give new contributions to aµ. Usually, a softly-broken discrete Z2 symmetry is imposed [8]

to avoid flavor changing neutral current (FCNC) processes at the tree level. Under the Z2

symmetry, four independent types of Yukawa interactions are allowed depending on the

assignment of the Z2 charge to the SM fermion [9, 10], which are called as Type-I, Type-

II, Type-X (or lepton specific) and Type-Y (or flipped) [11]. In all the types of Yukawa

interactions, the lepton couplings to the extra Higgs bosons can be sizable enough to

explain aµ. In the Type-I and Type-Y 2HDMs, however, the top Yukawa coupling also
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• Status: more than 3σ deviation
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gf � 2
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• three interpretations: 
★ error in experiments 
★ error in theoretical prediction 
★ new physics



Muon g-2 and new physics scale 

SM + dim. 6 operators

strong expectation of the existence new physics  

around TeV scale
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http://agenda.linearcollider.org/event/6772/contributions/33275/attachments/27394/41633/muon_g-2EDM_MS.pdf

Now is the time for g-2 



What kind of models are preferred? 
★ new particle must coupling to lepton (muon) 
★ simple model 
★ verifiable model in the near future

two-Higgs doublet model
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Figure 1: One-loop (left) and two-loop Barr-Zee (right) diagrams which give corrections
to the muon g � 2.

From the kinetic terms of the scalar fields, the ratios of the coupling constant among

the CP-even scalars and gauge bosons are extracted as

ghV V

ghV V,SM

= s��↵,
gHV V

ghV V,SM

= c��↵. (V = W,Z) (24)

As it is seen in Eqs. (22), (23) and (24), in the limit of sin(� � a) ! 1, both hff̄ and

hV V couplings become the same as those in the SM, so that we can call this limit as the

SM-like limit.

3 Constraints on the Type-X 2HDM

In the 2HDMs, the one-loop diagrams and the two-loop Barr-Zee type diagrams shown

in Fig. 1 give dominant contributions to the muon g � 2. It has been known that the

Barr-Zee type diagrams give a sizable positive contribution to aµ in the case of a large

A`+`� coupling and a small mA as pointed it out in Refs. [13,14]. In the Type-X 2HDMs,

a large A`+`� can be realized by taking tan� � 1 since ⇠` = � tan � as shown in Table 1.

Typically, when tan � & 40 and mA = O(10-100) GeV, the muon g � 2 anomaly can be

explained in the Type-X 2HDM [20]. In this section, we focus on the Type-X 2HDM

with the large tan � and small mA scenario to explain the g � 2 anomaly, and we discuss

important experimental constraints in this situation.
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★ simple extension from SM 
★ new scalar particles (H0, A0, H±) 
★ mass ~ O(10)- O(1000)GeV 
★ large coupling to leptons 
★ the great candidate for muon g-2!
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in Fig. 1 give dominant contributions to the muon g � 2. It has been known that the

Barr-Zee type diagrams give a sizable positive contribution to aµ in the case of a large
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Muon g-2 and new physics



two-Higgs doublet model

• “two-Higgs doublet model” = a set of many models 
• Many models exist for different structure of Yukawa interactions 

★ different names for different models

two-Higgs doublet model

type-I 
type-II 
lepton-specific (type-X) 
flipped (type-Y)

aligned inert

dark matterparameter tuning
Z2 symmetry 
(popular choice)

others…

…

A viable model for muon g-2 !

type-III



lepton specific two-Higgs doublet model

• SM + one more Higgs doublet 
• two Higgs : H1 and H2  

★ SM-like Higgs  (h) 
★ new scalars (H0, A0, H±) 

• important parameter: tanβ  ( 1 < tanβ < 100) 
• the lepton Yukawa interactions are enhanced by tanβ

u, d

H0, A0, H±

ℓ

ℓ

H0, A0, H±

u, d

⇠ ySM` ⇥ tan�⇠ ySMu,d ⇥ 1

tan�



• good point : muon g-2 

lepton physics
• new particles affect to all the 

physics with leptons

ℓ

ℓ

H0, A0, H±

• On the other hand, constraints on the lepton couplings 
are important 

★ Z → ττ!
★ Z → ττA0 
★ 　 

✴ Michel parameters 
✴ lepton coupling universality
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• good point : muon g-2 

lepton physics
• new particles affect to all the 

physics with leptons

• On the other hand, constraints on the lepton couplings 
are important 

★ Z → ττ!
★ Z → ττA0 
★ 　 

✴ Michel parameters 
✴ lepton coupling universality
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lepton β decays

flavor universal interaction flavor dependent interaction (Yukawa)  
• large contributions in τ→μνν process!
• small contributions in μ→eνν process

• H± breaks lepton universality

• loop diagrams also there

W

H±
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W
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µ
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W
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µ
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τ τμ μ
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yµ

gW
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constraint from lepton coupling universality
• define Gμτ, Geτ, Geμ

3.3.2 Leptonic ⌧ decay at the tree level

In the SM, the leptonic ⌧ decay is caused by the W boson exchange diagram at tree level.

In the 2HDM, the H± mediated diagram also contributes to the leptonic ⌧ decay. The

e↵ect of H± contribution on the partial decay width of ⌧ was calculated in Refs. [11,31],

and that on the Michel parameters, which is defined just below, in Ref. [32].

The di↵erential decay rate of ⌧ ! µ⌫µ⌫⌧ is given in terms of the Michel parameters

(⇢, ⌘, � and ⇠) and Ĝµ⌧ defined in Eqs. (52) and (53) as [59]

d2�

dxd cos ✓
=
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4
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where ! ⌘ (m2
⌧ +m2

µ)/2m⌧ , x ⌘ Eµ/! and x0 ⌘ mµ/! with Eµ being the muon energy.

P⌧ is the polarization of the tau, and ✓ is the angle between the polarization and the

momentum direction of the muon. The functions F (x) and A(x) are defined as

F (x) = x(1� x) +
2

9
⇢(4x2 � 3x� x2

0) + ⌘x0(1� x), (50)

A(x) = 1� x+
2
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q
1� x2
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By using z ⌘ mµm⌧ tan2 �/m2
H+ , we find2

Ĝµ⌧ = GF
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4
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4 + z2
, � =

3

4
, ⇠ =

4� z2

4 + z2
. (53)

We see that ⇢ and � are equal to the SM values at the tree level. The observed Michel

parameters of the ⌧ decay are ⌘ = 0.013± 0.020 and ⇠ = 0.985± 0.030 [60]. The ratio of

the decay rate in the 2HDM to that in the SM prediction is given as [11, 31]

✓
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= 1� 2z
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2
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4
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where the phase functions f(x) and g(x) are given by f(x) = 1�8x�12x2 log x+8x3�x4

and g(x) = 1+9x�9x2�x3+6x(1+x) log x. To find a constraint on Eq. (54), we can use

the constraint on the flavor universality. In the similar manner to Eq. (54), we introduce

2We find these expressions are inconsistent with Ref. [32]
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• constraints

Geµ and Ge⌧ . Sinceme,mµ ⌧ m⌧ , the corresponding terms to the rightest term in Eq. (54)

for Geµ and Ge⌧ are 1, and thus Geµ = Ge⌧ = GF in 2HDM. There are constraints on the

lepton universality given by HFAG group [61]3

Gµ⌧

Geµ

= 1.0029± 0.0015,
Gµ⌧

Ge⌧

= 1.0018± 0.0014, (55)

and their correlation coe�cient is 0.48. Since Geµ = Ge⌧ = GF in the present scenario,

by combining the above two values, we find

Gµ⌧

GF

= 1.0023± 0.0012, (56)

and thus we find
✓
Gµ⌧

GF

◆2

= 1.0046± 0.0025. (57)

We use this bound and Eq. (54) to make constraint on 2HDM.

In Fig. 2, we show the z dependence of the ratio of the decay rate given in Eq. (54)

(upper two panels) and the Michel parameters ⌘ (lower left) and ⇠ (lower right). First,

from the upper panels we can see that the allowed ranges of z are found to be z . 0.003

and 0.50 . z . 0.57. Second, from the lower left panel, z & 0.05 is excluded by the

measurement of ⌘. The constraints from the ⇠ parameter is weaker than that from ⌘.

Therefore, by combining the first and the second statements, the allowed region of z is

restricted to be z . 0.003 By using z ' 1.88⇥ 10�3⇥ (tan �/30)2⇥ (300 GeV/mH±)2, we

find that tan� & 70 is excluded for mH± = 300 GeV.

3.3.3 Lepton universality at the one-loop level

As we discussed in Sec. 3.3.2, the typical size of the H± contribution to the ratio of the

tau decay is O(10�2) at the tree level as it is seen in Fig. 2. However, the SM prediction

is given at almost the lower edge of the experimental bound (see Eq. (57)), so that the

negative contribution to Gµ⌧/GF of order 10�4 is constrained. Thus, we focus on the

quantum corrections to the process via W exchange diagram.

3The ratio of the e↵ective Fermi constant Gµ⌧/Ge⌧ , Gµ⌧/Geµ and Ge⌧/Geµ are corresponds to gµ/ge,
g⌧/ge and g⌧/gµ in Ref. [61], respectively.
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HFAG (1412.7515)

• we find severe constraint on tanβ (large tanβ is excluded!)
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Figure 4: Constraints on the (mA, tan �)-plane by the leptonic tau decay at the one-loop
level for mH± =300 (upper left), 200 (upper right), 150 (lower left), and 100 GeV (lower
right) in the case with mH = mH± . The green, yellow, and red regions are excluded at
90%, 95%, and 99% C.L., respectively.

3.4 Triviality bound

In order to avoid the constraints from the various observables, we need to take large mass

di↵erences between A and H±, and A and H. As a result, the Higgs quartic couplings are

as large as O(1). Such a large coupling can be grown up in a certain energy scale, and it

becomes too strong to rely on the perturbative calculation. We thus take into account the

triviality bound in which we require that all the Higgs quartic couplings do not exceed a

certain value until a given energy scale.

We calculate the �-functions up to the two loop level for the RGE by using SARAH [62],

and run the couplings to higher energies. We treat the coupling values at the tree level
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as large as O(1). Such a large coupling can be grown up in a certain energy scale, and it

becomes too strong to rely on the perturbative calculation. We thus take into account the

triviality bound in which we require that all the Higgs quartic couplings do not exceed a
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tanβ dilemma

new particle couplings 
to lepton is enhanced by 
tanβ 
• large tanβ is better for 

muon g-2

strong constraint from 
lepton coupling 
universality 
• small tanβ is required to 

avoid the constraint

• tanβ is in a dilemma  
between g-2 and lepton flavor universality 
!

• Is it possible to explain muon g-2 in this model?  
 (→ see next slide !)



Result: g-2 with constraints
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Figure 6: Results in the Type-X 2HDM in the case of �hAA = 0 and �1 = 0.1. Dark
and light blue shaded regions can explain the muon g � 2 anomaly [3] at the 1� and 2�
levels, respectively. We take mH±(= mH) =200, 250, 300 and 350 GeV in the upper-left,
upper-right, lower-left and lower-right panels, respectively. The left region from the red
line is excluded by the measurement of Bs ! µµ. The above regions of green, black,
purple line are excluded by the ⌧ decay, the direct search at the LEP and the Z ! ⌧⌧
decay, respectively. All of the exclusions are given at the 95% C.L.
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Figure 6: Results in the Type-X 2HDM in the case of �hAA = 0 and �1 = 0.1. Dark
and light blue shaded regions can explain the muon g � 2 anomaly [3] at the 1� and 2�
levels, respectively. We take mH±(= mH) =200, 250, 300 and 350 GeV in the upper-left,
upper-right, lower-left and lower-right panels, respectively. The left region from the red
line is excluded by the measurement of Bs ! µµ. The above regions of green, black,
purple line are excluded by the ⌧ decay, the direct search at the LEP and the Z ! ⌧⌧
decay, respectively. All of the exclusions are given at the 95% C.L.
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• g-2 within 1σ region (dark blue) is completely excluded! 
• g-2 within 2σ region (light blue) is survive! 
• constraint from lepton universality is strong.

２σ1σ
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lepton universalityexcluded by



short summary

• lepton specific two-Higgs doublet model  
can explain muon g-2 within 2σ 
!

• parameters for the muon g-2 
★ 10 GeV < mA < 30 GeV 
★ 250 GeV < mH± < 350 GeV 
★ mH0 = mH± 

★ 30 < tanβ < 40 
!

• What else …?  
• phenomenology at the LHC is a good complement
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Figure 6: Results in the Type-X 2HDM in the case of �hAA = 0 and �1 = 0.1. Dark
and light blue shaded regions can explain the muon g � 2 anomaly [3] at the 1� and 2�
levels, respectively. We take mH±(= mH) =200, 250, 300 and 350 GeV in the upper-left,
upper-right, lower-left and lower-right panels, respectively. The left region from the red
line is excluded by the measurement of Bs ! µµ. The above regions of green, black,
purple line are excluded by the ⌧ decay, the direct search at the LEP and the Z ! ⌧⌧
decay, respectively. All of the exclusions are given at the 95% C.L.
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Collider physics



h(125) couplings (1)
• hττ : more than 10% deviation from the SM prediction

mH± [GeV] �H+H� �H+H �H�H �H+A �H�A �AH �4⌧ �3⌧ �4⌧W �4⌧Z

200 18.6 22.0 11.3 116 67.0 101 29.3 50.1 143 70.7
250 8.0 9.7 4.7 53.5 29.5 45.1 7.2 12.8 72.5 37.4
300 3.9 4.8 2.3 28.2 14.9 23.2 2.3 4.3 39.4 20.6
350 2.1 2.6 1.1 16.2 8.2 13.0 0.9 1.7 22.9 12.0

Table 2: Cross sections of the electroweak production processes expressed in Eq. (65),
and those of the multi-tau processes expressed in Eqs. (67)-(70) at

p
s = 14 TeV in the

unit of fb. We take mA = 20 GeV, mH = mH± , sin(� � ↵) = 1 and tan � = 35.

be quite important to study the deviation in the property of h from the SM prediction.

In particular, studying the pattern of the deviation in the various h couplings can be a

powerful tool to determine the structure of the Higgs sector4.

As we discussed in Sec. 2, the value of sin(��↵) describes “SM-like ness” of h, namely,

all the h couplings to the SM particles become the same as those in the SM prediction

in the limit of sin(� � ↵) ! 1. In other words, once sin(� � ↵) 6= 1 is given, both the

hV V and hff̄ couplings deviate from those of the SM values. In our scenario, the value

of sin(��↵) is determined from Eq. (62). Thus, a small but non-zero deviation from the

SM-like limit is given.

In order to describe the deviation in the h couplings, we introduce the so-called scaling

factors defined as X = ghXX/g
SM
hXX and its deviation from unity; i.e, �X = X�1. From

Eqs. (23) and (24) and the approximate formulae given in Eqs. (28) and (29), we obtain

�V ' � 2

tan2 �

✓
1 +

m2
h

m2
H±

� 2m2
A

m2
H±

◆
, (71)

�q ' � 2

tan2 �

✓
m2

h

2m2
H±

� m2
A

m2
H±

◆
, (72)

` ' �1� m2
h

m2
H±

+
2m2

A

m2
H±

. (73)

In the upper panels of Fig. 8, we show the contour plots for �V and �q, where

�X = X�1, on the mH±-tan � plane. In the lower panel, we show the mH± dependence

4In Ref. [70], the pattern of the deviation was investigated in various extended Higgs sectors; e.g.,
models with isospin singlets, doublets and triplets at the tree level. For example, it was shown that the
four types of Yukawa interactions in the 2HDM can be well discriminated by measuring the correlation
between the deviation in hdd̄ and h`` couplings [70]. In addition, it was clarified in Ref. [71] that even if
we take into account the one-loop corrections to the hff̄ couplings, discrimination of the 2HDMs is still
valid.
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in the limit of sin(� � ↵) ! 1. In other words, once sin(� � ↵) 6= 1 is given, both the

hV V and hff̄ couplings deviate from those of the SM values. In our scenario, the value

of sin(��↵) is determined from Eq. (62). Thus, a small but non-zero deviation from the

SM-like limit is given.

In order to describe the deviation in the h couplings, we introduce the so-called scaling

factors defined as X = ghXX/g
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4In Ref. [70], the pattern of the deviation was investigated in various extended Higgs sectors; e.g.,
models with isospin singlets, doublets and triplets at the tree level. For example, it was shown that the
four types of Yukawa interactions in the 2HDM can be well discriminated by measuring the correlation
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Figure 8: Contour plots for �V (upper left) and �q (upper right) on the mH±-tan �
plane, where �X = X � 1. The mH± dependence of �` is shown in the lower panel
with tan � = 35. We take mH = M = mH± and mA = 20 GeV in all the panels. The
horizontal dashed line represents the bound from the signal strength using Eq. (75).

of ` instead of showing contour plots, because the tan� dependence of ` can be neglected

as seen in Eq. (73). For definiteness, we take tan � = 35 in the plot for mH±-`. We

find that the deviations in the hV V and hqq̄ couplings are respectively �O(0.1)% and

�O(0.01)% which can also be estimated from Eqs. (71), (72). For the h`` coupling, we

find that its magnitude is maximally about 1.6 times larger than the SM prediction, and

its sign is opposite to the SM one [21]. From the measurement of the signal strength

of the h ! ⌧⌧ channel, i.e., µ⌧⌧ at the LHC, the magnitude of ` is constrained. The

definition of the signal strength is given as

µXY ⌘ �h ⇥ Br(h ! XY )

[�h ⇥ Br(h ! XY )]SM
, (74)

where �h and Br(h ! XY ) are respectively the production cross section of the SM-

like Higgs boson h and the decay branching fraction of the h ! XY mode. In our
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h(125) couplings (2)
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Figure 10: Ratio of the branching fraction Br(h ! ��)/Br(h ! ��)SM in our scenario
with tan � = 35. The solid, dashed and dotted curves show the cases with mA=10, 20
and 30 GeV, respectively. The horizontal dashed line shows the bound from µ�� given in
Eq. (82) at 2� level.

bound Br(h ! AZ) . 14-28% in the Type-X 2HDM. The typical size of Br(h ! AZ) is

below the upper bound as explained in the above. In addition to this channel, e and µ

are produced from the leptonic decay of ⌧ . Thus, the ZA ! ``⌧⌧ ! 4`+ET/ channel can

also contribute to the four lepton channel even though the invariant mass distribution of

the four lepton system is di↵erent from that by ZZ⇤ ! 4`. This will be a subject of a

future work.

Next, we discuss the one-loop induced h ! �� decay mode. Because of the H±

contribution, the decay rate can be significantly modified even if the h couplings are not

changed so much from the SM prediction. We note that the deviation in the h`` coupling

can be neglected in the decay rate of the h ! �� mode, because its e↵ect appears in the

tau loop contribution, but the tau Yukawa coupling is too small as compared to the top
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• hγγ : more than 10% deviation from the SM prediction



H0, A0, H± at the LHC
• many tau leptons are produced at the LHC 14TeV

mH± [GeV] �H+H� �H+H �H�H �H+A �H�A �AH �4⌧ �3⌧ �4⌧W �4⌧Z

200 18.6 22.0 11.3 116 67.0 101 29.3 50.1 143 70.7
250 8.0 9.7 4.7 53.5 29.5 45.1 7.2 12.8 72.5 37.4
300 3.9 4.8 2.3 28.2 14.9 23.2 2.3 4.3 39.4 20.6
350 2.1 2.6 1.1 16.2 8.2 13.0 0.9 1.7 22.9 12.0

Table 2: Cross sections of the electroweak production processes expressed in Eq. (65),
and those of the multi-tau processes expressed in Eqs. (67)-(70) at

p
s = 14 TeV in the

unit of fb. We take mA = 20 GeV, mH = mH± , sin(� � ↵) = 1 and tan � = 35.

be quite important to study the deviation in the property of h from the SM prediction.

In particular, studying the pattern of the deviation in the various h couplings can be a

powerful tool to determine the structure of the Higgs sector4.

As we discussed in Sec. 2, the value of sin(��↵) describes “SM-like ness” of h, namely,

all the h couplings to the SM particles become the same as those in the SM prediction

in the limit of sin(� � ↵) ! 1. In other words, once sin(� � ↵) 6= 1 is given, both the

hV V and hff̄ couplings deviate from those of the SM values. In our scenario, the value

of sin(��↵) is determined from Eq. (62). Thus, a small but non-zero deviation from the

SM-like limit is given.

In order to describe the deviation in the h couplings, we introduce the so-called scaling

factors defined as X = ghXX/g
SM
hXX and its deviation from unity; i.e, �X = X�1. From

Eqs. (23) and (24) and the approximate formulae given in Eqs. (28) and (29), we obtain
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In the upper panels of Fig. 8, we show the contour plots for �V and �q, where

�X = X�1, on the mH±-tan � plane. In the lower panel, we show the mH± dependence

4In Ref. [70], the pattern of the deviation was investigated in various extended Higgs sectors; e.g.,
models with isospin singlets, doublets and triplets at the tree level. For example, it was shown that the
four types of Yukawa interactions in the 2HDM can be well discriminated by measuring the correlation
between the deviation in hdd̄ and h`` couplings [70]. In addition, it was clarified in Ref. [71] that even if
we take into account the one-loop corrections to the hff̄ couplings, discrimination of the 2HDMs is still
valid.
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Summary



• lepton specific two-Higgs doublet model 
★ simple extension from the SM 
★ large new particle couplings to the leptons by tanβ 
★ tanβ is in a dilemma between g-2 and lepton flavor universality 
★ can explain muon g-2 within 2σ 
!

• parameters for the muon g-2 
★ 10 GeV < mA < 30 GeV 
★ 250 GeV < mH±, H0 < 350 GeV 
★ 30 < tanβ < 40 
!

• LHC phenomenology 
★ more than 10% deviation in hττ and hγγ couplings  

(within the reach of LHC14TeV 300fb-1 (year 2022?)) 
★ O(10) fb multi-τ events will be observed

Summary
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Figure 6: Results in the Type-X 2HDM in the case of �hAA = 0 and �1 = 0.1. Dark
and light blue shaded regions can explain the muon g � 2 anomaly [3] at the 1� and 2�
levels, respectively. We take mH±(= mH) =200, 250, 300 and 350 GeV in the upper-left,
upper-right, lower-left and lower-right panels, respectively. The left region from the red
line is excluded by the measurement of Bs ! µµ. The above regions of green, black,
purple line are excluded by the ⌧ decay, the direct search at the LEP and the Z ! ⌧⌧
decay, respectively. All of the exclusions are given at the 95% C.L.
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