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muon g-2 anomaly

g=2: tree level corresponds to 2 freedoms (spin up and down)

Anomalous magnetic moment: 𝜶𝝁 = (𝒈 − 𝟐)/𝟐

Theoretical calculation:
5-loop QED, lattice calculation,
Hadronic Light-by-Light,
Hadronic Vacuum Polarization,,, 

The new data will come soon!

Hint for BSM?

µ: Magnetic moment of the muon 

KEKPH2020

Current experiment

SM

Future prospect : grey band

Alexander, Nomura…. : 1911.00367



7.20(4.31) 1911.08123, Lattice result!  
all errors systematically controlled 

Consistent with previous result.

KEKPH2020

In 10-10

Fig. by Marc. V 



If this anomaly is true,
we need some new physics!

KEKPH2020



Naïve new physics scale to explain muon g-2 anomaly.

Δ𝑎-~
𝑔0

16𝜋0
𝑚-
0

𝑚5
0 ~3×10

9: 100GeV
𝑚5

0

If new particle X appear at 1-loop
with a flavor diagonal coupling

EW scale！

No signal so far.

What kind of new physics you need?

KEKPH2020

Various models are tested so far.



Δ𝑎-~
𝑔0

16𝜋0
𝑚-
0

𝑚5
0 ~3×10

9: 100GeV
𝑚5

0

Chirality enhancement
One solution is 

KEKPH2020

Is there any good mechanism to enhance
the contribution of Δ𝑎-?
→ heavier mass or smaller coupling is

allowed and it could be relatively difficult
to test in current experiments.
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Is there any good mechanism to enhance
the contribution of Δ𝑎-?
→ heavier mass or smaller coupling is

allowed and it could be relatively difficult
to test in current experiments.



Chirality enhancement

Chirality flip with a heavy internal fermion mass( >> mμ)

μ

e.g. flip with tau mass Figure by Tobe

𝑚>

𝑚-
~17

with tau mass!

When Δ𝑎- ∝ 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔0 coupling can be smaller by 17
or mass can be heavy by 17.KEKPH2020



• τμ flavor violating G2HDM  Tobe, et al 1502.07824
• τμ flavor violating gauge boson,

Soni,et al 1607.06832

• Leptoquark(LQ) is also discussed,
Bauer,Neubert 1511.01900

• Mixing with Heavy vector like leptons 
0102122, 1305.3522

Model examples

τ  mass enhancement

Top mass enhancement

Heavy lepton mass enhancement

𝑚>/𝑚- ~17

𝑚I/𝑚- ~1600

𝑚J/𝑚- ~10×𝑚J[GeV]KEKPH2020

This talk!



Model: G2HDM

∝ (ρL
->PN + ρL

>-∗PQ)

∝ (VRSTUV∗ ρLU>)

𝜈X

τ

Both 𝜌Z
[\ and 𝜌Z

\[ should be sizable

KEKPH2020

Yukawa	interactions	relevant	to	muon	g-2

Yukawa	couplings	between	a	neutral	scalar	and	fermions		

Φ=h,H,A
𝑓X

𝑓u

≈ 𝑖(𝑦xVy
z PN + 𝑦xyV

z∗ PQ)

y|Vy} = ~�
�

�
, y�Vy} = − ��

��

0
,

y�Vy} =
− V��

��

0
for f = u

+
V��
��

0
for f = d, e,

H

A
∝ (ρL

->PN − ρL
>-∗PQ)

𝜏

𝜏

µ

µ

m�
0 = m�

0 + λ�𝑣0,m��
0 = m�

0 −
λ�−λ�
2 𝑣0Mass	relation λ:quadratic coupling 

in a potencial

Z4 symmetry can realize the situation that 
only ρL

-> and ρL
>- are sizable. 

Tsumura, Abe,Toma 1904.10908

We do not assume Z2 symmetry

In the alignment limit
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・𝑚� −𝑚� ≠ 0
・𝜌Z

[\𝜌Z
\[ ≠ 0

1907.09845  Syuhei Iguro, Y. Omura, M. Takeuchi.

If 𝜌Z
[\ and 𝜌Z

\[ are only sizable entries,
this model can explain the anomaly. 

ρL
->

H,A

ρL
>-

Δ𝛼[ = 2.8×109:

|𝜌Z
[\ , |𝜌Z

\[ < 1,
0 < λ� < 1

The larger mass gap in H and A, the smaller coupling product to explain the anomaly  
KEKPH2020

H9
ν>

ν-

𝜌Z
[\

𝜌Z
\[

1502.07824, Tobe et al 

We assume Yukawas to be real 



If only 𝜌Z
\[ and 𝜌Z

[\ are sizable
It is difficult to test in flavor physics.
Additional scalars do not talk to quark. 

H,A have SU(2)L charge!
Additional scalars are generated in pair via
so-called an electroweak production.
H, A decay into 𝜇𝜏(LFV heavy resonance).

KEKPH2020

How we test the scenario? 
μ

μ

τ

τ



μμτ̈τ̈ final state in LHC

Φ=H,A

<<

Distinctive features of our signal
・2 μτ LFV heavy resonances
・same sign lepton pairs 

Assume BG free

Off-shell
3 body decay Off-shell

2 body decay

Hongo seminar Iguro



Impact of μμτ̈τ̈ search
production mode

1907.09845  Syuhei Iguro, Y. Omura, M. Takeuchi.

We can explore the large
parameter region with μμτ̈τ̈.

Mass reconstruction is also
possible with Δm〜20GeV (3ab-1 )0.6

0.3

[GeV]H,mAm
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/bi
n
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en
ts/
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0

20

40 BP1
=300 GeVAm
=358 GeVHm

Hongo seminar Iguro

〜2018

〜2016

τ tagging 70%, τ hadronic mode: 65%



Testing the 2HDM explanation of 
the muon g-2 anomaly at the LHC

Summary

Chirality enhancement is a very useful mechanism to 
explain the muon g-2 anomaly.

G2HDM with μτ flavor violation can explain the anomaly 
due to the τ mass enhancement.

We showed that the scenario is already testable with 
μμτ̈τ̈ signal. Please measure the mode!  

Even if the deviation become smaller, 
this signal is powerful as long as BR(H->μτ) is dominant.

KEKPH2020



Thank you so much
for listening!

KEKPH2020



More realistic model Tsumura, Abe,Toma 1904.10908

Additional scalars can only couple to μτ 
KEKPH2020



How much we can reduce our signal 
by turning other Yukawas on 

𝑚� = 300, 𝑚� = 𝑚�� = 358[GeV], |𝜌Z
\[|=|𝜌Z

[\| = 0.3

𝜌ZZZ 𝜌Z
Z[ 𝜌ZZ\

𝜌Z
[Z 𝜌Z

[[ 𝜌Z
[\

𝜌Z\Z 𝜌Z
\[ 𝜌Z\\

𝜌««« 𝜌««¬ 𝜌««I

𝜌«¬« 𝜌«¬¬ 𝜌«¬I

𝜌«I« 𝜌«I¬ 𝜌«II

𝜌 𝜌® 𝜌¯

𝜌® 𝜌®® 𝜌®¯

𝜌¯ 𝜌¯® 𝜌¯¯

Which yukawa can be large to dilute BR? 

Lepton Yukawa

Down type quarkUp type quark

KEKPH2020



How much we can reduce our signal 
by turning other Yukawas on 

𝑚� = 300, 𝑚� = 𝑚�� = 358[GeV], |𝜌Z
\[|=|𝜌Z

[\| = 0.3

𝜌ZZZ 𝜌Z
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Couplings to the light quark are dangerous for collider physics. 

KEKPH2020
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How much we can reduce our signal 
by turning other Yukawas on 

𝑚� = 300, 𝑚� = 𝑚�� = 358[GeV], |𝜌Z
\[|=|𝜌Z

[\| = 0.3

𝜌ZZZ 𝜌Z
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Couplings to the light quark are dangerous for collider physics. 

KEKPH2020

u
uH,A
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How much we can reduce our signal 
by turning other Yukawas on 

𝑚� = 300, 𝑚� = 𝑚�� = 358[GeV], |𝜌Z
\[|=|𝜌Z

[\| = 0.3

𝜌ZZZ 𝜌Z
Z[ 𝜌ZZ\

𝜌Z
[Z 𝜌Z

[[ 𝜌Z
[\

𝜌Z\Z 𝜌Z
\[ 𝜌Z\\

0 0 0
0 0 𝜌«¬I

0 𝜌«I¬ 𝜌«II

0 0 0
0 0 𝜌®¯

0 𝜌¯® 𝜌¯¯

τ->μee:tree τ->eγ :1-loop, τ->μee:tree 

τ->μγ:1-loop
μ->eγ :1-loop

τ->μμμ:tree

τ->μγ:2-loop Barr-Zee
KEKPH2020

𝜌«II 𝜌Z
[[

𝜌Z
Z[



How much we can reduce our signal 
by turning other Yukawas on 

𝑚� = 300, 𝑚� = 𝑚�� = 358[GeV], |𝜌Z
\[|=|𝜌Z

[\| = 0.3

0 0 0
0 0 𝜌Z

[\

0 𝜌Z
\[ 0.06

0 0 0
0 0 𝜌«¬I

0 𝜌«I¬ 0.05

0 0 0
0 0 𝜌®¯

0 𝜌¯® 𝜌¯¯

Bs mixing:tree

ε±: 𝐻9 loop

´ ´→¶∗-·
´ ´→¶∗Z·

: 𝐻9 tree, 
μν resonance search

𝐵 → µν,
𝐵 → τνKEKPH2020

d
B

𝜌¯¯Vcb 𝜌Z
[\



How much we can reduce our signal 
by turning other Yukawas on 

𝑚� = 300, 𝑚� = 𝑚�� = 358[GeV], |𝜌Z
\[|=|𝜌Z

[\| = 0.3

0 0 0
0 0 𝜌Z

[\

0 𝜌Z
\[ 0.06

0 0 0
0 0 0.04
0 0.11 0.05

0 0 0
0 0 0
0 0 0.22

𝜌¯¯=0.22 can be the largest element. KEKPH2020



How much we can reduce our signal 
by turning other Yukawas on 

𝑚� = 300, 𝑚� = 𝑚�� = 358[GeV], |𝜌Z
\[|=|𝜌Z

[\| = 0.3

0 0 0
0 0 𝜌Z

[\

0 𝜌Z
\[ 0

𝜌¯¯=0.22 can be the largest element. 

Then signal number can be 30% of original one.
We need 3 times more luminosity to obtain the original
sensitivity at most. pp->bb->H->μτ is not consideredKEKPH2020



KEKPH2020

In 10-10



7.20(4.31) 1911.08123, Lattice result!  
all errors systematically controlled 

Consistent with previous result.

KEKPH2020

In 10-10

Fig. by Marc. V 



Naïve new physics scale to explain muon g-2 anomaly.

𝐿~

Δ𝑎-~
𝑔0

16𝜋0
𝑚-
0

𝑚5
0 ~3×10

9: 100GeV
𝑚5

0

If new particle X appear at 1-loop
with a flavor diagonal coupling

EW scale！
No signal in LHC

What kind of new physics you need?

X
μ

μ μ

μ

γ

KEKPH2020

𝑔 𝑔

What kind of new physics scenario is still allowed?



flavor conserving
e.g.  Z’: L- − L> global U 1 symmetry .

1904.13053:2μ+missing

1811.12446

“Others” corresponds to the ν trident
and BaBar 4μ final state with 500fb^-1  

LHC bound

The scenario will be explored soon in Belle II!

Light particle is available.

Z’μ

μ μ

μ

𝑔½ 𝑔½

KEKPH2020



flavor conserving
Muon specific 2HDM  is available.

1705.01469, Abe et al. 

H1 only couples to μμ

μ

μ
A, H ∝ 𝑦-

H� =
H¾

H + iA + 𝑣′
2

others

KEKPH2020
𝑦- 𝑦-

H,A

𝑣 = 𝑣′0 + 𝑣′′0tanβ=v’’/v’

H0 =
G¾

v′′ + h + iG
2

𝑖 = 𝑒X
Ã
0



flavor conserving

The scenario will be explored in LHC!

Muon specific 2HDM  is available.
1705.01469

Multi lepton search in LHC(36fb^-1)

H1 only couples to μμ

μ

μ
A, H ∝ 𝑦-

H� =
H¾

H + iA
2

in large tanβ limit

Light pseudo scalar scenario in 2HDM is also available (Barr-Zee) …many models…….KEKPH2020



We	take	so	called	Higgs	base	:	a	doublet	acquires	VEV

H� =
G¾

�¾|¾VÇ
0

,  H0 =
H¾
�¾V�
0

G¾,G: N-G boson,  H¾ ∶charged Higgs, A : CP odd Higgs
h: SM Higgs, H: heavy CP even Higgs (Alignment limit).

Yukawa terms
𝐿ÉÉ= − ∑}ËÌ,Í,L ∑xË|,�,� yxVy} fQV ΦfNy +h.c.

− νQV(VRST
Ï ρL)VyH¾eNy + h.c.

− ÐuV(VÑÒRρÍPN − ρÌ
ÏVÑÒRPQ)VyH¾dy + h.c.,

y|Vy
} = ~�

�

�
δVy, y�Vy} =

−
V��
��

0
for f = u

+
V��
��

0
for f = d, e,

y�Vy} = −
��
��

0

General Two Higgs Doublet Model (G2HDM)   

KEKPH2020



Model: G2HDM

∝ (ρL
->PN + ρL

>-∗PQ)

∝ (VRSTUV∗ ρLU>)

𝜈X

τ

Both 𝜌Z
[\ and 𝜌Z

\[ are sizable

l

KEKPH2020

Yukawa	interactions	relevant	to	muon	g-2

Yukawa	couplings	between	a	neutral	scalar	and	fermions		

Φ=h,H,A
𝑓X

𝑓u

≈ 𝑖(𝑦xVy
z PN + 𝑦xyV

z∗ PQ)

y|Vy
} = ~�

�

�
, y�Vy} = −

��
��

0
,

y�Vy} =
−
V��
��

0
for f = u

+ V��
��

0
for f = d, e,

H

A
∝ (ρL

->PN − ρL
>-∗PQ)

𝜏

𝜏

µ

µ
Li, R

νj, L

∝ ρL
Xu PQ

m�
0 = m�

0 + λ�𝑣0,m��
0 = m�

0 −
λ�−λ�
2

𝑣0Mass	relation λ:quadratic coupling 
in a potencial



More realistic model Tsumura, Abe,Toma 1904.10908

Additional scalars can only couple to μτ 
KEKPH2020



Naïve new physics scale to explain muon g-2 anomaly.
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If new particle X appear at 1-loop
with a flavor diagonal coupling

EW scale！
No signal in LHC

What kind of new physics you need?

X
μ

μ μ

μ
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𝑔 𝑔

What kind of new physics scenario is still allowed?



pp -> H9H¾

pp -> HH±, pp -> AH±

pp -> HA

𝑠 = 13TeV

Electroweak production in LHC
・Maximum mass gap in H and A is given as m�

0 = m�
0 + λ�𝑣0= m�

0 + 𝑣0 (λ�=1)
・Minimum mass gap is given by |𝜌Z

[\|, |𝜌Z
\[| < 1. 

H¾

H9

W

H±

𝑚� = 𝑚��:oblique correction

KEKPH2020

A,H

Δ𝛼[ = 2.8×109:



pp -> H9 H¾
pp -> HA

𝑠 = 13TeV

・Maximum mass gap in H and A is given as m�
0 = m�

0 + λ�𝑣0= m�
0 + 𝑣0 (λ�=1)

・Minimum mass gap is given by |𝜌Z
[\|, |𝜌Z

\[| < 1. 

H¾

H9

H9

W

H9

𝑚� = 𝑚��:oblique correction

Cross section itself is not huge.
What is the most useful process?

pp→HA → μτ̈μτ̈

pp -> H9H¾

pp -> HA

pp -> HH±, pp -> AH±

KEKPH2020

Electroweak production in LHC



μμτ̈τ̈ final state in LHC

Φ=H,A

<<

Distinctive features of our signal
・2 μτ LFV heavy resonances
・same sign lepton pairs 

Assume BG free

Off-shell
3 body decay Off-shell

2 body decay

KEKPH2020



𝜌Z
Xu =

𝜌ZZZ 𝜌Z
Z[ 𝜌ZZ\

𝜌Z
[Z 𝜌Z

[[ 𝜌Z
[\

𝜌Z\Z 𝜌Z
\[ 𝜌Z\\

Other Yukawa couplings

𝜌Z\\ : τ → µγ,
𝜌Z
--: τ → 3µ,
𝜌ZZZ: τ → µ2𝑒
𝜌Z>Z, 𝜌ZZ> : µ → 3𝑒,
𝜌Z
-Z, 𝜌Z

Z- : τ → 𝑒γ,

H,A

τ
µ

µ
µ

H,A

Phenomenologically the other couplings should be small.KEKPH2020

τ µ 𝑒

γ
𝜌Z
Z[

𝜌Z
[\

𝜌Z
[\

𝜌Z
[[



Slepton search

stau smuon

150-300 GeV with BR(𝐻9 → τν)=1 
Is excluded All �̃�J, �̃�Ø, ÙµJ and ÙµØ are combined

KEKPH2020



Higgs potential

KEKPH2020

Mass relation
v=246GeV


