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Muon g-2 anomaly
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New physics contribution

• Improved theoretical and experimental inputs over the years 
established a concrete 3σ deviation from the SM prediction:

• The 2001 rush for new physics at TeV:
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In SUSY,   0102145, 146, 147, and many more
In 2HDM, Dedes, Haber, 0102297 (Type I & II)

Cheung, Chou, Kong, 0103183, and a few more
Cao, et.al, 0909.5148 (Type X)

Δ𝑎𝜇 ∼
𝛼𝐸𝑊
4𝜋

𝑚𝜇
2

Λ𝐸𝑊
2



Dark Matter
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Scalar DM through Higgs Portal

• Introduce a stable singlet scalar in SM – the 
minimal (simplest-minded) model:

• Right relic density through freeze-out by 
controlling the parameters 𝜆𝐻𝑆 &𝑚𝑆.

• Strongly disfavored by direct detection 
experiments.

• Way out – more extension like in 2HDM…
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Silveira, Zee, 85
McDonalds 94
Bird, et.al., 06 and many

𝑉 = 𝜇𝐻
2 𝐻 2 + 𝜆𝐻 𝐻 4 + 𝜆𝐻𝑆 𝐻 2 𝑆 2 + 𝜇𝑆

2 𝑆 2 + 𝜆𝑆 𝑆
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A 2HDM for muon g-2 and DM
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arXiv:1409.3199

 The SM-like 125 GeV Higgs discovered.

 Extra Higgs spectrum constrained by 

EWPD, vacuum stability & perturbativity;

New results on ത𝐵 → 𝑋𝑠𝛾 & 𝐵𝑠 → 𝜇+𝜇− ;

Lepton universality tests.

Viable Type-X 2HDM with large 𝑡𝑎𝑛𝛽 & light 𝐴.

 LHC test through 3/4 tau & 

2tau+2mu signals.

 Features of scalar singlet DM.

Wang,Han,1412.4874
Abe,Sato,Yagyu, 1504.07059

arXiv:1507.08067
arXiv:1707.07928

arXiv:1605.06298

arXiv: 1709.08581



Two-Higgs-Doublet-Model (2HDM)
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• The most general Higgs potential – 10 parameters :

𝑍2 symmetry

Φ1,2= (𝜙1,2
+ ,

1

2
[𝑣1,2 + 𝜌1,2 + 𝑖 𝜂1,2]) → ℎ(125),𝐻, 𝐴, 𝐻±

𝑣, 𝑡𝛽=
𝑣2
𝑣1
, 𝛼

• 1+3 masses for physical Higgs bosons:

• 1+2 parameters:
𝐺0 = 𝜂1𝑐𝛽 + 𝜂2𝑠𝛽

𝐴 = 𝜂1𝑠𝛽 − 𝜂2𝑐𝛽

ℎ = 𝜌1𝑐𝛼 − 𝜌2𝑠𝛼

𝐻 = 𝜌1𝑠𝛼 + 𝜌2𝑐𝛼



Models with natural flavor conservation

• To avoid dangerous flavor-changing processes:
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−ℒ𝑌= 𝑦𝑖𝑗
𝑢 ෩Φ1,2𝑞𝑖𝑢𝑗

𝑐 + 𝑦𝑖𝑗
𝑑Φ1,2𝑞𝑖𝑑𝑗

𝑐 + 𝑦𝑖𝑗
𝑒Φ1,2𝑙𝑖𝑒𝑗

𝑐 + ℎ. 𝑐.

Impose 𝑍2 to couple only one Higgs to each Yukawa type (d, e) 

Φ2 + ,Φ1 − ; 𝑡𝑅 + , 𝑑𝑅 ± , 𝑒𝑅(±)



4 types of 2HDMs
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Impose 𝑍2 to couple only one Higgs to each Yukawa type (d, e) 

Φ2 + ,Φ1 − ; 𝑡𝑅 + , 𝑑𝑅 ± , 𝑒𝑅(±)

125 GeV



125 GeV SM Higgs: 𝑔ℎ𝑉𝑉=sin(𝛽 − 𝛼)≈ 1
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ATLAS 1509.00672

ℒ𝑔𝑎𝑢𝑔𝑒 = 𝑔𝑉𝑚𝑉 𝑠𝛽−𝛼ℎ + 𝑐𝛽−𝛼𝐻 𝑉𝑉 +⋯



Aligned/decoupled 2HDMs
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±𝟏

≈

125 GeV

RS
WS

125 GeV

Impose 𝑍2 to couple only one Higgs to each Yukawa type (d, e) 

Φ2 + ,Φ1 − ; 𝑡𝑅 + , 𝑑𝑅 ± , 𝑒𝑅(±)



Right & Wrong Sign limit of Yukawas

• Tau Yukawa coupling to h(125) can be negative in 2HDM (II,X):
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𝑦𝜏 = −
𝑠𝛼
𝑐𝛽

= 𝑠𝛽−𝛼 − 𝑡𝛽𝑐𝛽−𝛼 ≈ ±1
Ferreira, et.al, 1403.4736

1410.1926

RS  limit: 𝑦𝜏≈ +1 with 𝑠𝛽−𝛼 ≫ 𝑡𝛽𝑐𝛽−𝛼
WS limit:  𝑦𝜏 ≈ −1 with 𝑡𝛽𝑐𝛽−𝛼 ≈ 2

WS

RS



Muon g-2 at 1-loop

• For a light 𝐻 and large 𝑦𝜇
𝐻 ≈ 𝑡𝛽 (II, X):
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ℎ, 𝐻, 𝐴,𝐻±



One-loop solution excluded
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Krawczyk, 0208076

•Muon g-2 requires 𝐻 below 5 GeV – in 
contradiction with Υ → 𝛾 + 𝑋, 𝐵 → 𝐾𝜇𝜇 (& 𝐵𝑠 → 𝜇𝜇).

Schumidt-Horberg, et.al., 1310.6752



Muon g-2 at 2-loop

• For a light 𝐴 and large 𝑦𝜇,𝑓
𝐴 ≈ 𝑡𝛽 II, X :
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𝑚𝑓
2/𝑚𝜇

2

𝜏 𝑡 𝑏
I   1/𝑡𝛽

2 -1/𝑡𝛽
2 1/𝑡𝛽

2

II   𝑡𝛽
2 1      𝑡𝛽

2

X   𝑡𝛽
2 1     -1

Y  1/𝑡𝛽
2 -1/𝑡𝛽

2 -1

𝑡, 𝑏, 𝜏

ℎ, 𝐻, 𝐴



Muon g-2 at 2-loop in Type II & X
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electron g-2 limit3σ 1.4σ

ℎ → 𝐴𝐴

𝑚ℎ (𝑚𝐻) = 125 (200) 𝐺𝑒𝑉

arXiv:1409.3199



Constraints from EWPD
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𝑀𝐻± ≈ 𝑀𝐴

𝑀
𝐻
±
≈
𝑀
𝐻

arXiv:1409.3199

 Such a light 𝐴 with heavier 𝐻/𝐻± strongly onstrained by the “𝜌” 
parameter bound:



Vacuum stability
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𝜆5𝑣
2 ≈ 𝑀𝐻

2 −𝑀𝐴
2

𝜆4𝑣
2 ≈ −2𝑀𝐻±

2 +𝑀𝐻
2 +𝑀𝐴

2

𝜆3𝑣
2 ≈ 2𝑀𝐻±

2 − 1 + 𝑠𝛽−𝛼𝑦𝜏 𝑀𝐻
2 + 𝑠𝛽−𝛼𝑦𝜏𝑀ℎ

2

𝜆2𝑣
2 ≈ 𝑀ℎ

2

In the limit of tan𝛽 ≫ 1 & sin 𝛽 − 𝛼 ≈ 1,

𝜆ℎ𝐴𝐴 ∝ 𝜆5 − 𝜆3 − 𝜆4 ≈

1 + 𝑠𝛽−𝛼𝑦𝜏 𝑀𝐻
2 − 2𝑀𝐴

2 − 𝑠𝛽−𝛼𝑦𝜏𝑀ℎ
2 < 𝜆1𝑣𝑀ℎ



Constraints from B decays

• ഥ𝑩 → 𝑿𝒔𝜸

IBS 2017-10-30 2HDM: g-2 & DM 19

𝑡𝛽 (II,Y)

1/𝑡𝛽 (X, I) 1/𝑡𝛽 (I,Y)

𝑡𝛽 (II,X)

𝐻, 𝐴

∝
𝑡𝛽
2

𝑚𝐻,𝐴
2 (II)

∝
1

𝑚𝐻,𝐴
2 (X)

• 𝑩𝒔 → 𝝁+𝝁−

∝
𝑡𝛽
2

𝑚
𝐻±
2 (II)

∝
1

𝑡𝛽
2𝑚

𝐻±
2 (X)

𝑚𝑡

𝑡𝛽
𝑃𝐿 −

𝑚𝑏

𝑡𝛽
𝑃𝑅 𝑋, 𝐼

𝑚𝑡

𝑡𝛽
𝑃𝐿 +𝑚𝑏𝑡𝛽𝑃𝑅 𝐼𝐼, 𝑌



Type II is excluded
• ത𝐵 → 𝑋𝑠𝛾 puts a strong limit of 𝑚𝐻± > 480 𝐺𝑒𝑉.

• 𝐵𝑠 → 𝜇+𝜇− excludes the muon g-2 region.
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Krawczyk, 0208076

𝐵𝑟 𝐵𝑠 → 𝜇+𝜇− = 2.9 ± 0.7 × 10−9 @ LHC

𝐵𝑟 𝐵𝑠 → 𝜇+𝜇− ∝ 𝑡𝛽
4/𝑚𝐴

4

 Excludes 𝑡𝛽 ≳ 7 for 𝑚𝐴 ≲ 70 𝐺𝑒𝑉.

Misiak, et.al., 1503.01789



Type X is still viable
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• ത𝐵 → 𝑋𝑠𝛾 puts no bound on 𝑚𝐻± for 𝑡𝛽 > 2. 

• 𝐵𝑠 → 𝜇+𝜇− not affected if 𝑚𝐴 ≳ 15 𝐺𝑒𝑉.

• Type X at large 𝑡𝛽, being hadrophobic, is elusive at 
LHC.

• Being leptophilic, strong limits from precision 
leptonic observables like lepton universality 

in 𝑍 → 𝑙𝑙 & 𝑙 → 𝑙′𝜈𝜈′. 
Abe, et.al., 1504.07059
Cao, et.al., 0909.5146



Type X in the right-sign limit
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(y𝜏 s𝛽−𝛼 ≈ +1)

𝜆ℎ𝐴𝐴𝑣 ≈ − 1 + 𝑠𝛽−𝛼𝑦𝜏 𝑀𝐻
2 + 2𝑀𝐴

2 + 𝑠𝛽−𝛼𝑦𝜏𝑀ℎ
2

ℎ → 𝐴𝐴∗ → 4𝜏

63 𝐺𝑒𝑉 ≲ 𝑀𝐴 ≪ 𝑀𝐻 ≈ 𝑀𝐻± ≲ 250𝐺𝑒𝑉, or 𝑀𝐴 ∼ 𝑀ℎ~𝑀𝐻

arXiv:1409.3199
ℎ → 𝐴𝐴



Type X in the wrong-sign limit 
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(y𝜏 s𝛽−𝛼 ≈ −1)

𝜆ℎ𝐴𝐴𝑣 ≈ − 1 + 𝑠𝛽−𝛼𝑦𝜏 𝑀𝐻
2 + 2𝑀𝐴

2 + 𝑠𝛽−𝛼𝑦𝜏𝑀ℎ
2 → 𝟎

ℎ → 𝐴𝐴∗ → 4𝜏ℎ → 𝐴𝐴

10 𝐺𝑒𝑉 ≲ 𝑚𝐴 ≪ 𝑚𝐻 ≈ 𝑚𝐻± ≲ 4𝜋𝑣

Wang, Han, arXiv:1412.4874

𝑦𝜏 ≈ −
𝑀𝐻

2 − 2𝑀𝐴
2 − 𝜆ℎ𝐴𝐴𝑣

𝑀𝐻
2 −𝑀ℎ

2



Lepton universality in Z decays

• Precision EW 
measurements on Z 
poles determine

• One-loop corrections 
mediated by extra 
Higgs bosons can be 
sizable for large tan𝛽.
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with correlation +0.63

LEP EWWG, 0509008

𝐻,𝐴,𝐻±



L2HDM corrections

• Large corrections to Z → 𝜏𝜏 at large tan𝛽:

• Deviation from lepton universality:
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Hollik, Kuehn, 1991
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Larger correction for larger hierarchy: 𝑚𝐴 ≪ 𝑚𝐻 ≈ 𝑚𝐻± and 𝑚𝜙 ≫ 𝑚𝑍



Lepton Universality & 𝜏 decay

• From pure leptonic
processes:

• From semi-hadronic 
processes:

• Correlation matrix:
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HFAG, 1412.7515

Note) Only two ratios 
are independent:
The redundant 
direction should be 
projected out.

2HDM: g-2 & DM 

𝜏 → e𝜈𝜈

𝜇 → 𝑒𝜈𝜈
,
𝜏 → 𝜇𝜈𝜈

𝜇 → 𝑒𝜈𝜈
,
𝜏 → 𝜇𝜈𝜈

𝜏 → 𝑒𝜈𝜈

(𝜏 → 𝜈𝜋/𝐾)

(𝜋/𝐾 → 𝜇𝜈)



L2HDM corrections 
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• Tree-level contribution from 𝐻±:

• One-loop corrections mediated by 𝐴,𝐻,𝐻±:

Krawczyk, Temes, 0410248

2HDM: g-2 & DM 

𝛿𝑡𝑟𝑒𝑒 =
𝑚𝜏
2𝑚𝑙

2

8𝑚
𝐻±
4 𝑡𝛽

4 −
𝑚𝑙
2

𝑚
𝐻±
2 𝑡𝛽

2 𝜅(𝑚𝑙
2/𝑚𝜏

2)

𝛿𝑙𝑜𝑜𝑝 =
𝑚𝜏
2𝑡𝛽

2

16𝜋2𝑣2
1 +

1

4
𝐻

𝑚𝐴

𝑚
𝐻±

+ 𝑠𝛽−𝛼
2 𝐻

𝑚𝐻

𝑚
𝐻±

+ 𝑐𝛽−𝛼
2 𝐻

𝑚ℎ

𝑚
𝐻±



Results
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Tau decay

1 and 2𝜎 regions for 
constraints from 
the muon g-2, 
Z and tau decays.

Allowed region larger
than in the previous 
studies: 1504.07059, 
1507.08067.

Poor 𝜒𝑚𝑖𝑛
2 ~12

for tau decay;
SM about 2𝜎 away

arXiv:1605.06298
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LHC tests 

• Discover a light pseudo-scalar with large tanbeta:

𝐵 𝐴 → 𝜏𝜏 ≃ 100%

• Electroweak production of 𝐻±𝐴 & 𝐻𝐴

• Exotic Higgs decay: ℎ → 𝐴𝐴
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Tau-rich signatures at LHC
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• EW production of extra Higges decaying mainly to taus

𝐻± → 𝐴𝑊± 𝑣𝑠. 𝜈 𝜏±

𝐻 → 𝐴 𝑍 𝑣𝑠. 𝜏+𝜏−



LHC14 perspective
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• Production X-section & missing signature:



Event selection cuts

IBS 2017-10-30 2HDM: g-2 & DM 34

𝑒𝑥) 𝑚𝐴 = 100 𝐺𝑒𝑉 &𝑚𝐻 = 200 𝐺𝑒𝑉



Current limits & future perspective
• LHC8 constraints mostly from chargino-neuralino searches.

• Challenges to probe light 𝐴 producing soft taus, and heavy 𝐻±/𝐻
producing boosted A 𝜏𝜏 .
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Overlapping di-tau 𝑅𝜏𝜏~
2𝑚𝜏

𝑝𝜏
~
4𝑚𝜏

𝑚𝐻



Benchmark study of significance at 25/fb  
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Needs HL-LHC to probe the favored region



Search for ℎ → 𝐴𝐴 → 𝜇𝜇 𝜏𝜏

ATLAS, 1505.01609

BR(ℎ → 𝐴𝐴)

IBS 2017-10-30 2HDM: g-2 & DM 37



LHC search for ℎ → 𝐴𝐴 → 𝜇𝜇𝜏𝜏

EJC, S. Dwivedi, T. Mondal, B. Mukhopadhyaya, arXiv:1707.07928

𝐵 ℎ → 𝐴𝐴 = 15%
𝜎 ℎ → 𝐴𝐴 ≈ 7.5 𝑝𝑏; 𝜎 ℎ → 𝐴𝐴 → 𝜇𝜇𝜏𝜏 ≈ 52 𝑓𝑏
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Event selection with 𝑚𝐴 = 50 60 𝐺𝑒𝑉
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with 3/ab



LHC prospective

BP1 (BP2) with 3/ab
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SM + Scalar DM
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𝑉 = 𝜇𝐻
2 𝐻 2 + 𝜆𝐻 𝐻 4 + 𝜆𝐻𝑆 𝐻 2 𝑆 2 + 𝜇𝑆

2 𝑆 2 + 𝜆𝑆 𝑆
4



L2HDM+Scalar DM

Φ2 ∼ ℎ

Φ1 ∼ 𝐴,𝐻, 𝐻±
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DM-Nucleon scattering

P. Bandyopadhyay, EJC, R. Mandal, to appear
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DM annihilation

𝑆𝑆
→

𝑆𝑆 → 𝜏𝜏𝜏𝜏

P. Bandyopadhyay, EJC, R. Mandal, to appear

𝑆𝑆 → 𝐴𝐴
𝑆𝑆 → 𝐴𝐴,𝐻𝐻

Fermi-LAT
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Conclusion

• L2HDM with large tan𝛽 and light 𝐴 is a viable option for the 
muon 𝑔-2.

• Lepton universality tests in Z and tau decays strongly limit the 
parameter space 𝑚𝐴, tan𝛽 .

• No region is allowed at 1𝜎, but  large region opens up at 2𝜎, 
particularly, for 𝑚𝐻 = 𝑚𝐻± = 200 − 400 𝐺𝑒𝑉.

• It can be tested through ℎ → 𝐴𝐴(∗) → 4𝜏 2𝜇2𝜏 ; 𝐻0,± 𝐴 →
𝐴𝐴 → 4𝜏 (2𝜇2𝜏).

• Higgs-portal Scalar DM can be realized successfully.
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