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1. Motivation
Beautiful measurement of muon g-2 by BNL and Fermilab ➡ reduced error

Introduction

1

Measurement of the PosiKve Muon Anomalous MagneKc Moment to 0.46 ppm
[Phys. Rev. LeS. 126 (2021) 14, 141801]

• Unblinding of Run 1 analyses:
25 February ’21

• FNAL confirms BNL

• Release of result:
7 April ’21

• As of today, PRL has 136
citations, most of them BSM

• Run 1 is only 6% of total 
expected statistics 

➤ But what about the Standard Model prediction? 
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[2104.03281] 



1. Motivation
The SM prediction is still controversial.

Introduction

1

Measurement of the PosiKve Muon Anomalous MagneKc Moment to 0.46 ppm
[Phys. Rev. LeS. 126 (2021) 14, 141801]

• Unblinding of Run 1 analyses:
25 February ’21

• FNAL confirms BNL

• Release of result:
7 April ’21

• As of today, PRL has 136
citations, most of them BSM

• Run 1 is only 6% of total 
expected statistics 

➤ But what about the Standard Model prediction? 

?



1. Motivation
Introduction

1

Measurement of the PosiKve Muon Anomalous MagneKc Moment to 0.46 ppm
[Phys. Rev. LeS. 126 (2021) 14, 141801]

• Unblinding of Run 1 analyses:
25 February ’21

• FNAL confirms BNL

• Release of result:
7 April ’21

• As of today, PRL has 136
citations, most of them BSM

• Run 1 is only 6% of total 
expected statistics 

➤ But what about the Standard Model prediction? 

?

4.2σ from the White paper [2006.04822]: data-driven results for HVP & HLbL

SM WP20 prediction from the TI White Paper (0.37 ppm)

➤ Uncertainty dominated by hadronic contributions, now  δ HVP > δ HLbLA. El-Khadra JETP 07 April 2021

Muon g-2: SM contributions

!8

aµ = aµ(QED) + aµ(Weak) + aµ(Hadronic)
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Hadronic…

α2

…Light-by-Light (HLbL)

aEW
µ = 153.6 (1.0)⇥ 10�11
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6845 (40) × 10−11

92 (18) × 10−11

…Vacuum Polarization (HVP)

+…

+…

aQED
µ (↵(Cs)) = 116 584 718.9 (1)⇥ 10�11
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+…

+…
QED

Weak

α3

0.01 ppm

0.001 ppm

0.34 ppm

0.15 ppm

[0.6%]

[20%]

3

aμ
HVP : Basic principles of dispersive method

• Total hadronic cross section σhad from >100 data sets for e+e-➞ hadrons  in >35 final states

• Uncertainty of aμ
HVP prediction from statistical & systematic uncertainties of input data

• Pert. QCD used only at large s,  no modelling of σhad(s) required,  direct data integration

One-loop diagram with hadronic blob =

integral over q2 of virtual photon, 1 HVP inserKon

Causality  ➠ analyKcity  ➠ dispersion integral: 

obtain HVP from its imaginary part only

Unitarity  ➠ OpKcal Theorem:

imaginary part (`cut diagram’) = 
sum over |cut  diagram|2 , i.e.
∝ sum over all total hadronic cross secKons

✂

q2

6
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• Large spread between results 


• Large systematic uncertainties


• Tension with EW precision data [2003.04886] 
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calculation of the leading order HVP (LO-HVP) contributions to aµ by the Budapest-

Marseille-Wuppertal collaboration [28] yields aµ|LO�HVP = 707.5(5.3) ⇥ 10�10. If we take

this result as a face value, the measurement of aµ is consistent with the SM prediction.

On the R-ratio method side, however, the calculation of the HVP contribution [9, 11, 12]

supports the long-standing discrepancy between the muon g � 2 experiment and the SM

prediction, as

�aµ = a
exp
µ � a

SM
µ = 251(59) ⇥ 10�11

. (1.2)

The reliability of non-perturbative QCD corrections needs further investigation. One way

to check is their connection to electroweak precision fits [29–32]: note that some of the

most important inputs to HVP and HLbL contributions come from the measurement of

the R(s)-ratio in e
+
e
� collisions. Lately, some tension is reported between the lattice result

and the electroweak data [30, 31]. Another critical topic is finding a proper prescription to

combine the probability distribution functions of di↵erent errors.

Here we take the 4.2� deviation in Eq. (1.2), which calls for new physics (NP) expla-

nation. In a short time, various NP models have been vigorously studied in light of the

muon g �2, focusing on a supersymmetric theory [33–45], leptophilic boson model [46, 47],

singlet scalar model [48], three Higgs doublet model [49], leptoquark model [50, 51], Lµ�L⌧

model [52, 53], B � L or B � 3L gauge model [54, 55], flavorful scalar model [56], seesaw

model [57], simplified model with minimal field contents [58], e↵ective field theory [59],

axion model [60, 61], two Higgs doublet model (2HDM) [62–70], or 2HDM with a singlet

scalar model [71]. Although appreciating these early studies, we believe that the research

in this direction shall continue. Each NP model which explains the observed �aµ deserves

an in-depth study confronting a vast amount of experimental data in particle physics,

especially the Higgs precision measurements and new resonance searches at high-energy

colliders.

From this motivation, we comprehensively study the CP invariant Type-X (lepton-

specific) 2HDM in light of the aµ anomaly. In the Type-X, the couplings of the new

scalar bosons to the SM quarks are suppressed by large t� , invalidating the hadron-related

constraints such as B ! Kµ
+
µ

� and Bs ! µ
+
µ

� [72]. We generalize the previous studies

of the Type-X 2HDM on �aµ [73–77]. Going beyond cherry-picking specific benchmark

points, we scan the whole parameter space of the Type-X 2HDM. Moreover, we take general

setting for the Higgs sector, considering two scenarios, the “normal” scenario where the

observed Higgs boson is the lighter CP -even scalar h and the “inverted” scenario where

the heavier CP -even scalar H is the observed one. In this general setup, we thoroughly

study the impact of the following theoretical and experimental constraints on the model:

• theoretical stabilities such as unitarity, perturbativity, and vacuum stability;

• electroweak precision measurements (through the S, T , and U parameters);

– 2 –

NP signal at 4.2𝛔

We take the muon g-2 anomaly as a NP signal.

1. Motivation

> 0



1. Motivation

1. SUSY:

2104.07597, 2104.03839, 2104.03284, 2104.03262, 2104.03245, 2104.03274, 2104.03302,

2104.03491, 2104.03489, 2104.04458, 2104.03691, 2104.03259

2. two Higgs doublet model:

2104.03367, 2104.03227, 2104.03275, 2010.03590, 2103.10632, 2010.02799, 2003.03386,

2104.03249

3. leptophilic boson model:

2104.07680, 2104.03701

4. three Higgs doublet model:

2104.07047

5. leptoquark model:

2104.06656, 2104.05685

6. Lµ � L⌧ model:

2104.05656, 2104.03340

7. B � L or B � 3L gauge model:

2104.03542, 2103.13991

8. flavorful scalar model:

2104.03238

9. 2HDM with a singlet scalar model:

1909.03969

Lµ�L⌧ model [52, 53], B�L or B�3L gauge model [54, 55], flavorful scalar model [56],

seesaw model [57], simplified model with minimal field contents [58], e↵ective field the-

ory [59], axion model [60, 61], two Higgs doublet model (2HDM) [62–70], or 2HDM with

a singlet scalar model [71]. Although appreciating these early studies, we believe that

the research in this direction shall continue. Each NP model which explains the observed

�aµ deserves an in-depth study confronting a vast amount of experimental data in par-

ticle physics, especially the Higgs precision measurements and new resonance searches at

high-energy colliders.

From this motivation, we comprehensively study the CP invariant Type-X (lepton-

specific) 2HDM in light of the aµ anomaly. In the Type-X, the couplings of the new

scalar bosons to the SM quarks are suppressed by large t� , invalidating the hadron-related

constraints such as B ! Kµ
+
µ

� and Bs ! µ
+
µ

� [72]. We generalize the previous studies

of the Type-X 2HDM on �aµ [73–77]. Going beyond cherry-picking specific benchmark

points, we scan the whole parameter space of the Type-X 2HDM. Moreover, we take general

– 3 –

Active studies of NP effects in a very short time
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– 3 –

Common factors of NP models

• Loop-induced 


• CP- and Flavor-conserving 


• Chirality-flipping 

Two important general points

SM prediction too low by ≈ (25± 6)× 10−10

discrepancy ≈ 2× a
SM,weak
µ

but: expect aNP
µ ∼ aSM,weak

µ ×
(

MW
MNP

)2
× couplings

loop-induced, CP- and Flavor-conserving, chirality-flipping µR µL

compare: EDMs,
b → sγ
B → τν
µ → eγ

EWPO

Dominik Stöckinger Briefly some general remarks, then general MSSM 2/26



1. Motivation
Research must go on! We have a vast amount of experimental data.



1. Motivation
Beyond explaining the muon g-2. 

Whole parameter space of one model for all the data

Type-X 2HDM



2HDM

setting for the Higgs sector, considering two scenarios, the “normal” scenario where the

observed Higgs boson is the lighter CP -even scalar h and the “inverted” scenario where

the heavier CP -even scalar H is the observed one. In this general setup, we thoroughly

study the impact of the following theoretical and experimental constraints on the model:

• theoretical stabilities such as unitarity, perturbativity, and vacuum stability;

• electroweak precision measurements (through the S, T , and U parameters);

• Higgs boson signal strength measurements;

• direct searches of new scalars at the LEP, Tevatron, and LHC.

We find that in the Type-X 2HDM, the large and positive �a
obs
µ can be explained only

by huge t�(& 100) and light pseudoscalar mass MA. In this region, the decoupling of the

new CP -even neutral Higgs boson '
0 and the charged Higgs boson H

± is not consistent

with the theoretical stability. We will also show that the direct search bounds from the

LEP and LHC experiments exclude all the parameter region with MA . mhSM/2. For

future discovery, the LHC process of pp ! A'
0

! 4⌧ is to be suggested as a golden mode

to probe the entire parameter space where the observed �aµ is explained, and all the above

constraints are satisfied. These are our main results.

The paper is organized in the following way. In Sec. 2, we briefly review the Type-

X 2HDM and describe the characteristics of the normal and inverted scenarios in the

Higgs alignment limit. In Sec. 3, we discuss the new contributions of the Type-X 2HDM

to �aµ, presenting how significantly the observed �aµ a↵ects t� , MA, MH± , and m'0 .

Section 4 describes our strategies for scanning in three steps and shows the results of the

allowed parameter space at each step. Section 5 deals with the electron anomalous magnetic

moment and the LHC signatures. Conclusions are given in Sec. 6.

2 Type-X 2HDM

The 2HDM accommodates two complex SU(2)L Higgs doublet scalar fields, �1 and �2 [78]:

�i =

0

@
w

+
i

vi + hi + i⌘i
p

2

1

A , i = 1, 2, (2.1)

where v =
p

v
2
1 + v

2
2 = 246 GeV. Using the simplified notation of sx = sinx, cx =

cos x, and tx = tan x, we define t� = v2/v1. A discrete Z2 symmetry under which �1 !

�1 and �2 ! ��2 is imposed in order to prevent the tree-level flavor changing neutral

currents [79, 80]. Then the renormalizable and CP conserving scalar potential with softly

– 4 –
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is imposed in order to prevent the tree-level flavor changing neutral currents [79, 80].
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where the m
2
12 term softly breaks the Z2 parity. There are five physical Higgs bosons, the

light CP -even scalar h, the heavy CP -even scalar H, the CP -odd pseudoscalar A, and

two charged Higgs bosons H
±. The relations of the physical Higgs bosons with the weak

eigenstates in Eq. (2.1) via two mixing angles ↵ and � are referred to Ref. [81, 82]. Note

that the SM Higgs boson is a linear combination of h and H, as
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where PR,L = (1 ± �
5)/2 and ` = µ, ⌧ .

In the Type-X, the observed scalar boson at a mass of 125 GeV is very like the SM

Higgs boson, especially in the large t� limit [83]. Therefore, we take the Higgs alignment

limit where one of the CP -even neutral Higgs bosons is the SM Higgs boson hSM [84–88].

There are two ways to realize the Higgs alignment limit, the “normal” and “inverted”

scenarios. In the normal scenario, the observed Higgs boson is the lighter CP -even scalar

h, i.e., s��↵ = 1. In the inverted scenario, the heavier CP -even scalar H is the observed one

while the lighter one is hidden, wherein the Higgs alignment is satisfied by s��↵ = 0 [87, 89].

Then the model has five parameters in the physical basis,
�
m'0 , MA, MH± , M
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No arbitrary suppressions of h-A-A vertex in the alignment limit.

2. Type-X 2HDM
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Similar to the neutral Higgs boson productions, the cross section of the H± production

such as gb → H±t is also suppressed by cot2 β in the Type-X 2HDM. If mH±+mb < mt, the

top decay t → H±b can be used to constrain mH± . From the process pp → tt̄ → bb̄H±W∓

with H± → τ±ν, the upper limit on BR(t → H±b)×BR(H± → τ±ν) has been driven to

be between 0.23% and 1.3% at 95% C.L. for mH± in the range of 80GeV to 160GeV [45].

This gives the bounds, for example, tan β ! 6 and 15 for mH± = 100 and 150GeV at 95%

C.L. in the Type-X 2HDM using 0.23% of the product of the branching fractions.

Apart from the production processes via Yukawa couplings, one must take care of the

h → AA decay in the case of mA < mh/2. In the Type-X 2HDM, this typically gives the

four τ final state, because the A → ττ decay can be the main decay mode as explained in

section 3.1.1. In ref. [46, 47], the upper bound on Br(h → AA → 4τ) is given to be about

0.2 for mA > 30 GeV and 0.2-0.5 for 15 < mA < 30 GeV. In the 2HDMs, the branching

fraction is determined by the dimensionless hAA coupling λhAA defined as the coefficient

of the hAA vertex in the Lagrangian; i.e., L = vλhAA hAA+ · · · which is given by

λhAA =
1

2v2
[
(2M2 − 2m2

A −m2
h)sβ−α + (M2 −m2

h)(cot β − tanβ)cβ−α

]
. (3.1)

The partial decay width of h → AA is then expressed by

Γh→AA =
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, (3.2)

where ΓSM = 4.41MeV is the total decay width of the SM Higgs boson for mh =

125 GeV [48]. Therefore, to satisfy Br(h → AA)< 0.2, λhAA ! 6.7× 10−3 is required. We

can simply take λhAA = 0 by setting an appropriate value of β − α from eq. (3.1) as

tan(β − α) =
M2 −m2
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2M2 − 2m2
A −m2

h

(tanβ − cotβ). (3.3)

In the case of tan β % 1, m2
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H± & 1, we obtain

sin(β − α) $ 1− 2
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1 +
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, (3.4)
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)
. (3.5)

From the above expressions, we find that the SM-like behavior of h is realized by taking

tanβ % 1, because of sin(β − α) $ 1.

3.2 Electroweak precision observables

The extra Higgs bosons can modify the electroweak precision observables from the SM

prediction via the loop effects. Such an effect can be used as an indirect search for the

extra Higgs bosons and also used to constrain parameter space in the 2HDM. In this

subsection, we discuss the constraints from the oblique parameters and the Z boson decay.
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where m125 = 125 GeV. The second term of �1 is proportional to t
2
�

and thus dominantly

controls the theoretical constraints in the limit of large t� . Therefore, we need the condition

of m
2
'0 ⇡ M

2 to ensure an exact or almost exact cancellation in the t
2
�

term of �1. This

criteria should be satisfied more strictly in the normal scenario where m'0 > m125. Once

we demand m
2
'0 ⇡ M

2, the perturbativity of the other quartic couplings, |�2,···5| < 4⇡,

causes a chain reaction of limiting the masses as

MA ⇠ MH± ⇠ M ⇡ m'0 . (2.8)

Another smoking-gun signature especially for very light MA is the non-SM decay of

the Higgs boson, hSM ! AA. The hSM-A-A vertex is

�hSMAA =
1

v

�
�m

2
125 � 2M

2
A + 2M

2
�
. (2.9)

The condition in Eq. (2.8) makes it di�cult to have a vanishing �hSMAA. Since the Higgs

precision measurement puts a strong bound on the exotic Higgs decay as B(hSM ! XX) .
O(0.1) [91], the parameter region with MA  m125/2 is highly disfavored.

3 �aµ in the Type-X 2HDM

The Type-X 2HDM accommodates two kinds of new contributions to �aµ, one-loop con-

tributions and two-loop Barr-Zee contributions [92, 93]. The one-loop contributions are
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is imposed in order to prevent the tree-level flavor changing neutral currents [79, 80].

Then the renormalizable and CP conserving scalar potential with softly broken Z2 sym-

metry is

V� = m
2
11�

†
1�1 + m

2
22�

†
2�2 � m

2
12(�

†
1�2 + H.c.) (2.2)

+
1

2
�1(�

†
1�1)

2 +
1

2
�2(�

†
2�2)

2 + �3(�
†
1�1)(�

†
2�2) + �4(�

†
1�2)(�

†
2�1)

+
1

2
�5

h
(�†

1�2)
2 + H.c.

i
,

where the m
2
12 term softly breaks the Z2 parity. There are five physical Higgs bosons, the

light CP -even scalar h, the heavy CP -even scalar H, the CP -odd pseudoscalar A, and

two charged Higgs bosons H
±. The relations of the physical Higgs bosons with the weak

eigenstates in Eq. (2.1) via two mixing angles ↵ and � are referred to Ref. [81, 82]. Note

that the SM Higgs boson is a linear combination of h and H, as

hSM = s��↵h + c��↵H. (2.3)

The Yukawa couplings to the SM fermions are written by
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where PR,L = (1 ± �
5)/2 and ` = µ, ⌧ .

�aµ =) large t� & light MA

In the Type-X, the observed scalar boson at a mass of 125 GeV is very like the SM

Higgs boson, especially in the large t� limit [83]. Therefore, we take the Higgs alignment

limit where one of the CP -even neutral Higgs bosons is the SM Higgs boson hSM [84–88].

There are two ways to realize the Higgs alignment limit, the “normal” and “inverted”

scenarios. In the normal scenario, the observed Higgs boson is the lighter CP -even scalar

h, i.e., s��↵ = 1. In the inverted scenario, the heavier CP -even scalar H is the observed one

while the lighter one is hidden, wherein the Higgs alignment is satisfied by s��↵ = 0 [87, 89].

Then the model has five parameters in the physical basis,

�
m'0 , MA, MH± , M

2
, t�

 
(2.5)

where M
2 = m

2
12/(s�c�) and '

0 is the new CP -even neutral Higgs boson, i.e., '
0 = H in

the normal scenario and '
0 = h in the inverted scenario. Two scenarios are summarized

– 5 –
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where m125 = 125 GeV. The second term of �1 is proportional to t
2
�

and thus dominantly

controls the theoretical constraints in the limit of large t� . Therefore, we need the condition

of m
2
'0 ⇡ M

2 to ensure an exact or almost exact cancellation in the t
2
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term of �1. This

criteria should be satisfied more strictly in the normal scenario where m'0 > m125. Once

we demand m
2
'0 ⇡ M

2, the perturbativity of the other quartic couplings, |�2,···5| < 4⇡,

causes a chain reaction of limiting the masses as

MA ⇠ MH± ⇠ M ⇡ m'0 . (2.8)

Another smoking-gun signature especially for very light MA is the non-SM decay of

the Higgs boson, hSM ! AA. The hSM-A-A vertex is
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The condition in Eq. (2.8) makes it di�cult to have a vanishing �hSMAA. Since the Higgs

precision measurement puts a strong bound on the exotic Higgs decay as B(hSM ! XX) .
O(0.1) [91], the parameter region with MA  m125/2 is highly disfavored.

3 �aµ in the Type-X 2HDM

The Type-X 2HDM accommodates two kinds of new contributions to �aµ, one-loop con-

tributions and two-loop Barr-Zee contributions [92, 93]. The one-loop contributions are

– 6 –

is imposed in order to prevent the tree-level flavor changing neutral currents [79, 80].

Then the renormalizable and CP conserving scalar potential with softly broken Z2 sym-

metry is

V� = m
2
11�

†
1�1 + m

2
22�

†
2�2 � m

2
12(�

†
1�2 + H.c.) (2.2)

+
1

2
�1(�

†
1�1)

2 +
1

2
�2(�

†
2�2)

2 + �3(�
†
1�1)(�

†
2�2) + �4(�

†
1�2)(�

†
2�1)

+
1

2
�5

h
(�†

1�2)
2 + H.c.

i
,

where the m
2
12 term softly breaks the Z2 parity. There are five physical Higgs bosons, the

light CP -even scalar h, the heavy CP -even scalar H, the CP -odd pseudoscalar A, and

two charged Higgs bosons H
±. The relations of the physical Higgs bosons with the weak

eigenstates in Eq. (2.1) via two mixing angles ↵ and � are referred to Ref. [81, 82]. Note

that the SM Higgs boson is a linear combination of h and H, as

hSM = s��↵h + c��↵H. (2.3)

The Yukawa couplings to the SM fermions are written by

LYuk = �

X

f

⇣
mf

v
y

h

f
f̄fh +

mf

v
y

H

f
f̄fH � i

mf

v
y

A

f
f̄�5fA

⌘
(2.4)

�

(p
2

v
t
�
mty

A

t PL + mby
A

b
PR

�
bH

+ +

p
2m`

v
y

A

`
⌫`PR`H

+ + H.c.

)
,

where PR,L = (1 ± �
5)/2 and ` = µ, ⌧ .

�aµ =) large t� & light MA

In the Type-X, the observed scalar boson at a mass of 125 GeV is very like the SM

Higgs boson, especially in the large t� limit [83]. Therefore, we take the Higgs alignment
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There are two ways to realize the Higgs alignment limit, the “normal” and “inverted”

scenarios. In the normal scenario, the observed Higgs boson is the lighter CP -even scalar
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where m125 = 125 GeV. The second term of �1 is proportional to t
2
�

and thus dominantly

controls the theoretical constraints in the limit of large t� . Therefore, we need the condition

of m
2
'0 ⇡ M

2 to ensure an exact or almost exact cancellation in the t
2
�

term of �1. This

criteria should be satisfied more strictly in the normal scenario where m'0 > m125. Once

we demand m
2
'0 ⇡ M

2, the perturbativity of the other quartic couplings, |�2,···5| < 4⇡,

causes a chain reaction of limiting the masses as

MA ⇠ MH± ⇠ M ⇡ m'0 . (2.8)

Another smoking-gun signature especially for very light MA is the non-SM decay of

the Higgs boson, hSM ! AA. The hSM-A-A vertex is
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The condition in Eq. (2.8) makes it di�cult to have a vanishing �hSMAA. Since the Higgs

precision measurement puts a strong bound on the exotic Higgs decay as B(hSM ! XX) .
O(0.1) [91], the parameter region with MA  m125/2 is highly disfavored.

3 �aµ in the Type-X 2HDM

The Type-X 2HDM accommodates two kinds of new contributions to �aµ, one-loop con-

tributions and two-loop Barr-Zee contributions [92, 93]. The one-loop contributions are
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where m125 = 125 GeV. The second term of �1 is proportional to t
2
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and thus dominantly

controls the theoretical constraints in the limit of large t� . Therefore, we need the condition

of m
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'0 ⇡ M

2 to ensure an exact or almost exact cancellation in the t
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term of �1. This

criteria should be satisfied more strictly in the normal scenario where m'0 > m125. Once

we demand m
2
'0 ⇡ M

2, the perturbativity of the other quartic couplings, |�2,···5| < 4⇡,

causes a chain reaction of limiting the masses as

MA ⇠ MH± ⇠ M ⇡ m'0 . (2.8)

Another smoking-gun signature especially for very light MA is the non-SM decay of

the Higgs boson, hSM ! AA. The hSM-A-A vertex is
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The condition in Eq. (2.8) makes it di�cult to have a vanishing �hSMAA. Since the Higgs

precision measurement puts a strong bound on the exotic Higgs decay as B(hSM ! XX) .
O(0.1) [91], the parameter region with MA  m125/2 is highly disfavored.
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The condition in Eq. (2.8) makes it di�cult to have a vanishing �hSMAA. Since the Higgs

precision measurement puts a strong bound on the exotic Higgs decay as B(hSM ! XX) .
O(0.1) [91], the parameter region with MA  m125/2 is highly disfavored.

3 �aµ in the Type-X 2HDM

The Type-X 2HDM accommodates two kinds of new contributions to �aµ, one-loop con-

tributions and two-loop Barr-Zee contributions [92, 93]. The one-loop contributions are
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where PR,L = (1 ± �
5)/2 and ` = µ, ⌧ .

�aµ =) huge t� & 100 & light MA

In the Type-X, the observed scalar boson at a mass of 125 GeV is very like the SM

Higgs boson, especially in the large t� limit [83]. Therefore, we take the Higgs alignment

limit where one of the CP -even neutral Higgs bosons is the SM Higgs boson hSM [84–88].

There are two ways to realize the Higgs alignment limit, the “normal” and “inverted”

scenarios. In the normal scenario, the observed Higgs boson is the lighter CP -even scalar

h, i.e., s��↵ = 1. In the inverted scenario, the heavier CP -even scalar H is the observed one

while the lighter one is hidden, wherein the Higgs alignment is satisfied by s��↵ = 0 [87, 89].

Then the model has five parameters in the physical basis,
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m'0 , MA, MH± , M

2
, t�

 
(2.5)

where M
2 = m

2
12/(s�c�) and '

0 is the new CP -even neutral Higgs boson, i.e., '
0 = H in

the normal scenario and '
0 = h in the inverted scenario. Two scenarios are summarized
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where m125 = 125 GeV. The second term of �1 is proportional to t
2
�

and thus dominantly

controls the theoretical constraints in the limit of large t� . Therefore, we need the condition

of m
2
'0 ⇡ M

2 to ensure an exact or almost exact cancellation in the t
2
�

term of �1. This

criteria should be satisfied more strictly in the normal scenario where m'0 > m125. Once

we demand m
2
'0 ⇡ M

2, the perturbativity of the other quartic couplings, |�2,···5| < 4⇡,

causes a chain reaction of limiting the masses as

MA ⇠ MH± ⇠ M ⇡ m'0 . (2.8)

Another smoking-gun signature especially for very light MA is the non-SM decay of

the Higgs boson, hSM ! AA. The hSM-A-A vertex is
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1

v

�
�m

2
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2
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2
�
. (2.9)

The condition in Eq. (2.8) makes it di�cult to have a vanishing �hSMAA. Since the Higgs

precision measurement puts a strong bound on the exotic Higgs decay as B(hSM ! XX) .
O(0.1) [91], the parameter region with MA  m125/2 is highly disfavored.

3 �aµ in the Type-X 2HDM

The Type-X 2HDM accommodates two kinds of new contributions to �aµ, one-loop con-

tributions and two-loop Barr-Zee contributions [92, 93]. The one-loop contributions are
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3. Muon g-2 in Type-X 2HDM
Two kinds of contributions

1-loop Barr-Zee 2-loop

Dominant
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Figure 1: �aµ from A, ��aµ from '
0, and �aµ(A) + �aµ('0) as a function of t� with MA =

m'0 = 100 GeV (left panel) and as a function of MA = m'0 for t� = 100 (right panel).

by the CP -even '
0 in both scenarios incorporate y

'
0

µ y
'
0

t
< 0 and thus generate positive

two-loop Barr-Zee contributions.

In Fig. 1, we show �aµ(A) (blue line), ��aµ('0) (red line), and �aµ(A) + �aµ('0)

(black line)2 as a function of t� with MA = m'0 = 100 GeV in the left panel and as a

function of MA = m'0 for t� = 100 in the right panel. To show negative value of �aµ('0)

in the logarithmic scale, we present ��aµ('0). The allowed region of �aµ at 1� (2�)

by the measurement in Eq. (1.2) is the horizontal green (yellow) area. The dominant

contribution of A is from the two-loop Barr-Zee diagram, which is always positive and

rapidly increasing with increasing t� . The contribution of '
0 is negative for very large t�

since the ⌧ loop contribution in the two-loop Barr-Zee diagram is prevailing. In order to

see the behavior of �aµ('0) for a moderate value of t� , we present �aµ for t� 2 [1, 20] in

the small figure inside the left panel. If t� . 17, dominant contribution mediated by the

CP -even '
0 is from the top quark loop in the two-loop Barr-Zee diagram, which is positive

due to y
'
0

µ y
'
0

t
< 0. Although both contributions from A and '

0 are positive, the absolute

value of �aµ is not enough to explain �a
obs
µ . In the right panel, we show �aµ(A) and

��aµ('0) as a function of MA = m'0 by fixing t� = 100. �aµ increases very rapidly with

decreasing scalar mass. Since the negative contributions of the CP -even '
0 become severe

with decreasing m'0 , the inverted scenario receives stronger constraint.

4 Theoretical and experimental constraints on the Type-X 2HDM

4.1 Scanning strategies in three steps

In light of the observed �aµ, we comprehensively study the Type-X 2HDM, confronting

the theoretical and experimental constraints. For the model parameters in Eq. (2.5), we

perform the successive and cumulative scan in three steps. We obtained 5⇥ 105 parameter

2This total �aµ is for illustration, since it holds true only for MA = m'0 .
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3. Muon g-2 in Type-X 2HDM
Large tanβ is required. CP-even scalar cannot explain the observed muon g-2.

as follows:
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In the Higgs alignment limit, the quartic couplings in terms of the model parameters
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where m125 = 125 GeV. The second term of �1 is proportional to t
2
�

and thus dominantly

controls the theoretical constraints in the limit of large t� . Therefore, we need the condition

of m
2
'0 ⇡ M

2 to ensure an exact or almost exact cancellation in the t
2
�

term of �1. This

criteria should be satisfied more strictly in the normal scenario where m'0 > m125. Once

we demand m
2
'0 ⇡ M

2, the perturbativity of the other quartic couplings, |�2,···5| < 4⇡,

causes a chain reaction of limiting the masses as

MA ⇠ MH± ⇠ M ⇡ m'0 . (2.8)

Another smoking-gun signature especially for very light MA is the non-SM decay of

the Higgs boson, hSM ! AA. The hSM-A-A vertex is

�hSMAA =
1

v
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2
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. (2.9)

The condition in Eq. (2.8) makes it di�cult to have a vanishing �hSMAA. Since the Higgs

precision measurement puts a strong bound on the exotic Higgs decay as B(hSM ! XX) .
O(0.1) [91], the parameter region with MA  m125/2 is highly disfavored.
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3. Muon g-2 in Type-X 2HDM
A light pseudo scalar A helps, but a light CP-even scalar doesn’t.
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Figure 1: �aµ from A, ��aµ from '
0, and �aµ(A) + �aµ('0) as a function of t� with MA =

m'0 = 100 GeV (left panel) and as a function of MA = m'0 for t� = 100 (right panel).

by the CP -even '
0 in both scenarios incorporate y

'
0

µ y
'
0

t
< 0 and thus generate positive

two-loop Barr-Zee contributions.

In Fig. 1, we show �aµ(A) (blue line), ��aµ('0) (red line), and �aµ(A) + �aµ('0)

(black line)2 as a function of t� with MA = m'0 = 100 GeV in the left panel and as a

function of MA = m'0 for t� = 100 in the right panel. To show negative value of �aµ('0)

in the logarithmic scale, we present ��aµ('0). The allowed region of �aµ at 1� (2�)

by the measurement in Eq. (1.2) is the horizontal green (yellow) area. The dominant

contribution of A is from the two-loop Barr-Zee diagram, which is always positive and

rapidly increasing with increasing t� . The contribution of '
0 is negative for very large t�

since the ⌧ loop contribution in the two-loop Barr-Zee diagram is prevailing. In order to

see the behavior of �aµ('0) for a moderate value of t� , we present �aµ for t� 2 [1, 20] in

the small figure inside the left panel. If t� . 17, dominant contribution mediated by the

CP -even '
0 is from the top quark loop in the two-loop Barr-Zee diagram, which is positive

due to y
'
0

µ y
'
0

t
< 0. Although both contributions from A and '

0 are positive, the absolute

value of �aµ is not enough to explain �a
obs
µ . In the right panel, we show �aµ(A) and

��aµ('0) as a function of MA = m'0 by fixing t� = 100. �aµ increases very rapidly with

decreasing scalar mass. Since the negative contributions of the CP -even '
0 become severe

with decreasing m'0 , the inverted scenario receives stronger constraint.

4 Theoretical and experimental constraints on the Type-X 2HDM

4.1 Scanning strategies in three steps

In light of the observed �aµ, we comprehensively study the Type-X 2HDM, confronting

the theoretical and experimental constraints. For the model parameters in Eq. (2.5), we

perform the successive and cumulative scan in three steps. We obtained 5⇥ 105 parameter

2This total �aµ is for illustration, since it holds true only for MA = m'0 .

– 8 –



4. Other constrains
Scan strategy in three steps

Step I: �aµ at 2�.

Step II: Theory+EWPD after Step I

1. Theoretical stabilities:

Higgs potential being bounded from below, unitarity

of scalar-scalar scatterings, perturbativity, vacuum

stability.

2. Peskin-Takeuchi electroweak oblique parameters.

Step III: Collider bounds after Step II

1. Higgs precision data by using HiggsSignals.

2. Direct searches for new scalars at the LEP, Tevatron,

and LHC, by using HiggsBounds.

4.2 Results in the normal scenario

Figure 2: In the normal scenario, the allowed parameter space of (MA, t�) after Step I (�a
obs
µ

),
Step II (Step I+Theory+EWPD), and Step III (Step II+Collider), with the color code indicating
the value of �aµ.

We show the allowed (MA, t�) of the normal scenario in Fig. 2, following the sequence of

three steps in the previous subsection. At Step I (the left panel), which demands to explain

only the �a
obs
µ , intermediate MA as well as very heavy MH and MH± up to O(1) TeV are

allowed. At Step II (middle panel), a considerable reduction of the allowed parameter space

occurs. This is because the theoretical stability strongly prefers MA ⇠ MH± ⇠ MH(⇡ M)

as discussed in Eq. (2.8): the e↵ects of the Peskin-Takeuchi oblique parameters are mild.

Both MH and MH± cannot be too heavy. In Fig. 3, we show the allowed MH and MH±

at the final Step III, with the color code of �aµ. There exist upper bounds on the heavy

scalar bosons: MH  245 GeV and MH±  285 GeV. Besides, there is no correlation of

�aµ with MH or MH± as indicated by the mixed colors. As only the intermediate-mass

H survives, the negative contribution of H becomes significant and lowers the total �aµ.

– 9 –



HiggsBounds provide powerful checkup.
References for the analyses currently implemented in
HiggsBounds

HiggsBounds currently incorporates results from LEP [1–15], the Tevatron [16–50], and

the ATLAS [51–123] and CMS [124–194] experiments at the LHC.
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4. Other constrains



The inverted scenario survived harder, from the collider data.

• For each scenario, we obtained 5 ⇥ 105 parameter sets

satisfying Step II.

• After Step III,

– Normal scenario: ⇠ 80% survived.

– Inverted scenario: ⇠ 1.8% parameter sets survived.

We obtained 5 ⇥ 105 parameter sets for each scenario that satisfy the Step II con-

straints. After applying the Step III constraints, about 105 parameter sets survive in the

normal scenario: Step III excludes about 80% of the parameter sets that survive Step II.

In the inverted scenario, only ⇠ 1.8% parameter sets survive.
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5. (1) Results in the normal scenario

Step I: �aµ at 2�.

Step II: Theory+EWPD after Step I

1. Theoretical stabilities:

Higgs potential being bounded from below, unitarity

of scalar-scalar scatterings, perturbativity, vacuum

stability.

2. Peskin-Takeuchi electroweak oblique parameters.

Step III: Collider bounds after Step II

1. Higgs precision data by using HiggsSignals.

2. Direct searches for new scalars at the LEP, Tevatron,

and LHC, by using HiggsBounds.

4.2 Results in the normal scenario

Figure 2: In the normal scenario, the allowed parameter space of (MA, t�) after Step I (�a
obs
µ

),
Step II (Step I+Theory+EWPD), and Step III (Step II+Collider), with the color code indicating
the value of �aµ.

We show the allowed (MA, t�) of the normal scenario in Fig. 2, following the sequence of

three steps in the previous subsection. At Step I (the left panel), which demands to explain

only the �a
obs
µ , intermediate MA as well as very heavy MH and MH± up to O(1) TeV are

allowed. At Step II (middle panel), a considerable reduction of the allowed parameter space

occurs. This is because the theoretical stability strongly prefers MA ⇠ MH± ⇠ MH(⇡ M)

as discussed in Eq. (2.8): the e↵ects of the Peskin-Takeuchi oblique parameters are mild.

Both MH and MH± cannot be too heavy. In Fig. 3, we show the allowed MH and MH±

at the final Step III, with the color code of �aµ. There exist upper bounds on the heavy

scalar bosons: MH  245 GeV and MH±  285 GeV. Besides, there is no correlation of

�aµ with MH or MH± as indicated by the mixed colors. As only the intermediate-mass

H survives, the negative contribution of H becomes significant and lowers the total �aµ.
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is imposed in order to prevent the tree-level flavor changing neutral currents [79, 80].

Then the renormalizable and CP conserving scalar potential with softly broken Z2 sym-

metry is

V� = m
2
11�

†
1�1 + m

2
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2 + H.c.

i
,

where the m
2
12 term softly breaks the Z2 parity. There are five physical Higgs bosons, the

light CP -even scalar h, the heavy CP -even scalar H, the CP -odd pseudoscalar A, and

two charged Higgs bosons H
±. The relations of the physical Higgs bosons with the weak

eigenstates in Eq. (2.1) via two mixing angles ↵ and � are referred to Ref. [81, 82]. Note

that the SM Higgs boson is a linear combination of h and H, as

hSM = s��↵h + c��↵H. (2.3)

The Yukawa couplings to the SM fermions are written by

LYuk = �

X

f

⇣
mf

v
y

h

f
f̄fh +
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v
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H

f
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(2.4)
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)
,

where PR,L = (1 ± �
5)/2 and ` = µ, ⌧ .

�aµ =) huge t� & light MA

t� & 100, intermediate-mass A
0

In the Type-X, the observed scalar boson at a mass of 125 GeV is very like the SM

Higgs boson, especially in the large t� limit [83]. Therefore, we take the Higgs alignment

limit where one of the CP -even neutral Higgs bosons is the SM Higgs boson hSM [84–88].

There are two ways to realize the Higgs alignment limit, the “normal” and “inverted”

scenarios. In the normal scenario, the observed Higgs boson is the lighter CP -even scalar

h, i.e., s��↵ = 1. In the inverted scenario, the heavier CP -even scalar H is the observed one

while the lighter one is hidden, wherein the Higgs alignment is satisfied by s��↵ = 0 [87, 89].

Then the model has five parameters in the physical basis,

�
m'0 , MA, MH± , M

2
, t�

 
(2.5)

where M
2 = m

2
12/(s�c�) and '

0 is the new CP -even neutral Higgs boson, i.e., '
0 = H in

the normal scenario and '
0 = h in the inverted scenario. Two scenarios are summarized
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In the Higgs alignment limit, the quartic couplings in terms of the model parameters

are [90]
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where m125 = 125 GeV. The second term of �1 is proportional to t
2
�

and thus dominantly

controls the theoretical constraints in the limit of large t� . Therefore, we need the condition

of m
2
'0 ⇡ M

2 to ensure an exact or almost exact cancellation in the t
2
�

term of �1. This

criteria should be satisfied more strictly in the normal scenario where m'0 > m125. Once

we demand m
2
'0 ⇡ M

2, the perturbativity of the other quartic couplings, |�2,···5| < 4⇡,

causes a chain reaction of limiting the masses as

MA ⇠ MH± ⇠ M ⇡ m'0 . (2.8)

Another smoking-gun signature especially for very light MA is the non-SM decay of

the Higgs boson, hSM ! AA. The hSM-A-A vertex is

�hSMAA =
1

v

�
�m

2
125 � 2M

2
A + 2M

2
�
. (2.9)

The condition in Eq. (2.8) makes it di�cult to have a vanishing �hSMAA. Since the Higgs

precision measurement puts a strong bound on the exotic Higgs decay as B(hSM ! XX) .
O(0.1) [91], the parameter region with MA  m125/2 is highly disfavored.

3 �aµ in the Type-X 2HDM

The Type-X 2HDM accommodates two kinds of new contributions to �aµ, one-loop con-

tributions and two-loop Barr-Zee contributions [92, 93]. The one-loop contributions are
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allowed. At Step II (middle panel), a considerable reduction of the allowed parameter space

occurs. This is because the theoretical stability strongly prefers MA ⇠ MH± ⇠ MH(⇡ M)

as discussed in Eq. (2.8): the e↵ects of the Peskin-Takeuchi oblique parameters are mild.

Both MH and MH± cannot be too heavy. In Fig. 3, we show the allowed MH and MH±

at the final Step III, with the color code of �aµ. There exist upper bounds on the heavy

scalar bosons: MH  245 GeV and MH±  285 GeV. Besides, there is no correlation of

�aµ with MH or MH± as indicated by the mixed colors. As only the intermediate-mass

H survives, the negative contribution of H becomes significant and lowers the total �aµ.

Therefore, only MA < 145 GeV can explain the observed �aµ. If we demand the central

value of �a
obs
µ , the pseudoscalar boson should be lighter like MA  100 GeV.

At the final step (Step III) in the normal scenario, the whole parameter space of

MA < m125/2 is removed, which requires t� & 90 in turn. A vital question is which

collider processes exclude the region with MA < m125/2. Usually, several di↵erent processes

prohibit one parameter set. For e�cient illustration, we present in Fig. 4 only the smoking-

gun process, which has the largest deviation of the model prediction from the observation,

r95% in Eq. (??). The green points pass the final step. The orange points are excluded by

the LHC bounds on hSM ! AA ! µ
+
µ

�
⌧

+
⌧

� [107, 140]. There was an observation that

the opposite-sign tau lepton Yukawa coupling to the SM Higgs boson, which is realized by

c��↵ = 2/t� [94], may suppress the non-SM decay of hSM ! AA. However, we found that

the theoretical stability conditions are too strong to suppress �hSMAA in Eq. (2.9) even for

y
hSM
⌧ = �1. The red points are excluded by the LEP process e

+
e
�

! H
+
H

� where all of
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Both MH and MH± cannot be too heavy. In Fig. 3, we show the allowed MH and MH±

at the final Step III, with the color code of �aµ. There exist upper bounds on the heavy

scalar bosons: MH  245 GeV and MH±  285 GeV. Besides, there is no correlation of

�aµ with MH or MH± as indicated by the mixed colors. As only the intermediate-mass

H survives, the negative contribution of H becomes significant and lowers the total �aµ.

Therefore, only MA < 145 GeV can explain the observed �aµ. If we demand the central

value of �a
obs
µ , the pseudoscalar boson should be lighter like MA  100 GeV.

At the final step (Step III) in the normal scenario, the whole parameter space of

MA < m125/2 is removed, which requires t� & 90 in turn. A vital question is which

collider processes exclude the region with MA < m125/2. Usually, several di↵erent processes

prohibit one parameter set. For e�cient illustration, we present in Fig. 4 only the smoking-

gun process, which has the largest deviation of the model prediction from the observation,

r95% in Eq. (??). The green points pass the final step. The orange points are excluded by

the LHC bounds on hSM ! AA ! µ
+
µ

�
⌧

+
⌧

� [107, 140]. There was an observation that

the opposite-sign tau lepton Yukawa coupling to the SM Higgs boson, which is realized by

c��↵ = 2/t� [94], may suppress the non-SM decay of hSM ! AA. However, we found that

the theoretical stability conditions are too strong to suppress �hSMAA in Eq. (2.9) even for

y
hSM
⌧ = �1. The red points are excluded by the LEP process e

+
e
�

! H
+
H

� where all of
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5. (1) Results in the normal scenario
Exotic Higgs decay removes light A.

5. Results
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Figure 4: In the normal scenario at Step III, the allowed points (green) and the excluded points
(orange and red) in the parameter space of (MA, t�). The orange points are excluded by hSM !

AA ! µ
+
µ
�

⌧
+
⌧
� at the LHC, while the red points are excluded by e

+
e
�

! H
+
H

� at the LEP.

the four LEP experiment results are combined by including the decays of the charged Higgs

boson pair into cs̄cs̄, cs̄⌧⌫, ⌧⌫⌧⌫, W
⇤
A⌧⌫, and W

⇤
AW

⇤
A [141]. The overlap of the allowed

(green) points and the excluded (red) points in Fig. 4 is attributed to our projection of

five-dimensional points onto two-dimensional (MA, t�) plane. In summary, the final Step

III (the right panel of Fig. 2) implies that the observed �aµ can be explained by t� & 90

and MA 2 [62.5, 145] GeV when scanning t� up to 200.

4.3 Results in the inverted scenario

Figure 5: In the inverted scenario, the allowed parameter space of (MA, t�) at Step I, Step II,
and Step III, with the color code indicating the value of �aµ.

In the inverted scenario, the overall behavior of the allowed parameter space is similar

to that in the normal scenario: see Fig. 5. In the quantitative aspect, however, there are
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Step I: �aµ at 2�.

Step II: Theory+EWPD after Step I

1. Theoretical stabilities:

Higgs potential being bounded from below, unitarity

of scalar-scalar scatterings, perturbativity, vacuum

stability.

2. Peskin-Takeuchi electroweak oblique parameters.

Step III: Collider bounds after Step II

1. Higgs precision data by using HiggsSignals.

2. Direct searches for new scalars at the LEP, Tevatron,

and LHC, by using HiggsBounds.

4.2 Results in the normal scenario

Figure 2: In the normal scenario, the allowed parameter space of (MA, t�) Step II (Step
I+Theory+EWPD), and Step III (Step II+Collider), with the color code indicating the value of
�aµ.

after Step I

�a
obs
µ

Step I+Theory+EWPD

Step II+Collider

We show the allowed (MA, t�) of the normal scenario in Fig. 2, following the sequence of

three steps in the previous subsection. At Step I (the left panel), which demands to explain

only the �a
obs
µ , intermediate MA as well as very heavy MH and MH± up to O(1) TeV are
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5. (1) Results in the normal scenario

is imposed in order to prevent the tree-level flavor changing neutral currents [79, 80].

Then the renormalizable and CP conserving scalar potential with softly broken Z2 sym-

metry is

V� = m
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2 + H.c.

i
,

where the m
2
12 term softly breaks the Z2 parity. There are five physical Higgs bosons, the

light CP -even scalar h, the heavy CP -even scalar H, the CP -odd pseudoscalar A, and

two charged Higgs bosons H
±. The relations of the physical Higgs bosons with the weak

eigenstates in Eq. (2.1) via two mixing angles ↵ and � are referred to Ref. [81, 82]. Note

that the SM Higgs boson is a linear combination of h and H, as

hSM = s��↵h + c��↵H. (2.3)

The Yukawa couplings to the SM fermions are written by

LYuk = �

X

f

⇣
mf

v
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f
f̄fh +

mf

v
y

H

f
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mf

v
y

A

f
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⌘
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�
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`
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)
,

where PR,L = (1 ± �
5)/2 and ` = µ, ⌧ .

�aµ =) huge t� & light MA

t� & 100, intermediate-mass A
0

In the Type-X, the observed scalar boson at a mass of 125 GeV is very like the SM

Higgs boson, especially in the large t� limit [83]. Therefore, we take the Higgs alignment

limit where one of the CP -even neutral Higgs bosons is the SM Higgs boson hSM [84–88].

There are two ways to realize the Higgs alignment limit, the “normal” and “inverted”

scenarios. In the normal scenario, the observed Higgs boson is the lighter CP -even scalar

h, i.e., s��↵ = 1. In the inverted scenario, the heavier CP -even scalar H is the observed one

while the lighter one is hidden, wherein the Higgs alignment is satisfied by s��↵ = 0 [87, 89].

Then the model has five parameters in the physical basis,

�
m'0 , MA, MH± , M

2
, t�

 
(2.5)

where M
2 = m

2
12/(s�c�) and '

0 is the new CP -even neutral Higgs boson, i.e., '
0 = H in

the normal scenario and '
0 = h in the inverted scenario. Two scenarios are summarized
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(2) In the inverted scenario, collider data are more crucial.

5. Results
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Figure 4: In the normal scenario at Step III, the allowed points (green) and the excluded points
(orange and red) in the parameter space of (MA, t�). The orange points are excluded by hSM !

AA ! µ
+
µ
�

⌧
+
⌧
� at the LHC, while the red points are excluded by e

+
e
�

! H
+
H

� at the LEP.

the four LEP experiment results are combined by including the decays of the charged Higgs

boson pair into cs̄cs̄, cs̄⌧⌫, ⌧⌫⌧⌫, W
⇤
A⌧⌫, and W

⇤
AW

⇤
A [141]. The overlap of the allowed

(green) points and the excluded (red) points in Fig. 4 is attributed to our projection of

five-dimensional points onto two-dimensional (MA, t�) plane. In summary, the final Step

III (the right panel of Fig. 2) implies that the observed �aµ can be explained by t� & 90

and MA 2 [62.5, 145] GeV when scanning t� up to 200.

4.3 Results in the inverted scenario

Figure 5: In the inverted scenario, the allowed parameter space of (MA, t�) at Step I, Step II,
and Step III, with the color code indicating the value of �aµ.

In the inverted scenario, the overall behavior of the allowed parameter space is similar

to that in the normal scenario: see Fig. 5. In the quantitative aspect, however, there are
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Step I: �aµ at 2�.

Step II: Theory+EWPD after Step I

1. Theoretical stabilities:

Higgs potential being bounded from below, unitarity

of scalar-scalar scatterings, perturbativity, vacuum

stability.

2. Peskin-Takeuchi electroweak oblique parameters.

Step III: Collider bounds after Step II

1. Higgs precision data by using HiggsSignals.

2. Direct searches for new scalars at the LEP, Tevatron,

and LHC, by using HiggsBounds.

4.2 Results in the normal scenario

Figure 2: In the normal scenario, the allowed parameter space of (MA, t�) Step II (Step
I+Theory+EWPD), and Step III (Step II+Collider), with the color code indicating the value of
�aµ.

after Step I

�a
obs
µ

Step I+Theory+EWPD

Step II+Collider

We show the allowed (MA, t�) of the normal scenario in Fig. 2, following the sequence of

three steps in the previous subsection. At Step I (the left panel), which demands to explain

only the �a
obs
µ , intermediate MA as well as very heavy MH and MH± up to O(1) TeV are
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5. (1) Results in the normal scenario
Chain reaction ➽ Not too heavy MH and charged Higgs

5. Results

Figure 7: The finally allowed (Mh, MH±) in the inverted scenario with the color code indicating
the value of �aµ.

of �aµ with Mh or MH± : see the mixed color distribution. On the contrary, we have a

stronger bound on the mass of the charged Higgs boson: MH± 2 [95, 190] GeV.

5 Implications on the electron g � 2 and the LHC collider signatures

5.1 Electron anomalous magnetic moment

As a flavor-universal theory, the Type-X 2HDM has the same contributions to the electron

g � 2 as to the muon g � 2, apart from the di↵erences of the electron and muon masses. If

the muon g�2 deviates from the SM prediction, the electron g�2 should do. Furthermore,

positive �aµ demands positivity of �ae in the Type-X 2HDM. Therefore, it is essential

to study the prediction of the finally allowed parameter points to the electron anomalous

magnetic moment.

The measurement of the electron magnetic moment [142] is sensitive to the value of

the fine structure constant ↵, which depends on whether we take the data from 133Cs [143]

or from 87Rb [144]. The deviations of the electron g � 2 from the SM prediction [145, 146]

according to two di↵erent ↵ values are [46]

�a
Cs
e = �8.8(3.6) ⇥ 10�13

, (5.1)

�a
Rb
e = 4.8(3.0) ⇥ 10�13

.

At 2� level, �a
Cs
e is negative while �a

Rb
e can be positive.

In Fig. 8, we present the �ae of the finally allowed parameter points that satisfy

all the theoretical and experimental constraints including �aµ, projected on (MA, t�).

The left (right) panel corresponds to the normal (inverted) scenario. In both scenarios,
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as follows:

normal scenario (NS) inverted scenario (IS)

hSM = h, '
0 = H hSM = H, '

0 = h

y
hSM
f

= 1, s��↵ = 1 y
hSM
f

= 1, s��↵ = 0

y
A
t = �y

'
0

t
= 1

t�
, y

A

`
= y

'
0

`
= t� y

A
t = y

'
0

t
= 1

t�
, y

A

`
= �y

'
0

`
= t�

(2.6)

In the Higgs alignment limit, the quartic couplings in terms of the model parameters

are [90]

�1 =
1

v2

h
m

2
125 + t

2
�

⇣
m

2
'0 � M

2
⌘i

, (2.7)
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2
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1

t
2
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2
'0 � M

2
⌘#

,

�3 =
1

v2

h
m

2
125 � m

2
'0 � M

2 + 2M
2
H±

i
,

�4 =
1

v2

⇥
M

2 + M
2
A � 2M

2
H±

⇤
,

�5 =
1

v2

⇥
M

2
� M

2
A

⇤
,

where m125 = 125 GeV. The second term of �1 is proportional to t
2
�

and thus dominantly

controls the theoretical constraints in the limit of large t� . Therefore, we need the condition

of m
2
'0 ⇡ M

2 to ensure an exact or almost exact cancellation in the t
2
�

term of �1. This

criteria should be satisfied more strictly in the normal scenario where m'0 > m125. Once

we demand m
2
'0 ⇡ M

2, the perturbativity of the other quartic couplings, |�2,···5| < 4⇡,

causes a chain reaction of limiting the masses as

MA ⇠ MH± ⇠ M ⇡ m'0 . (2.8)

Another smoking-gun signature especially for very light MA is the non-SM decay of

the Higgs boson, hSM ! AA. The hSM-A-A vertex is

�hSMAA =
1

v

�
�m

2
125 � 2M

2
A + 2M

2
�
. (2.9)

The condition in Eq. (2.8) makes it di�cult to have a vanishing �hSMAA. Since the Higgs

precision measurement puts a strong bound on the exotic Higgs decay as B(hSM ! XX) .
O(0.1) [91], the parameter region with MA  m125/2 is highly disfavored.

3 �aµ in the Type-X 2HDM

The Type-X 2HDM accommodates two kinds of new contributions to �aµ, one-loop con-

tributions and two-loop Barr-Zee contributions [92, 93]. The one-loop contributions are
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5. (1) Results in the normal scenario
Exotic Higgs decay & LEP search for Ah are crucial.

5. Results

significant di↵erences. At Step I, the observed �aµ prefers lighter MA than in the normal

scenario, as the lighter h makes a sizably negative contribution. The constraints at Step II

are weaker than in the normal scenario. The perturbativity of �1, the most critical factor

for the theoretical stability, is easier to satisfy with light m'0 (= Mh). We also observe

that the allowed parameter points at Step I and Step II have mixed colors, implying that

the correlation of �aµ with MA or t� at Step II is weak.
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Figure 6: In the inverted scenario at the final Step III, the allowed points (green) and the excluded
points (orange, red, and blue). The orange points are excluded by hSM ! AA ! µ

+
µ
�

⌧
+
⌧
� at

the LHC, the red points by e
+
e
�

! H
+
H

� at the LEP, and the blue points by e
+
e
�

! Ah at the
LEP.

The collider constraints in the inverted scenario (the right panel of Fig. 5) are much

stronger than in the normal scenario. As discussed in Sec. 4.1, only ⇠ 1.8% of the allowed

points at Step II survive Step III in the inverted scenario: in the normal scenario, it is

about 20%. Only extraordinarily large t� is allowed, t� & 120. At Step III, there exists

the correlation of �aµ with MA and t� , as can be seen from unblended colors. Figure 6

presents the smoking-gun process which yields the largest deviation of the model prediction

from the observation. Green points are finally allowed, orange points are excluded by

hSM ! AA [107, 140], and red points by the LEP process e
+
e
�

! H
+
H

� [141]. A new

killing process is the LEP process of e
+
e
�

! Z
⇤

! Ah [104], denoted by blue points. The

e↵ect of this process is dominant since the Z-A-h vertex of the gauge coupling origin is

proportional to c��↵, which is maximal in the alignment limit of the inverted scenario. We

found that the constraint is so strong that only the kinematic ban of
p

see < MA + Mh

saves the parameter space.

In Fig. 7, we present the finally allowed (Mh, MH±) in the inverted scenario with the

color code indicating the value of �aµ. As in the normal scenario, there is no correlation
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5. (1) Results in the normal scenario
What do the surviving parameters imply?

6. Implications

(1) Electron anomalous magnetic moment


(2) Lepton Flavor Universality in Z and 𝝉 decays


(3) Phenomenological signatures at the HL-LHC



5. (1) Results in the normal scenario
(1) Electron anomalous magnetic moment: 
the same contributions to the muon/electron g-2 except for mass.

6. Implications

Figure 7: The finally allowed (Mh, MH±) in the inverted scenario with the color code indicating
the value of �aµ.

of �aµ with Mh or MH± : see the mixed color distribution. On the contrary, we have a

stronger bound on the mass of the charged Higgs boson: MH± 2 [95, 190] GeV.

5 Implications on the electron g � 2 and the LHC collider signatures

5.1 Electron anomalous magnetic moment

As a flavor-universal theory, the Type-X 2HDM has the same contributions to the electron

g � 2 as to the muon g � 2, apart from the di↵erences of the electron and muon masses. If

the muon g�2 deviates from the SM prediction, the electron g�2 should do. Furthermore,

positive �aµ demands positivity of �ae in the Type-X 2HDM. Therefore, it is essential

to study the prediction of the finally allowed parameter points to the electron anomalous

magnetic moment.

The measurement of the electron magnetic moment [142] is sensitive to the value of

the fine structure constant ↵, which depends on whether we take the data from 133Cs [143]

or from 87Rb [144]. The deviations of the electron g � 2 from the SM prediction [145, 146]

according to two di↵erent ↵ values are [46]

�a
Cs
e = �8.8(3.6) ⇥ 10�13

, (5.1)

�a
Rb
e = 4.8(3.0) ⇥ 10�13

.

At 2� level, �a
Cs
e is negative while �a

Rb
e can be positive.

In Fig. 8, we present the �ae of the finally allowed parameter points that satisfy

all the theoretical and experimental constraints including �aµ, projected on (MA, t�).

The left (right) panel corresponds to the normal (inverted) scenario. In both scenarios,
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Figure 7: The finally allowed (Mh, MH±) in the inverted scenario with the color code indicating
the value of �aµ.

of �aµ with Mh or MH± : see the mixed color distribution. On the contrary, we have a

stronger bound on the mass of the charged Higgs boson: MH± 2 [95, 190] GeV.

5 Implications on the electron g � 2 and the LHC collider signatures

5.1 Electron anomalous magnetic moment

As a flavor-universal theory, the Type-X 2HDM has the same contributions to the electron

g � 2 as to the muon g � 2, apart from the di↵erences of the electron and muon masses. If

the muon g�2 deviates from the SM prediction, the electron g�2 should do. Furthermore,

positive �aµ demands positivity of �ae in the Type-X 2HDM. Therefore, it is essential

to study the prediction of the finally allowed parameter points to the electron anomalous

magnetic moment.

�ae is sensitive to the value of the fine structure constant ↵

which depends on whether we take the data from 133Cs [143] or from 87Rb [144]. The

deviations of the electron g�2 from the SM prediction [145, 146] according to two di↵erent

↵ values are [46]

�a
Cs
e = �8.8(3.6) ⇥ 10�13

, (5.1)

�a
Rb
e = 4.8(3.0) ⇥ 10�13

.

At 2� level, �a
Cs
e is negative while �a

Rb
e can be positive.

In Fig. 8, we present the �ae of the finally allowed parameter points that satisfy

all the theoretical and experimental constraints including �aµ, projected on (MA, t�).

The left (right) panel corresponds to the normal (inverted) scenario. In both scenarios,
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5. (1) Results in the normal scenario

(1) Electron anomalous magnetic moment is consistent with Type-X.

6. Implications

NS

IS

hSM ! AA ! µ
+
µ

�
⌧

+
⌧

�

1

NS

IS

Allowed

hSM ! AA ! µµ⌧⌧

e
+
e
�

! H
+
H

�

1

Figure 8: �ae of the finally allowed parameter points that satisfy all the theoretical and experi-
mental constraints including �aµ, projected on (MA, t�). The left (right) panel corresponds to the
normal (inverted) scenario.

the phenomenologically reliable parameter sets predict �ae 2 [0.36, 1.17] ⇥ 10�13 in the

normal scenario and �ae 2 [0.33, 1.15]⇥10�13 in the inverted scenario. The observed �a
Rb
e

is explained at 2�, except for the points along the upper-left boundary of the allowed space.

The negativity of the observed �a
Cs
e at 2� is contradictory to the �ae predicted in the

Type-X 2HDM. At 3�, however, �ae in our model is consistent with �a
Cs
e .

5.2 Production of the hadro-phobic new scalars at the LHC

Essential results of our comprehensive study of the Type-X 2HDM in light of new mea-

surement of �aµ are arranged in two ways: (i) t� is extremely large, t� & 90 in the normal

scenario and t� & 120 in the inverted scenario; (ii) the masses of new scalar bosons are

bounded from above, all being below . 300 GeV. As new scalar bosons are within reach of

the LHC, the implications on their signatures at the LHC as well as future colliders [147]

are of great significance.

We begin the study with the question of how such a light MH± is allowed by the

existing searches for the charged Higgs bosons at the LHC. Note that the current LHC

search for a light charged Higgs boson depends on the production via the decay of a top

quark into bH
±, followed by H

±
! ⌧⌫ [138, 139]. For t� & 120, new scalar bosons become

hadro-phobic [148, 149] and thus B(t ! bH
±) is extremely suppressed. The process of

pp ! tt̄(t ! bH
±) is not e�cient to probe the light H

±. The LHC searches for new

neutral scalar bosons, A and '
0, depend on the gluon fusion production via top quark

loops, which is also suppressed. These hadro-phobic new scalar bosons require di↵erent

search strategies.

We study the branching ratios of A, '
0, and H

± in the finally allowed parameter
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Figure 7: The finally allowed (Mh, MH±) in the inverted scenario with the color code indicating
the value of �aµ.

of �aµ with Mh or MH± : see the mixed color distribution. On the contrary, we have a

stronger bound on the mass of the charged Higgs boson: MH± 2 [95, 190] GeV.

5 Implications on the electron g � 2 and the LHC collider signatures

5.1 Electron anomalous magnetic moment

As a flavor-universal theory, the Type-X 2HDM has the same contributions to the electron

g � 2 as to the muon g � 2, apart from the di↵erences of the electron and muon masses. If

the muon g�2 deviates from the SM prediction, the electron g�2 should do. Furthermore,

positive �aµ demands positivity of �ae in the Type-X 2HDM. Therefore, it is essential

to study the prediction of the finally allowed parameter points to the electron anomalous

magnetic moment.

The measurement of the electron magnetic moment [142] is sensitive to the value of

the fine structure constant ↵, which depends on whether we take the data from 133Cs [143]

or from 87Rb [144]. The deviations of the electron g � 2 from the SM prediction [145, 146]

according to two di↵erent ↵ values are [46]

�a
Cs
e = �8.8(3.6) ⇥ 10�13

, (5.1)

�a
Rb
e = 4.8(3.0) ⇥ 10�13

.

At 2� level, �a
Cs
e is negative while �a

Rb
e can be positive.

In Fig. 8, we present the �ae of the finally allowed parameter points that satisfy

all the theoretical and experimental constraints including �aµ, projected on (MA, t�).

The left (right) panel corresponds to the normal (inverted) scenario. In both scenarios,
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Figure 8: �ae of the finally allowed parameter points that satisfy all the theoretical and experi-
mental constraints including �aµ, projected on (MA, t�). The left (right) panel corresponds to the
normal (inverted) scenario.

phenomenologically reliable parameter sets predict �ae 2 [0.36, 1.17]⇥10�13 in the normal

scenario and �ae 2 [0.33, 1.15] ⇥ 10�13 in the inverted scenario.
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except for the points along the upper-left boundary of the allowed space. The negativ-

ity of the observed �a
Cs
e at 2� is contradictory to the �ae predicted in the Type-X 2HDM.

At 3�, however, �ae in our model is consistent with �a
Cs
e .

5.2 Production of the hadro-phobic new scalars at the LHC

Essential results of our comprehensive study of the Type-X 2HDM in light of new mea-

surement of �aµ are arranged in two ways: (i) t� is extremely large, t� & 90 in the normal

scenario and t� & 120 in the inverted scenario; (ii) the masses of new scalar bosons are

bounded from above, all being below . 300 GeV. As new scalar bosons are within reach of

the LHC, the implications on their signatures at the LHC as well as future colliders [147]

are of great significance.

We begin the study with the question of how such a light MH± is allowed by the

existing searches for the charged Higgs bosons at the LHC. Note that the current LHC

search for a light charged Higgs boson depends on the production via the decay of a top

quark into bH
±, followed by H

±
! ⌧⌫ [138, 139]. For t� & 120, new scalar bosons become

hadro-phobic [148, 149] and thus B(t ! bH
±) is extremely suppressed. The process of

pp ! tt̄(t ! bH
±) is not e�cient to probe the light H

±. The LHC searches for new

neutral scalar bosons, A and '
0, depend on the gluon fusion production via top quark

loops, which is also suppressed. These hadro-phobic new scalar bosons require di↵erent
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5. (1) Results in the normal scenario
(2-1) Lepton Flavor Universality in Z decays:

6. Implications
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5. (1) Results in the normal scenario
(2-2) Lepton Flavor Universality in 𝛕 decays:

6. Implications
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Figure 3. The leading one-loop diagrams for the leptonic tau decay process.

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. (3.30), we

can use the constraint on the flavor universality. In the similar manner to eq. (3.30), we

introduce Geµ and Geτ . Since me,mµ " mτ , the corresponding terms to the rightest term

in eq. (3.30) for Geµ and Geτ are 1, and thus Geµ = Geτ = GF in 2HDM. There are

constraints on the lepton universality given by HFAG group [65]3

Gµτ

Geµ
= 1.0029± 0.0015,

Gµτ

Geτ
= 1.0018± 0.0014, (3.31)

and their correlation coefficient is 0.48. Since Geµ = Geτ = GF in the present scenario, by

combining the above two values, we find

Gµτ

GF
= 1.0023± 0.0012, (3.32)

and thus we find (
Gµτ

GF

)2

= 1.0046± 0.0025. (3.33)

We use this bound and eq. (3.30) to make constraint on 2HDM.

In figure 2, we show the z dependence of the ratio of the decay rate given in eq. (3.30)

(upper two panels) and the Michel parameters η (lower left) and ξ (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 η. The constraints from the ξ parameter is weaker than that from η.

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 × (tanβ/30)2 × (300 GeV/mH±)2, we

find that tan β " 38 is excluded for mH± = 300GeV.

3.3.3 Lepton universality at the one-loop level

As we discussed in section 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 figure 2. However, the SM prediction

is given at almost the lower edge of the experimental bound (see eq. (3.33)), so that the

negative contribution to Gµτ/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 effective Fermi constant Gµτ/Geτ , Gµτ/Geµ and Geτ/Geµ are corresponds to gµ/ge,

gτ/ge and gτ/gµ in ref. [65], respectively.
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1.2 Dealing with the zero eigenvalue of the correlation matrix 2

1 Lepton universality in ⌧ decays

HFLAV provided the ratios of the lepton couplings from five observations, three leptonic

processes (l
0 ! l⌫⌫) and two semi-hadronic processes (⌧ ! ⇡/K⌫ and ⇡/K ! µ⌫) [? ]:

✓
g⌧

gµ

◆
⌘ E1 ± �1 = 1.0010± 0.0014, (1.1)

✓
g⌧

ge

◆
⌘ E2 ± �2 = 1.0029± 0.0014,

✓
gµ

ge

◆
⌘ E3 ± �3 = 1.0018± 0.0014,

✓
g⌧

gµ

◆

⇡

⌘ E4 ± �4 = 0.9958± 0.0026,

✓
g⌧

gµ

◆

K

⌘ E5 ± �5 = 0.9879± 0.0063.

Roughly we have

� = �1 = �2 = �3, �4 ' 2�, �5 ' 4.5�. (1.2)

The correlation matrix for the above five observables of (E1, · · · , E5) is

(⇢ij) =

0

BBBBB@

1 0.51 � 0.50 0.23 0.11

0.51 1 0.49 0.25 0.10

�0.50 0.49 1 0.02 � 0.01

0.23 0.25 0.02 1 0.06

0.11 0.10 �0.01 0.06 1

1

CCCCCA
. (1.3)

Then �
2
for the deviation of the theoretical prediction Ti from the experimental Ei is

�
2
=

X

i,j

(Ti � Ei)⇢ij(Tj � Ej)

�i�j
(1.4)

⌘ yT
⇢y,

where

yi =
Ti � Ei

�i
. (1.5)
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5. (1) Results in the normal scenario
(2-3) 𝜒2 analysis of LFU in Z and 𝛕 decays:

6. Implications
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(3) LHC signatures? For the final surviving points, new scalar bosons are hadro-phobic.

6. Implications

search strategies.
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Figure 9: The branching ratios of the charged Higgs boson as a function of MH± � MA for
the finally allowed parameter points. The left (right) panel corresponds to the normal (inverted)
scenario.

We study the branching ratios of A, '
0, and H

± in the finally allowed parameter

space including �aµ. We found that both A and '
0 dominantly decay into ⌧

+
⌧

�. Possibly

important decay modes, H ! ZA and H ! H
±
W

⌥, have the branching ratios below 10%.

The primary decay channel of the charged Higgs boson is into ⌧
±
⌫. The other significant

mode is H
±

! W
±
A, which depends sensitively on the mass di↵erence between MH± and

MA. Figure 9 shows the branching ratios of H
± as a function of MH± � MA over the

finally surviving parameter points. The color code indicates the value of t� . In the normal

scenario (left panel), H
±

! W
±
A becomes sizable for larger MH± � MA & 100 GeV and

smaller t� . The branching ratio can reach up to about 30%. In the inverted scenario (right

panel), B(H±
! W

±
A) shows similar behavior to that in the normal scenario but its

magnitude is much smaller: the maximum is about 3%. In summary, the hadron-phobic

Type-X 2HDM suggests the search channels resorting to the decays of A/'
0

! ⌧
+
⌧

� and

H
±

! ⌧
±
⌫, i.e., the multi-⌧ signatures [150].

Considering the above characteristic features, we consider the following two channels:

qq̄ ! Z
⇤

! A'
0

! ⌧
+
⌧

�
⌧

+
⌧

�
, (5.2)

pp ! H
+
H

�
! ⌧

+
⌫⌧

�
⌫, (5.3)

where '
0 = H (h) in the normal (inverted) scenario. The process in Eq. (5.2) is very e�cient

since the Z-A-'0 vertex has the maximal value in the alignment limit of both scenarios.

In addition, the mass of the CP -even neutral scalar '
0 can be known through the ⌧

+
⌧

�

invariant mass distribution, di↵erentiating the normal scenario from the inverted scenario.

The production cross section of the process in Eq. (5.3) is almost uniquely determined by

– 15 –

search strategies.
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Figure 9: The branching ratios of the charged Higgs boson as a function of MH± � MA for
the finally allowed parameter points. The left (right) panel corresponds to the normal (inverted)
scenario.

We study the branching ratios of A, '
0, and H

± in the finally allowed parameter space

including �aµ. We found that both

B(A/'
0

! ⌧
+
⌧

�) ⇠ 1

Possibly important decay modes, H ! ZA and H ! H
±
W

⌥, have the branching

ratios below 10%. The primary decay channel of the charged Higgs boson is into ⌧
±
⌫. The

other significant mode is H
±

! W
±
A, which depends sensitively on the mass di↵erence

between MH± and MA. Figure 9 shows the branching ratios of H
± as a function of

MH± � MA over the finally surviving parameter points. The color code indicates the

value of t� . In the normal scenario (left panel), H
±

! W
±
A becomes sizable for larger

MH± � MA & 100 GeV and smaller t� . The branching ratio can reach up to about 30%.

In the inverted scenario (right panel), B(H±
! W

±
A) shows similar behavior to that in

the normal scenario but its magnitude is much smaller: the maximum is about 3%. In

summary, the hadron-phobic Type-X 2HDM suggests the search channels resorting to the

decays of A/'
0

! ⌧
+
⌧

� and H
±

! ⌧
±
⌫, i.e., the multi-⌧ signatures [150].

Considering the above characteristic features, we consider the following two channels:

qq̄ ! Z
⇤

! A'
0

! ⌧
+
⌧

�
⌧

+
⌧

�
, (5.2)

pp ! H
+
H

�
! ⌧

+
⌫⌧

�
⌫, (5.3)

where '
0 = H (h) in the normal (inverted) scenario. The process in Eq. (5.2) is very e�cient

since the Z-A-'0 vertex has the maximal value in the alignment limit of both scenarios.

In addition, the mass of the CP -even neutral scalar '
0 can be known through the ⌧

+
⌧

�

– 16 –



(3) Two golden modes at the HL-LHC

6. Implications
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Figure 9: The branching ratios of the charged Higgs boson as a function of MH± � MA for
the finally allowed parameter points. The left (right) panel corresponds to the normal (inverted)
scenario.

We study the branching ratios of A, '
0, and H

± in the finally allowed parameter

space including �aµ. We found that both A and '
0 dominantly decay into ⌧

+
⌧

�. Possibly

important decay modes, H ! ZA and H ! H
±
W

⌥, have the branching ratios below 10%.

The primary decay channel of the charged Higgs boson is into ⌧
±
⌫. The other significant

mode is H
±

! W
±
A, which depends sensitively on the mass di↵erence between MH± and

MA. Figure 9 shows the branching ratios of H
± as a function of MH± � MA over the

finally surviving parameter points. The color code indicates the value of t� . In the normal

scenario (left panel), H
±

! W
±
A becomes sizable for larger MH± � MA & 100 GeV and

smaller t� . The branching ratio can reach up to about 30%. In the inverted scenario (right

panel), B(H±
! W

±
A) shows similar behavior to that in the normal scenario but its

magnitude is much smaller: the maximum is about 3%. In summary, the hadron-phobic

Type-X 2HDM suggests the search channels resorting to the decays of A/'
0

! ⌧
+
⌧

� and

H
±

! ⌧
±
⌫, i.e., the multi-⌧ signatures [150].

Considering the above characteristic features, we consider the following two channels:

qq̄ ! Z
⇤

! A'
0

! ⌧
+
⌧

�
⌧

+
⌧

�
, (5.2)

pp ! H
+
H

�
! ⌧

+
⌫⌧

�
⌫, (5.3)

where '
0 = H (h) in the normal (inverted) scenario. The process in Eq. (5.2) is very e�cient

since the Z-A-'0 vertex has the maximal value in the alignment limit of both scenarios.

In addition, the mass of the CP -even neutral scalar '
0 can be known through the ⌧

+
⌧

�

invariant mass distribution, di↵erentiating the normal scenario from the inverted scenario.

The production cross section of the process in Eq. (5.3) is almost uniquely determined by
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(3) Four tau lepton channel: very promising

6. Implications

MH± since the production is via the gauge couplings to � and Z. The ambiguity from the

other model parameters is minor. The exact calculation of the significances of two processes

in Eq. (5.2) and (5.3) requires the full detector-level simulation, incorporating the tagging

and mistagging e�ciencies of ⌧ leptons with low pT . Since full simulations scanning the

whole allowed parameter space are beyond the scope of this paper, we calculate the total

cross sections of new signals at the parton-level and compare them with the irreducible

backgrounds.
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Figure 10: The total cross section at the 14 TeV LHC for the process pp ! Z
⇤

! AH/Ah ! 4⌧ of
the finally allowed parameter points, projected on (MH/Mh, t�). The left (right) panel corresponds
to the normal (inverted) scenario.

Figure 10 shows total cross section at the 14 TeV LHC for the process pp ! Z
⇤

!

AH/Ah ! 4⌧ of the finally allowed parameter points, projected on (MH/Mh, t�). In the

normal scenario (left panel) where MH can reach up to ⇠ 235 GeV, the total cross section

lies between ⇠ 25 fb and ⇠ 260 fb. We see a strong correlation of �tot with MA + MH : the

smaller MA + MH is, the larger �tot is. In the inverted scenario where Mh is generically

less than m125, the absolute value of �tot is larger than that in the normal scenario. It

can reach about 300 fb. The irreducible background of pp ! ZZ ! 4⌧ is observed with

the total cross section of ⇠ 17 fb at the 13 TeV LHC [151, 152]. Therefore, the process

pp ! A'
0

! 4⌧ has a high potential to probe the whole allowed parameter space of the

Type-X 2HDM.

In Fig. 11, we present the total cross section at the 14 TeV LHC for the process

pp ! H
+
H

�
! ⌧⌫⌧⌫ of the finally allowed parameter points, projected on the (MH± , t�)

plane. The results in the normal (inverted) scenario are in the left (right) panel. Two

upper panels present the total cross section for qq̄ ! H
+
H

�, and two lower panels for the

gluon fusion production. In most parameter space, the Drell-Yan production has a much

larger signal rate, since the hadro-phobic nature of the charged Higgs boson suppresses

the gluon fusion production mediated by the top quark loop. The color distributions in

the two upper panels show that MH± practically determines �tot(qq̄ ! H
+
H

�) since its
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Figure 10: The total cross section at the 14 TeV LHC for the process pp ! Z
⇤

! AH/Ah ! 4⌧ of
the finally allowed parameter points, projected on (MH/Mh, t�). The left (right) panel corresponds
to the normal (inverted) scenario.

Figure 10 shows total cross section at the 14 TeV LHC for the process pp ! Z
⇤

!

AH/Ah ! 4⌧ of the finally allowed parameter points, projected on (MH/Mh, t�). In the

normal scenario (left panel) where MH can reach up to ⇠ 235 GeV, the total cross section

lies between ⇠ 25 fb and ⇠ 260 fb. We see a strong correlation of �tot with MA + MH : the

smaller MA + MH is, the larger �tot is. In the inverted scenario where Mh is generically

less than m125, the absolute value of �tot is larger than that in the normal scenario. It can

reach about 300 fb.

�(pp ! ZZ ! 4⌧) ⇠ 17 fb at the 13 TeV LHC

at the 13 TeV LHC [151, 152]. Therefore, the process pp ! A'
0

! 4⌧ has a high

potential to probe the whole allowed parameter space of the Type-X 2HDM.

In Fig. 11, we present the total cross section at the 14 TeV LHC for the process

pp ! H
+
H

�
! ⌧⌫⌧⌫ of the finally allowed parameter points, projected on the (MH± , t�)

plane. The results in the normal (inverted) scenario are in the left (right) panel. Two

upper panels present the total cross section for qq̄ ! H
+
H

�, and two lower panels for the

gluon fusion production. In most parameter space, the Drell-Yan production has a much

larger signal rate, since the hadro-phobic nature of the charged Higgs boson suppresses

the gluon fusion production mediated by the top quark loop. The color distributions in

the two upper panels show that MH± practically determines �tot(qq̄ ! H
+
H

�) since its
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in Eq. (5.2) and (5.3) requires the full detector-level simulation, incorporating the tagging

and mistagging e�ciencies of ⌧ leptons with low pT . Since full simulations scanning the

whole allowed parameter space are beyond the scope of this paper, we calculate the total

cross sections of new signals at the parton-level and compare them with the irreducible

backgrounds.
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⇤

! AH/Ah ! 4⌧ of
the finally allowed parameter points, projected on (MH/Mh, t�). The left (right) panel corresponds
to the normal (inverted) scenario.

Figure 10 shows total cross section at the 14 TeV LHC for the process pp ! Z
⇤

!

AH/Ah ! 4⌧ of the finally allowed parameter points, projected on (MH/Mh, t�). In the

normal scenario (left panel) where MH can reach up to ⇠ 235 GeV, the total cross section

lies between ⇠ 25 fb and ⇠ 260 fb. We see a strong correlation of �tot with MA + MH : the

smaller MA + MH is, the larger �tot is. In the inverted scenario where Mh is generically

less than m125, the absolute value of �tot is larger than that in the normal scenario. It can

reach about 300 fb.

�(pp ! ZZ ! 4⌧) ⇠ 17 fb at the 13 TeV LHC

at the 13 TeV LHC [151, 152]. Therefore, the process pp ! A'
0

! 4⌧ has a high

potential to probe the whole allowed parameter space of the Type-X 2HDM.

In Fig. 11, we present the total cross section at the 14 TeV LHC for the process

pp ! H
+
H

�
! ⌧⌫⌧⌫ of the finally allowed parameter points, projected on the (MH± , t�)

plane. The results in the normal (inverted) scenario are in the left (right) panel. Two

upper panels present the total cross section for qq̄ ! H
+
H

�, and two lower panels for the

gluon fusion production. In most parameter space, the Drell-Yan production has a much

larger signal rate, since the hadro-phobic nature of the charged Higgs boson suppresses
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(3) Two tau lepton plus missing ET channel

6. Implications
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Figure 11: The total cross section at the 14 TeV LHC for the process pp ! H
+
H

�
! ⌧⌫⌧⌫ of

the finally allowed parameter points, projected on (MH± , t�). The results in the normal (inverted)
scenario are in the left (right) panels. Two upper panels correspond to qq̄ ! H

+
H

�, and two lower
panels to the gluon fusion production.

production is via gauge interactions. The irreducible backgrounds for the final state of

⌧⌫⌧⌫ are from pp ! W
+
W

�
! ⌧⌫⌧⌫ and pp ! ZZ ! ⌧

+
⌧

�
⌫⌫. Considering �

SM
tot (pp !

W
+
W

�
! ⌧⌫⌧⌫) ' 1.7 pb [153] and �

SM
tot (pp ! ZZ ! ⌧

+
⌧

�
⌫⌫) ' 100 fb [151, 152] at the

13 TeV LHC, there is a chance of probing pp ! H
+
H

�
! ⌧⌫⌧⌫ if we increase the signal

significance to a certain extent.

6 Conclusion

In light of the recent measurement of the muon anomalous magnetic moment by Fermilab

Muon g�2 experiment, we comprehensively study the Type-X (Lepton-specific) two Higgs

doublet model (2HDM). Beyond explaining the observed �aµ only, we included in the

analysis the theoretical stability conditions and all the available experimental results. Since

the Higgs precision data strongly prefers the SM-like Higgs boson for large t� , we assumed

the Higgs alignment. Two possible scenarios are studied, the normal scenario where the

lighter CP -even h becomes hSM and the inverted scenario where the heavier CP -even H
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Figure 11: The total cross section at the 14 TeV LHC for the process pp ! H
+
H

�
! ⌧⌫⌧⌫ of

the finally allowed parameter points, projected on (MH± , t�). The results in the normal (inverted)
scenario are in the left (right) panels. Two upper panels correspond to qq̄ ! H

+
H

�, and two lower
panels to the gluon fusion production.

production is via gauge interactions. The irreducible backgrounds for the final state of

⌧⌫⌧⌫ are from pp ! W
+
W

�
! ⌧⌫⌧⌫ and pp ! ZZ ! ⌧

+
⌧

�
⌫⌫. Considering

�
SM
tot (pp ! W

+
W

�
! ⌧⌫⌧⌫) ' 1.7 pb arXiv:1905.04242,

�
SM
tot (pp ! ZZ ! ⌧

+
⌧

�
⌫⌫) ' 0.1 pb arXiv:1507.06257 (5.4)

�
SM
tot (pp ! W

+
W

�
! ⌧⌫⌧⌫) ' 1.7 pb [153] and �

SM
tot (pp ! ZZ ! ⌧

+
⌧

�
⌫⌫) '

100 fb [151, 152] at the 13 TeV LHC, there is a chance of probing pp ! H
+
H

�
! ⌧⌫⌧⌫ if

we increase the signal significance to a certain extent.

6 Conclusion

In light of the recent measurement of the muon anomalous magnetic moment by Fermilab

Muon g�2 experiment, we comprehensively study the Type-X (Lepton-specific) two Higgs
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6. Conclusions

doublet model (2HDM). Beyond explaining the observed �aµ only, we included in the

analysis the theoretical stability conditions and all the available experimental results. Since

the Higgs precision data strongly prefers the SM-like Higgs boson for large t� , we assumed

the Higgs alignment. Two possible scenarios are studied, the normal scenario where the

lighter CP -even h becomes hSM and the inverted scenario where the heavier CP -even H

is hSM. The model has five physical parameters, m'0 , MA, MH± , M
2
�
= m

2
12/s�/c�

�
, and

t� , where '
0 = H(h) in the normal (inverted) scenario.

The various conditions cause a chain reaction of constraining the model parameters.

First, the large and positive �a
obs
µ requires huge t� above & 100, which makes the ⌧

± loop

of the two-loop Barr-Zee diagram dominant. The contribution of '
0, the new CP -even

scalar boson, is negative. Decoupling '
0 to suppress the negative contribution conflicts the

theoretical stability. The most sensitive one is the Higgs quartic coupling �1, which has

a term proportional to t
2
�
. For t� & 100, the perturbativity and the unitarity are easily

broken unless the t
2
�

term of �1 vanishes. We cannot avoid m
2
'0 ⇡ M

2, which subsequently

demands MA ' MH± ' M ⇡ m'0 . As decoupling '
0 and H

± becomes unworkable,

sizable negative contributions of '
0 is inevitable, which increases t� and lowers MA to

explain �a
obs
µ . Finally, we found that the direct search bounds at the LEP and LHC

exclude a large portion of the parameter space. In the normal scenario, hSM ! AA at the

LHC is the smoking-gun signal, eliminating the cases of MA < m125/2. In the inverted

scenario, the most crucial one is the LEP search for e
+
e
�

! Z
⇤

! Ah.

For the full picture of the model phenomenology, we summarize the allowed parameters

as follows:

• In the normal scenario

– t� & 90 and MA 2 [m125/2,145] GeV;

– MH 2 [130,245] GeV and MH± 2 [95,285] GeV.

• In the inverted scenario

– t� & 120 and MA 2 [70,105] GeV;

– MH 2 [100,120] GeV and MH± 2 [95,185] GeV;

– MA + Mh & 190 GeV.

For the finally surviving parameter points, we calculate the electron anomalous mag-

netic moment. The predicted values are consistent with the observation, �ae using the fine

structure constant ↵ from 133Cs at 3�, and �ae using ↵ from 87Rb at 2�. For the LHC

searches, we proposed two processes of the hadro-phobic new scalar bosons, pp ! A'
0

! 4⌧

and pp ! H
+
H

�
! ⌧⌫⌧⌫. Both depend on the gauge couplings, almost irrespective of t� .

– 18 –

Type-X 2HDM is a viable model for 
the muon g-2 and other data.


