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Introduction
• “Can the muon 𝑔𝑔-2 be accounted for in 2HDMs?”

a lot of studies in SUSY, much less in 2HDMs (of Type I & II)… 

• Revisit the question with new experimental inputs:

• Predicted tau-rich signatures need to be searched for.
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0102145, 146, 147, … vs.  Dedes, Haber, 0102297
Cheung, Chou, Kong, 0103183

 Constraints from the 125 GeV Higgs data.
 Extra Higgs spectrum constrained by EWPD, vacuum stability & perturbativity.
 Important new inputs from �𝑩𝑩 → 𝑿𝑿𝒔𝒔𝜸𝜸, 𝑩𝑩𝒔𝒔 → 𝝁𝝁+𝝁𝝁−, & lepton universality tests.

arXiv:1409.3199

arXiv:1507.08067

Cao, et.al, 0909.5148 (in Type X)



2HDMs
• Two Higgs Doublets: 

Φ1,2= (𝜙𝜙1,2
+ , 1

2
[𝑣𝑣1,2 + 𝜌𝜌1,2 + 𝑖𝑖 𝜂𝜂1,2]) → ℎ(125),𝐻𝐻,𝐴𝐴,𝐻𝐻±;  𝑡𝑡𝛽𝛽 = 𝑣𝑣2

𝑣𝑣1
𝐺𝐺0 = 𝜂𝜂1𝑐𝑐𝛽𝛽 + 𝜂𝜂2𝑠𝑠𝛽𝛽
𝐴𝐴 = 𝜂𝜂1𝑠𝑠𝛽𝛽 − 𝜂𝜂2𝑐𝑐𝛽𝛽

ℎ = 𝜌𝜌1𝑐𝑐𝛼𝛼 − 𝜌𝜌2𝑠𝑠𝛼𝛼
𝐻𝐻 = 𝜌𝜌1𝑠𝑠𝛼𝛼 + 𝜌𝜌2𝑐𝑐𝛼𝛼

• Gauge coupling: ℒ𝑔𝑔 = 𝑔𝑔𝑉𝑉𝑚𝑚𝑉𝑉 𝑠𝑠𝛽𝛽−𝛼𝛼ℎ + 𝑐𝑐𝛽𝛽−𝛼𝛼𝐻𝐻 𝑉𝑉𝑉𝑉 + ⋯
• Yukawa coupling of two Higgses  FCNC if Mass ≉ Yukawa

ℒ𝑌𝑌𝑌𝑌𝑌𝑌 = 𝑦𝑦𝑖𝑖𝑖𝑖
𝑢𝑢,2Φ2𝑞𝑞𝑖𝑖𝑢𝑢𝑗𝑗𝑐𝑐 + 𝑦𝑦𝑖𝑖𝑖𝑖

𝑑𝑑,1,2Φ𝑝𝑝𝑞𝑞𝑖𝑖𝑑𝑑𝑗𝑗𝑐𝑐 + 𝑦𝑦𝑖𝑖𝑖𝑖
𝑒𝑒,1,2Φ𝑞𝑞𝑙𝑙𝑖𝑖𝑒𝑒𝑗𝑗𝑐𝑐 + ℎ. 𝑐𝑐.

𝑀𝑀𝑖𝑖𝑖𝑖
𝑓𝑓 = 𝑦𝑦𝑖𝑖𝑖𝑖

𝑓𝑓,1 𝑣𝑣1
2

+ 𝑦𝑦𝑖𝑖𝑖𝑖
𝑓𝑓,2 𝑣𝑣2

2
 𝑦𝑦𝑖𝑖𝑖𝑖𝑑𝑑 ℎ𝑑𝑑𝑖𝑖𝑑𝑑𝑗𝑗𝑐𝑐 + ⋯
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4 types of 2HDMs
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125 𝐺𝐺𝐺𝐺𝐺𝐺

Natural flavor conservation imposed by 𝑍𝑍2 :  
only one Higgs to each Yukawa type (d, e) 

Nb) Type III : aligned Yukawa
𝑦𝑦𝑖𝑖𝑖𝑖1 ~𝑦𝑦𝑖𝑖𝑖𝑖2

Φ2 + ,Φ1 − ; 𝑡𝑡𝑅𝑅 + ,𝑑𝑑𝑅𝑅 ± , 𝑒𝑒𝑅𝑅(±)



125 GeV SM Higgs: 𝑔𝑔ℎ𝑉𝑉𝑉𝑉=sin(𝛽𝛽 − 𝛼𝛼)≈ 1
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ATLAS-CONF-2014-010



Aligned/decoupled 2HDMs
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𝑦𝑦𝑓𝑓ℎ~1
𝑐𝑐𝑐𝑐𝑐𝑐 𝛽𝛽 − 𝛼𝛼 ≈ 0

LHC Higgs data

125 𝐺𝐺𝐺𝐺𝐺𝐺

≈

𝑦𝑦𝑏𝑏,𝜏𝜏
ℎ = −

𝑠𝑠𝛼𝛼
𝑐𝑐𝛽𝛽

= 𝑠𝑠𝛽𝛽−𝛼𝛼 − 𝑡𝑡𝛽𝛽𝑐𝑐𝛽𝛽−𝛼𝛼 → ±1 !

Ferreira, et.al, 1403.4736

SM (right-sign) limit 
vs. Wrong-sign limit



Muon g-2 with an extra Higgs at 1-loop

• A light 𝐻𝐻 and large 𝑦𝑦𝜇𝜇𝐻𝐻 ≈ 𝑡𝑡𝛽𝛽 (II, X):
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Krawczyk, 0208076

• Requires 𝐻𝐻 below 5GeV  Excluded!



Muon g-2 with an extra Higgs at 2-loop

• A light 𝐴𝐴 and large 𝑦𝑦𝜇𝜇,𝑓𝑓
𝐴𝐴 ≈ 𝑡𝑡𝛽𝛽 II, X :
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• A light 𝐴𝐴 and large 𝑡𝑡𝛽𝛽 B, tau decays (LU) & LHC searches.

𝑚𝑚𝑓𝑓
2/𝑚𝑚𝜇𝜇

2 𝜏𝜏 𝑡𝑡 𝑏𝑏
I   1/𝑡𝑡𝛽𝛽2 -1/𝑡𝑡𝛽𝛽2 1/𝑡𝑡𝛽𝛽2

II   𝑡𝑡𝛽𝛽2 1      𝑡𝑡𝛽𝛽2

X   𝑡𝑡𝛽𝛽2 1     -1
Y  1/𝑡𝑡𝛽𝛽2 -1/𝑡𝑡𝛽𝛽2 -1



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

ℎ → 𝐴𝐴𝐴𝐴

𝑚𝑚ℎ (𝑚𝑚𝐻𝐻) = 125 (200) 𝐺𝐺𝐺𝐺𝐺𝐺

arXiv:1409.3199



Constraints from B decays

• �𝑩𝑩 → 𝑿𝑿𝒔𝒔𝜸𝜸
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𝑡𝑡𝛽𝛽 (II,Y)

1/𝑡𝑡𝛽𝛽 (X, I) 1/𝑡𝑡𝛽𝛽 (I,Y)

𝑡𝑡𝛽𝛽 (II,X)

𝐻𝐻,𝐴𝐴 ∝ 𝑡𝑡𝛽𝛽2/𝑚𝑚𝐴𝐴
2 (II)

∝ 1/𝑚𝑚𝐴𝐴
2 (X)

• 𝑩𝑩𝒔𝒔 → 𝝁𝝁+𝝁𝝁−

∝ 𝑡𝑡𝛽𝛽2/𝑚𝑚𝐻𝐻±
2 (II)

∝ 1/𝑚𝑚𝐻𝐻±
2 (X)

𝑚𝑚𝑡𝑡
𝑡𝑡𝛽𝛽
𝑃𝑃𝐿𝐿 −

𝑚𝑚𝑏𝑏
𝑡𝑡𝛽𝛽

𝑃𝑃𝑅𝑅 𝑋𝑋, 𝐼𝐼

𝑚𝑚𝑡𝑡
𝑡𝑡𝛽𝛽
𝑃𝑃𝐿𝐿 + 𝑚𝑚𝑏𝑏𝑡𝑡𝛽𝛽𝑃𝑃𝑅𝑅 𝐼𝐼𝐼𝐼,𝑌𝑌



In 2HDM-II,
• �𝐵𝐵 → 𝑋𝑋𝑠𝑠𝛾𝛾 puts a strong limit of 𝑚𝑚𝐻𝐻± > 480 𝐺𝐺𝐺𝐺𝐺𝐺.
• 𝐵𝐵𝑠𝑠 → 𝜇𝜇+𝜇𝜇− excludes the muon g-2 region.
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Krawczyk, 0208076

𝐵𝐵𝐵𝐵 𝐵𝐵𝑠𝑠 → 𝜇𝜇+𝜇𝜇− = 2.9 ± 0.7 × 10−9 @ LHC

𝐵𝐵𝐵𝐵 𝐵𝐵𝑠𝑠 → 𝜇𝜇+𝜇𝜇− ∝ 𝑡𝑡𝛽𝛽4/𝑚𝑚𝐴𝐴
4

 Excludes 𝑡𝑡𝛽𝛽 ≳ 7 for 𝑚𝑚𝐴𝐴 ≲ 70 𝐺𝐺𝐺𝐺𝐺𝐺.

Misiak, et.al., 1503.01789



In 2HDM-X,
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• �𝐵𝐵 → 𝑋𝑋𝑠𝑠𝛾𝛾 puts no bound on 𝑚𝑚𝐻𝐻± for 𝑡𝑡𝛽𝛽 > 2. 
• 𝐵𝐵𝑠𝑠 → 𝜇𝜇+𝜇𝜇− not affected if 𝑚𝑚𝐴𝐴 ≳ 15 𝐺𝐺𝐺𝐺𝐺𝐺.
• Type X at large 𝑡𝑡𝛽𝛽, being hadro-phobic, is elusive at LHC.
• Strong limits on 𝑡𝑡𝛽𝛽/𝑚𝑚𝐻𝐻± from Lepton Universality tests:

𝐺𝐺𝜏𝜏→𝑙𝑙 = 𝐺𝐺𝐹𝐹(1 + 𝛿𝛿𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝛿𝛿𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)

Cao, et.al, 0909.5148

Abe, et.al., 1504.07059

Krawczyk, Temes, 0410248

𝛿𝛿𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑚𝑚𝜏𝜏
2𝑚𝑚𝑙𝑙

2

8𝑚𝑚𝐻𝐻±
4 𝑡𝑡𝛽𝛽4 −

𝑚𝑚𝑙𝑙
2

𝑚𝑚𝐻𝐻±
2 𝑡𝑡𝛽𝛽2 𝜅𝜅(𝑚𝑚𝑙𝑙

2/𝑚𝑚𝜏𝜏
2)

𝛿𝛿𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 =
𝐺𝐺𝐹𝐹𝑚𝑚𝜏𝜏

2𝑡𝑡𝛽𝛽
2

16 2 𝜋𝜋2
3 + 1

2
𝐺𝐺 𝑚𝑚𝐴𝐴

𝑚𝑚𝐻𝐻±
+ 𝑠𝑠𝛽𝛽−𝛼𝛼2 𝐺𝐺 𝑚𝑚𝐻𝐻

𝑚𝑚𝐻𝐻±
+ 𝑐𝑐𝛽𝛽−𝛼𝛼2 𝐺𝐺 𝑚𝑚ℎ

𝑚𝑚𝐻𝐻±



Lepton Universality tests 

• From pure leptonic processes: 𝑙𝑙 → 𝑙𝑙′𝜈𝜈𝜈𝜈

• From semi-hadronic processes: (𝜏𝜏→𝜈𝜈𝜈𝜈/𝐾𝐾)
(𝜋𝜋/𝐾𝐾→𝜇𝜇𝜇𝜇)

→ 𝑔𝑔𝜏𝜏
𝑔𝑔𝜇𝜇 𝜋𝜋,𝐾𝐾

≡ 1 + 𝛿𝛿𝜏𝜏/𝜇𝜇
𝜋𝜋,𝐾𝐾

• The redundant direction to be projected out: 
-- consistent with zero best-fit value and zero eigenvalue of the covariance matrix

• Two independent orthogonal directions: 
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HFAG, 1412.7515

Note) Only two ratios are independent

𝑔𝑔𝑙𝑙
𝑔𝑔𝑙𝑙′

≡ 1 + 𝛿𝛿𝑙𝑙/𝑙𝑙𝑙 𝛿𝛿𝜏𝜏/𝜇𝜇 = 0.0011 ± 0.0015, 𝛿𝛿𝜏𝜏/𝑒𝑒= 0.0029 ± 0.0015,  𝛿𝛿𝜇𝜇/𝑒𝑒 = 0.0018 ± 0.0014

𝛿𝛿𝜏𝜏/𝜇𝜇
𝜋𝜋 = −0.0142 ± 0.0071, 𝛿𝛿𝜏𝜏/𝜇𝜇

𝐾𝐾 = −0.0037 ± 0.0027

(𝛿𝛿𝜏𝜏/𝜇𝜇− 𝛿𝛿𝜏𝜏/𝑒𝑒 + 𝛿𝛿𝜇𝜇/𝑒𝑒)/√3

𝛿𝛿1 ≡ (𝛿𝛿𝜏𝜏/𝜇𝜇 + 𝛿𝛿𝜏𝜏/𝑒𝑒)/√2 𝛿𝛿2 ≡ (−𝛿𝛿𝜏𝜏/𝜇𝜇 + 𝛿𝛿𝜏𝜏/𝑒𝑒 + 2𝛿𝛿𝜇𝜇/𝑒𝑒)/√6

Thanks to A. Lusiani



LU constraining the muon g-2 region
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 Construct the 4x4 covariance matrix 
to constrain mA, t𝛽𝛽 for given 𝑚𝑚𝐻𝐻 = 𝑚𝑚𝐻𝐻±

 Viable only at 2𝜎𝜎,
but still a large region allowed

 In 2HDM-X; 
𝛿𝛿1 = 1

2
𝛿𝛿𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 2𝛿𝛿𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,

𝛿𝛿2 = 𝛿𝛿𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 , 𝛿𝛿𝜏𝜏/𝜇𝜇
𝜋𝜋 = 𝛿𝛿𝜏𝜏/𝜇𝜇

𝐾𝐾 = 𝛿𝛿𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

ℎ → 𝐴𝐴𝐴𝐴∗ → 4𝜏𝜏ℎ → 𝐴𝐴𝐴𝐴

Preliminary

𝑚𝑚𝐻𝐻± = 300 GeV



Constraints from EWPD
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𝑀𝑀𝐻𝐻± ≈ 𝑀𝑀𝐴𝐴

𝑀𝑀𝐻𝐻± ≈ 𝑀𝑀𝐻𝐻

arXiv:1409.3199

𝑀𝑀𝐻𝐻±~𝑀𝑀𝐴𝐴~𝑀𝑀𝐻𝐻



Vacuum stability & perturbativity
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𝜆𝜆5𝑣𝑣2 ≈ 𝑀𝑀𝐻𝐻
2 −𝑀𝑀𝐴𝐴

2

𝜆𝜆4𝑣𝑣2 ≈ −2𝑀𝑀𝐻𝐻±
2 +𝑀𝑀𝐻𝐻

2 +𝑀𝑀𝐴𝐴
2

𝜆𝜆3𝑣𝑣2 ≈ 2𝑀𝑀𝐻𝐻±
2 − 1 + 𝑠𝑠𝛽𝛽−𝛼𝛼𝑦𝑦𝑙𝑙ℎ 𝑀𝑀𝐻𝐻

2 + 𝑠𝑠𝛽𝛽−𝛼𝛼𝑦𝑦𝑙𝑙ℎ𝑀𝑀ℎ
2

𝜆𝜆2𝑣𝑣2 ≈ 𝑀𝑀ℎ
2

In the limit of tan𝛽𝛽 ≫ 1 & sin 𝛽𝛽 − 𝛼𝛼 ≈ 1,

𝜆𝜆5 − 𝜆𝜆3 − 𝜆𝜆4 < 𝜆𝜆1𝜆𝜆2
 1 + 𝑠𝑠𝛽𝛽−𝛼𝛼𝑦𝑦𝑙𝑙ℎ 𝑀𝑀𝐻𝐻

2 − 2𝑀𝑀𝐴𝐴
2 − 𝑠𝑠𝛽𝛽−𝛼𝛼𝑦𝑦𝑙𝑙ℎ𝑀𝑀ℎ

2 < 𝜆𝜆1𝑣𝑣𝑣𝑣ℎ

±1



Type X in the SM (right-sign) limit
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(𝑦𝑦𝑙𝑙ℎs𝛽𝛽−𝛼𝛼 ≈ +1)

63 𝐺𝐺𝐺𝐺𝐺𝐺 ≲ 𝑀𝑀𝐴𝐴 ≪ 𝑀𝑀𝐻𝐻 ≈ 𝑀𝑀𝐻𝐻± ≲ 250𝐺𝐺𝐺𝐺𝐺𝐺, or 2 𝑀𝑀𝐴𝐴
2 + 𝑀𝑀ℎ

2~2𝑀𝑀𝐻𝐻
2

arXiv:1409.3199

𝜆𝜆ℎ𝐴𝐴𝐴𝐴𝑣𝑣 ≈ − 1 + 𝑠𝑠𝛽𝛽−𝛼𝛼𝑦𝑦𝑙𝑙ℎ 𝑀𝑀𝐻𝐻
2 + 2𝑀𝑀𝐴𝐴

2 + 𝑀𝑀ℎ
2

ℎ → 𝐴𝐴𝐴𝐴∗ → 4𝜏𝜏ℎ → 𝐴𝐴𝐴𝐴

Preliminary



Type X in the wrong-sign limit 

• ℎ → 𝐴𝐴𝐴𝐴 can be arbitrarily 
suppressed even for 𝑀𝑀ℎ ≪
𝑀𝑀𝐻𝐻 allowed up to the 
perturbativity limit.
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(𝑦𝑦𝑙𝑙ℎ s𝛽𝛽−𝛼𝛼 ≈ −1)

10 𝐺𝐺𝐺𝐺𝐺𝐺 ≲ 𝑚𝑚𝐴𝐴 ≪ 𝑚𝑚𝐻𝐻 ≈ 𝑚𝑚𝐻𝐻± ≲ 4𝜋𝜋𝑣𝑣

Wang, Han, arXiv:1412.4874

𝜆𝜆ℎ𝐴𝐴𝐴𝐴𝑣𝑣 ≈ − 1 + 𝑠𝑠𝛽𝛽−𝛼𝛼𝑦𝑦𝑙𝑙ℎ 𝑀𝑀𝐻𝐻
2 + 2𝑀𝑀𝐴𝐴

2 −𝑀𝑀ℎ
2 0

ℎ → 𝐴𝐴𝐴𝐴∗ → 4𝜏𝜏ℎ → 𝐴𝐴𝐴𝐴

Preliminary



Scanning analysis
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• Scanning through all the parameter space combining the h(125) 
data, muon g-2, EWPD, and applying theoretical constraints and 
the relevant LEP and B decay limits (excluding the LU data). 
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WS limit

RS limit

WS limit

RS limitarXiv:1507.08067



Tau-rich signatures at LHC
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Current limits & future perspective

• LHC8 constraints mostly from chargino-neuralino searches.
• LHC14 with 25/fb, 60% of tau-tagging efficiency.
• Requires a boosted di-tau tagging (𝐴𝐴 → 𝜏𝜏𝜏𝜏) to probe 𝑚𝑚𝐴𝐴 < 50 𝐺𝐺𝐺𝐺𝐺𝐺.
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arXiv:1507.08067
Boosted di-tau separation



Conclusion
• 2HDM-X is still a viable option for muon 𝑔𝑔-2.
• The LU tests are not compatible at 1𝜎𝜎, but still allow a large 
region at 2𝜎𝜎.

• The RS limit requires 63𝐺𝐺𝐺𝐺𝐺𝐺 ≲ 𝑚𝑚𝐴𝐴 ≪ 𝑚𝑚𝐻𝐻 ≈ 𝑚𝑚𝐻𝐻± ≲ 250𝐺𝐺𝐺𝐺𝐺𝐺.
• The WS limit, allowing 10 𝐺𝐺𝐺𝐺𝐺𝐺 ≲ 𝑚𝑚𝐴𝐴 ≪ 𝑚𝑚𝐻𝐻 ≈ 𝑚𝑚𝐻𝐻± ≲ 4𝜋𝜋𝑣𝑣, is 
more preferable.

• The exotic Higgs decay  ℎ → 𝐴𝐴𝐴𝐴(∗) → 4𝜏𝜏 would provide a test.
• Dedicated searches for tau-rich signals are required to probe 
light 𝐴𝐴.
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Back-up
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