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Big problem in particle physics : dark matter

Standard Model has to be extended

Weakly Interacting Massive Particle (WIMP) : good candidate for dark matter

Standard Model describes 4% of Universe, but dark matter exits 6 times.

TeV scale particle can explain the current abundance
　　　　　　⇒ We expect new particles accessible to LHC experiments

Assuming Big Bang we can compute the current abundance of dark matter

We don’t know the identity

Hierarchy problem : Higgs boson with 125GeV also suggests the TeV new physics

Neutral in electromagnetism

Gravity interaction



Higgs：

  Top quarks：the heaviest particle in the SM

　　　　　　→ most strongly coupled with Higgs


  Third generation fermions: bottom, tau

 TeV scale particles 
（reachable at LHC, CEPC）

Higgs
t

Dark Matter

2 big problems in particle physics

Higgs Dark matter

Top quark

Searching for them at LHC

Various theory beyond the SM with new particles at TeV scale.

I especially focus on how to search for them at experiments (collider experiments, LHC)

Fine tuning is welcome

Bottom quark
Tau lepton

Today, I focus on two Higgs doublet models (2HDMs).



2HDMs
The SM contains a SU(2) doublet Higgs. We consider additional doublet.
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Higgs sector:

Yukawa sector:

Simplest extension of the SM.  
Often appear as an effective theory of well motivated models.

SUSY, Axion models with PQ sym, 

Only 3 additional particles : 
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FCNC
It is known that the SM is free from FCNC at tree level.

→ Yukawa interaction and mass matrix simultaneously diagonalized 

Higgs basis 
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Y1,M(= Y1v), Y2

In general not simultaneously diagonalized 
 → in general Flavor Violation predicted
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To avoid the tree FCNC
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Y1u = 0 or Y2u = 0

→   Aligned models (Z2 models included)
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Muon g-2 in 2HDMs



Muon g-2 : signature of BSM?

New contribution of the size of the EW-contribution 
required,

magnetic moment

H = �~µ · ~B ~µ = �g
e

2m
~S

tree level, Dirac equationg = 2

g = 2.002 331

g = 2.002 331 83

g = 2.002 331 836 6

QED, 
↵

⇡
= 0.00232 . . .

hadronic

EWaµ = (gµ � 2)/2

anomalous magnetic moment

anomaly in anomalous magnetic moment

[KNT18: arXiv:1802.02995] 
A. Keshavarzi, D. Nomura, T. Teubner
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New particles at O(100GeV) ?
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arXiv:2407.10913

arXiv:2308.04221

New WP2 for Jan 2025



Two Higgs Doublet Models (2HDM)
appear as a low energy EFT in many well-motivated models (MSSM, Axion Models (PQ sym))

To avoid tree-level FCNC by Yukawa interactions, certain parity structure is often introduced
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Yukawa interactions

tan� = v2/v1

model uR dR eR ⇣u ⇣d ⇣e
Type I �2 �2 �2 cot� cot� cot�
Type II (MSSM-like) �2 �1 �1 cot� � tan� � tan�
Type X (Lepton-specific) �2 �2 �1 cot� cot� � tan�
Type Y (Flipped) �2 �1 �2 cot� � tan� cot�

Higgs-gauge couplings identical to the SM in the limit c��↵ = 0

Yukawa interactions to heavy higgses simplified in the limit

⇠h
f
= s��↵ + c��↵⇣f

⇠H
f

= c��↵ � s��↵⇣f

⇠A
f
= (2T 3

f
)⇣f

(aligned limit)

H̃ = (i�2)H
⇤

* tan beta enhancement always with the minus sign, the pseudo-scaler couplings depends on isospin

new 4 d.o.f.  ⇒ new states               , in addition to h + 3 NG-bosons (W, Z longitudinal modes)H,A,H
±
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Two Higgs Doublet Models (2HDM)

model uR dR eR ⇣u ⇣d ⇣e
Type I �2 �2 �2 cot� cot� cot�
Type II (MSSM-like) �2 �1 �1 cot� � tan� � tan�
Type X (Lepton-specific) �2 �2 �1 cot� cot� � tan�
Type Y (Flipped) �2 �1 �2 cot� � tan� cot�

Yukawa interactions to heavy higgses simplified in the limit

⇠h
f
= s��↵ + c��↵⇣f

⇠H
f

= c��↵ � s��↵⇣f

⇠A
f
= (2T 3

f
)⇣f

* tan beta enhancement always with the minus sign, the pseudo-scaler couplings depends on isospin

For Z2 and Aligned  models, Yukawa coupling is diagonal at tree level 
 (no Flavor Violation), in Higgs aligned limit, 
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Higgs-gauge couplings identical to the SM in the limit c��↵ = 0 (aligned limit)
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Muon g-2 in 2HDM via 1loop

1-loop in 2HDM 

Flavor dependent contribution required  
  ⇒ good candidate : yukawa type coupling

L = aµ
e

4mµ
 ̄�µ⌫ F

µ⌫chirality flip required

/ m3
µ
/m2

H

⇠ 10�9 ⇠ 10�7

rif = m2
f/m

2
i

mH = 1TeV

m3
⌧/m

3
µ ⇠ 5000LFV enhance with                     , ⇠2µ⌧

O(10�9) positive contribution required

⇠µ⌧ ⇠⌧µ/m2
H
[TeV] ⇠ 104 required

2.6⇥ 10�9

muon-specific 2HDM 
[T. Abe, R. Sato, K. Yagyu, arXiv:1705.01469]

⇠µ ⇠ 3000
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�aµ ⇠

Bs → μμ gives strong constraint: Type II not available

Purturbativity: Type X not available
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H

Muon g-2 in 2HDM via 2-loop
2-loop (Barr-Zee) in 2HDM 

⇠µ⇠⌧/m2
H
[TeV] ⇠ 106 required

enhanced by the large yukawa coupling for heavy fermions at 2-loop

In lepton-specific 2HDM model (type X), tau-loop enhanced by tanβ

LHC constraints weak since all quark couplings to heavier bosons suppressed

 mA ~ 30GeV and tanβ ~ 40 will give a enough contribution

Drell-Yan productions ⇒ multi-taus (4 tau, 3tau, 2tau) events sensitive

bottom (type II) disfavored by bbA at LHC and Bs→μμ

tension : Lepton Universality measurements

the sign depends on the fermion isospin ⇒ tau is only the possibility
2.6⇥ 10�9 positive contribution required

c.f) extension to well motivated model (Variant Axion Model)

As A is light, constraints from Z -> tau tau A (LEP) also exist
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mH = mA = 1TeV

C-W. Chiang, M. Takeuchi, P-Y. Tseng, T. T. Yanagida Phys. Rev. D 98, 095020

E.J. Chun, Z.Kang, M.Takeuchi and Y.L.S. Tsai, JHEP11(2015)099, 1507.08067 [hep-ph]



Muon g-2 at 2HDMs
S. Iguro, T. Kitahara, M. Lang, M.T. [PRD108 (11),115012 [arXiv:2304.09887]

In the framework of 2HDMs, available models to explain muon g-2

Among popular Z2 models, Type X is the only possibility with light A O(30)GeV

Tuning for                    is required. 
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Muon g-2 at 2HDMs

Chargino-neutralino, Chargino-chargino searches at LHC in multi-tau SRs 
already exclude the type-X and aligned 2HDMs to explain muon g-2.

S. Iguro, T. Kitahara, M. Lang, M.T. [PRD108 (11),115012 [arXiv:2304.09887]

Figure 2. The parameter plane of ⇠ and mA in the type-X 2HDM. The cyan and blue

regions can accommodate the muon g � 2 anomaly at the 1� and 2� levels, respectively.

The region to the left of the green, purple, and brown lines is excluded by the ⌧ decay,

Z decay, and scalar bremsstrahlung constraints, respectively. The Bs ! µ
+
µ
� constraint

excludes the region to the left of the red line. We take mH = mH± = 250 (300)GeV on the

left (right) panel.

for mh � 2mA and the tree-level h ! AA partial decay width is given as

�(h ! AA) =
�
2
hAA

v
2

32⇡mh

s

1�
4m2

A

m
2
h

. (3.1)

Recent Higgs width measurements restrict the trilinear Higgs coupling to [86, 87]

|�hAA|  0.03 . (3.2)

A more stringent limit |�hAA| . 0.01 is obtained for mA  21GeV based on searches

for h ! AA ! µ
+
µ
�
⌧
+
⌧
� decays [88]. Since the non-discovery of H± prefers large

mass di↵erences between the CP-odd and charged scalars, O(1) couplings in the Higgs

potential are necessary, see Eq. (2.8). Therefore, Eq. (3.2) requires parameter tuning

at the 1% level.

In Fig. 2, we show the parameter regions where the muon g � 2 anomaly can be

explained at the 1� and 2 � level by the cyan and blue regions, respectively. We take

mH = mH± = 250 (300)GeV on the left (right) panel.

In the regime of large lepton couplings in the type-X 2HDM, the tau (leptonic

and hadronic) decays are modified by tree-level and one-loop corrections from the

additional scalars. The tree-level and one-loop corrections have been calculated in

Refs. [36, 89]. Relevant formulae and the current experimental data are summarized

in Appendix A.2. Since the corrections from the additional scalars are suppressed
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Figure 3. The exclusion factor (�type�X
vis /�

95%
vis ) obtained by the MSSM �̃

±
�̃
0 searches at the

LHC and BR(H ! ⌧
+
⌧
�) are shown in the solid and dashed contours, respectively, in the

type-X 2HDM. The parameter ⇠ is fixed to explain the muon g� 2 anomaly at the 0� (left

panel) and �2� (right panel) levels, corresponding to a
NP
µ = 25.1⇥ 10�10 and 13.3⇥ 10�10,

respectively. The pale blue region in the bottom-right corner corresponds to mH < mA.

events with same-sign ⌧ signatures, respectively. We only take the largest of these

SRs. We fix ⇠ (= tan �) as to reproduce �aµ at the 0 � (left panel) and �2 � lev-

els (right panel), corresponding to a
NP
µ

= 25.1 ⇥ 10�10 and 13.3 ⇥ 10�10, respec-

tively. The contours in dotted lines show the expected value of BR(H ! ⌧
+
⌧
�).

The results show that the interesting regions for the muon g � 2 anomaly are com-

pletely excluded and it is di�cult to save this model unless new decay modes are

introduced. We also checked that selecting any values of BR(H ! ⌧
+
⌧
�) and

BR(H±
! ⌧⌫) results in the whole region of the depicted plane being excluded as long

as BR(H ! ⌧
+
⌧
�)+BR(H ! ZA) = 1 and BR(H±

! ⌧⌫)+BR(H+
! W

+
A) = 1.

Even if setting BR(H ! ⌧
+
⌧
�) = BR(H±

! ⌧⌫) = 0, the lowest value of the

exclusion factor is about 1.6. These results are the updated plots of Fig. 7 in Ref. [38].

Finally, we show the same exclusion factor defined above in the ⇠–mH(= mH±)

plane with fixed mA = 30GeV in Fig. 4. In general, if (mH � mA) > mZ ,mW , the

exclusion factor becomes stronger if the ratio ⇠/mH increases. This is due to the larger

production cross sections and the larger ⌧ -branching ratio, respectively, because the

acceptance in the relevant SRs is larger in the tau modes. If (mH �mA) < mZ ,mW ,

specifically at mH = 100GeV in this plot, the exclusion factor weakens although still

larger than ten. The cyan and blue regions can explain the muon g � 2 anomaly

at the 1 � and 2 � levels, respectively. One can also see explicitly that even for

BR(H ! ⌧
+
⌧
�) = BR(H±

! ⌧⌫) = 0, which is equivalent to the ⇠ ! 0 limit, the

exclusion factor is always more than 1, with the minimum around 2 in the bottom-

15
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H,H
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� ! multi�⌧

[ATLAS-CONF-2022-042] OS taus, SS taus etc. 139 ifb

Figure 1. The leading-order contributions to the muon g�2 in the µ2HDM (left), µ⌧2HDM

(right), and type-X 2HDM and FA2HDM (bottom). The bottom diagram is the two-loop

Barr-Zee diagram where f = ⌧, t.

is troublesome since the theory will be non-perturbative at less than 1TeV.

On the other hand, only the lepton Yukawa couplings are enhanced by tan � in the

type-X 2HDM. Therefore, the constraints from B-meson decays are weaker compared

to the type-II ones. The Yukawa structure in the type-X 2HDM is given by

⇢u =

p
2mui

v
⇠
�1

, ⇢d =

p
2mdi

v
⇠
�1

, ⇢e = �

p
2mei

v
⇠ , (2.14)

with ⇠ = tan � and all non-diagonal Yukawa couplings vanishing. Although tan � is

conventionally used, we will use the notation ⇠ in this article in order to allow for an

easy comparison with the other 2HDM scenarios.

2.2 Flavor-aligned 2HDM

In the flavor-aligned 2HDM (FA2HDM), it is assumed that the Yukawa interactions

of the additional scalars are proportional to mass matrices (⇢f / yf ); both the ⇢f

and yf matrices are simultaneously diagonalized in the Lagrangian of Eq. (2.11) [46].

Therefore, tree-level FCNCs are absent in this model.#6 Viable UV models for the

flavor alignment condition are discussed in Refs. [84, 85].

#6Even if one imposes the flavor alignment at tree-level, FCNCs are in general induced radia-
tively, in particularly by the renormalization group evolutions (RGEs). However, these RGE-induced
FCNCs are shown to be too small to be probed at current experiments [82, 83].
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Z decay

τ decay

LEP
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Muon g-2 at 2HDMs
S. Iguro, T. Kitahara, M. Lang, M.T. [PRD108 (11),115012 [arXiv:2304.09887]

In the framework of 2HDMs, available models to explain muon g-2

Flavor-Aligned 2HDM: Available parameter space  
in is only the vicinity of the above Type X solution  
(we don’t consider a very fine tuned cancelation  
among               )
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⇣u . 0.01

→ Phenomenology is essentially identical to Type X 
→ Excluded

where BZ contribution is at most O(1)%
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Muon g-2 at mu2HDM

to have correct sign of
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mH ' m±
H favored
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pp ! �H
± ! 3µ+ ⌫µ

<latexit sha1_base64="r9DAQLZnMfdMmJzuw0V8O95PnxM="></latexit>

m2
H

= m2
A
+ �5v

2
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mH < mA

Recasting  
arXiv:2008.07949 
[ATLAS]  
type 3 see saw search

S. Iguro, T. Kitahara, M. Lang, M.T. [PRD108 (11),115012 [arXiv:2304.09887]
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�aNP
µ

/ �⇠2
µ
�mH�A
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⇠µ . 5900,�5 .
p
4⇡

 Multi-mu signature constrain the scenario

<latexit sha1_base64="/Q3TWVz084DD9RgF4hsVIM22epU="></latexit>

Currently, mA . 900 GeV is excluded. Run 3 (500 fb�1) will cover the
whole region.

https://arxiv.org/abs/2304.09887


g-2 in 2HDM via 1loop

1-loop in 2HDM 

Flavor dependent contribution required  
  ⇒ good candidate : yukawa type coupling

L = aµ
e

4mµ
 ̄�µ⌫ F

µ⌫chirality flip required

/ m3
µ
/m2

H

⇠ 10�9 ⇠ 10�7

rif = m2
f/m

2
i

mH = 1TeV

m3
⌧/m

3
µ ⇠ 5000LFV enhance with                     , ⇠2µ⌧

O(10�9) positive contribution required

⇠µ⌧ ⇠⌧µ/m2
H
[TeV] ⇠ 104 required

2.6⇥ 10�9

⇠µ ⇠ 3000

<latexit sha1_base64="58z3xmLVFZ/QRirglWCSRBtcV+8="></latexit>

�aµ ⇠

required



g-2 via lepton flavor violation

⇠µ⌧ ⇠⌧µ/m2
H
[TeV] ⇠ 104 required

�aµ

[S.Iguro, Y. Omura, MT arXiv:1907.09845]

g2HDM (new Yukawa matrices : free parameters, phenomenological analysis)  
                                               cf) [Y. Abe, T. Toma and K. Tsumura, arXiv:1904.10908]

in Higgs potential, 

perturbativity, stability 0 < �5 < 1

we consider only ⇢µ⌧ , ⇢⌧µ

mA  mH = mH±we consider 

|⇢µ⌧ |, |⇢⌧µ| < 1

10GeV . �H�A . 100GeV

mA . 700GeVthen the parameter region available is finite

�H�A = mH �mA

J. High Energy Phys. 06 (2019) 142.



�H
±

H
+
H

�

HA

13TeV

g-2 via lepton flavor violation — LHC signatures

no QCD coupling : small production rate at LHC, still finite rate via SU(2) coupling

Heavy higgses produced in pair via Drell-Yan, 

current data should already be 
sensitive at LHC up to 500 GeV

multi-lepton          channels2µ2⌧

4 leptons, 3 leptons, 2 leptons (OS, SS) they results in

No experimental study available yet!

No SMBG expected.



g-2 via lepton flavor violation

g2HDM (new Yukawa matrices : free parameters, phenomenological analysis)  
                                               cf) [Y. Abe, T. Toma and K. Tsumura, arXiv:1904.10908]we consider only ⇢µ⌧ , ⇢⌧µ

S. Iguro, T. Kitahara, M. Lang, M.T. [PRD108 (11),115012 [arXiv:2304.09887]

Phys. Rev. D 107, 095024 (2023).

Considering RGE effects and purturbativity 
the parameter space is finite.
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mA < 1650(1250) GeV

J. High Energy Phys. 06 (2019) 142.

HL-LHC cover
<latexit sha1_base64="0gFNEhwjM55ljVshpPbj6NjNiyg="></latexit>

mA . 1100GeV

HE-LHC cover the entire region.

Signal doesn’t depend much on 
<latexit sha1_base64="Im0XaqcAvomeEwXlWHumcVsEDb8="></latexit>

|⇢|
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R = ⇢µ⌧/⇢⌧µ will a↵ect the H
± decays and H/A decay polarizations.
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(µ+⌧�)(µ+⌧�)Signal:                   with two resonances

https://arxiv.org/abs/2304.09887


hLFV in 2HDM

M. Aoki, S. Kanemura, MT, L. Zamakhsyari  
[Phys.Rev.D 107 (2023) 5, 055037, arXiv: 2302.08489]

Tau-decays preserve the information on its polarization 

R-handed τ- produce  
more energetic π-
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⌧�
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⇡�
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�LLFV = y⌧µh⌧̄LµR + yµ⌧hµ̄L⌧R + h.c.

arXiv:2302.05225

Some excess in h → τμ at LHC 

https://arxiv.org/abs/2302.08489


Use of Tau-polarization in hLFV

Sensitivity for the chirality, which would help  
to discriminate the UV models

M. Aoki, S. Kanemura, MT, L. Zamakhsyari [Phys.Rev.D 107 (2023) 5, 055037, arXiv: 2302.08489]

Tau-decays preserve the information on its polarization 

 ATLAS reports an excess on h → τμ (BR~ 0.1%)
 [arXiv:2302.05225 [hep-ex]]
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Use of Tau-polarization in hLFV

Sensitivity for the chirality, which would help  
to discriminate the UV models
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Tau-decays preserve the information on its polarization 
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 [arXiv:2302.05225 [hep-ex]]

<latexit sha1_base64="+yiTPdIfoGQPn/0ix4yMpVODKbQ="></latexit>
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Summary

• 2HDM: good benchmark model, effective theory of well motivated UV models. 

• Muon g-2: large deviation, simple models very constrained. 

• We found two loop solutions are excluded by LHC multi lepton searches. 

• LFV signatures in higgs sector?

S.I, T.K, M.L, MT 
 [PRD108(11),115012, arXiv:2304.09887]
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Type X, Aligned, µ2HDM, µ⌧2HDM

https://arxiv.org/abs/2304.09887


g-2 via LFV — mass reconstruction at LHC

4 leptons from HA production
µ±µ±⌧⌥⌧⌥

µ+µ�⌧+⌧�
same-sign di-muon di-tau (50%)

opposite-sign di-muon di-tau (50%)

τ-momentum : collinear approx.

two possible combinations :

select the one minimizing the sum of

�res ⇠ 20GeV

O(200� 300) events for 3 ab�1

⌧vis1

⌧vis2 p/Tµ1

µ2

in future at 14 TeV, ~2fb (300 GeV) with 3 ab ⇒ ~ 6000 HA pair produced, other modes similarly produced

OSOF pair gives the resonances

µ±µ±⌧⌥⌧⌥for 

can reconstruct  
two invariant masses 
mA and mH

10GeV . �H�A . 100GeV
cf.)

(almost BG free)

6



g-2 via LFV — mass reconstruction at LHC

7

combinatorics : (production Φ=A, H) x (2 τμ combinations)

event number ratios among various modes  
sensitive to the BR

3 leptons from              production                   and �H
± µ±⌧⌥⌧⌫ µ±⌧⌥µ⌫

part of τ-mode contribute to μ-mode

⌧vis1

⌧vis2

p/T
µ1

⌫
p/subT,⌧2

also via 2 leptons from              productionH
+
H

�

charged Higgs mass can be reconstructed via

ratio controlled by 

mH, mA, mH+ reconstructed  
by 4,3,2 lepton events 

taking the minimum of the 4 possibilities


