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“Can a 2HDM explain muon g-2?”

• Only in Lepton-specific (Type X) 2HDM through Barr-Zee two-loop with 
a light pseudoscalar 𝐴𝐴 and large 𝑡𝑡𝛽𝛽.

• The parameter space limited by EWPD, vacuum stability & perturbativity, 
ℎ 126 , and 𝐵𝐵𝑠𝑠 → 𝜇𝜇𝜇𝜇.

• Stronger constraints on loop corrections to tau vertices from the lepton 
universality in 𝑙𝑙 → 𝑙𝑙′𝜈𝜈𝜈𝜈 & 𝑍𝑍 → 𝑙𝑙𝑙𝑙.

• LHC probe of the model:  a light 𝐴𝐴mainly decaying to 𝜏𝜏𝜏𝜏.
𝑝𝑝𝑝𝑝 → ℎ → 𝐴𝐴𝐴𝐴(∗) → 4𝜏𝜏; 𝑝𝑝𝑝𝑝 → 𝐻𝐻0,± 𝐴𝐴 → 𝐴𝐴𝐴𝐴 + 𝑍𝑍/𝑊𝑊 → 4𝜏𝜏 + 𝑍𝑍/𝑊𝑊
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arXiv:1409.3199

arXiv:1507.08067

(arXiv:1605.xxxxx)



4 types of 2HDM with natural flavor conservation
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Impose 𝑍𝑍2 to couple only one Higgs to each down-type Yukawa

Φ2 + ,Φ1 − ; 𝑡𝑡𝑅𝑅 + ,𝑑𝑑𝑅𝑅 ± , 𝑒𝑒𝑅𝑅(±)



Aligned/decoupled limit: sin 𝛽𝛽 − 𝛼𝛼 → 1
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≈

RS
WS

125 GeV

𝑦𝑦𝜏𝜏 = −
𝑠𝑠𝛼𝛼
𝑐𝑐𝛽𝛽

= 𝑠𝑠𝛽𝛽−𝛼𝛼 − 𝑡𝑡𝛽𝛽𝑐𝑐𝛽𝛽−𝛼𝛼 ≈ ±1

ℒ𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑎𝑎 = 𝑔𝑔𝑉𝑉𝑚𝑚𝑉𝑉 𝑠𝑠𝛽𝛽−𝛼𝛼ℎ + 𝑐𝑐𝛽𝛽−𝛼𝛼𝐻𝐻 𝑉𝑉𝑉𝑉 + ⋯



Muon g-2 from Barr-Zee 2-loop

• Needs a light 𝐴𝐴 and large 𝑦𝑦𝜇𝜇,𝑓𝑓
𝐴𝐴 ≈ 𝑡𝑡𝛽𝛽:
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𝑚𝑚𝑓𝑓
2/𝑚𝑚ℎ,𝐻𝐻,𝐴𝐴

2

𝜏𝜏 𝑡𝑡 𝑏𝑏
I   1/𝑡𝑡𝛽𝛽

2 -1/𝑡𝑡𝛽𝛽
2 1/𝑡𝑡𝛽𝛽

2

II   𝑡𝑡𝛽𝛽
2 1      𝑡𝑡𝛽𝛽

2

X   𝑡𝑡𝛽𝛽
2 1     -1

Y  1/𝑡𝑡𝛽𝛽
2 -1/𝑡𝑡𝛽𝛽

2 -1

𝑡𝑡, 𝑏𝑏, 𝜏𝜏

ℎ,𝐻𝐻,𝐴𝐴

𝑡𝑡𝛽𝛽
2



Muon g-2 in Type II & X
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ℎ → 𝐴𝐴𝐴𝐴

𝑚𝑚ℎ (𝑚𝑚𝐻𝐻) = 125 (200) 𝐺𝐺𝑒𝑒𝑉𝑉

arXiv:1409.3199



EWPD requires 𝑚𝑚𝐴𝐴 ≪ 𝑚𝑚𝐻𝐻 ≈ 𝑚𝑚𝐻𝐻±
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𝑀𝑀𝐻𝐻± ≈ 𝑀𝑀𝐴𝐴

𝑀𝑀𝐻𝐻± ≈ 𝑀𝑀𝐻𝐻

arXiv:1409.3199



Vacuum stability & perturbativity
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𝜆𝜆5𝑣𝑣2 ≈ 𝑀𝑀𝐻𝐻
2 −𝑀𝑀𝐴𝐴

2

𝜆𝜆4𝑣𝑣2 ≈ −2𝑀𝑀𝐻𝐻±
2 +𝑀𝑀𝐻𝐻

2 +𝑀𝑀𝐴𝐴
2

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

2 + 𝑠𝑠𝛽𝛽−𝛼𝛼𝑦𝑦𝜏𝜏𝑀𝑀ℎ
2

𝜆𝜆2𝑣𝑣2 ≈ 𝑀𝑀ℎ
2

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

𝜆𝜆ℎ𝐴𝐴𝐴𝐴 ∝ 𝜆𝜆5 − 𝜆𝜆3 − 𝜆𝜆4 ≈
1 + 𝑠𝑠𝛽𝛽−𝛼𝛼𝑦𝑦𝜏𝜏 𝑀𝑀𝐻𝐻

2 − 2𝑀𝑀𝐴𝐴
2 − 𝑠𝑠𝛽𝛽−𝛼𝛼𝑦𝑦𝜏𝜏𝑀𝑀ℎ

2 < 𝜆𝜆1𝑣𝑣𝑀𝑀ℎ

𝜆𝜆𝑖𝑖 < 4𝜋𝜋

𝑠𝑠𝛽𝛽−𝛼𝛼𝑦𝑦𝜏𝜏 = ±1 RS
WS



𝑩𝑩𝒔𝒔 → 𝝁𝝁+𝝁𝝁− requires heavy 𝐴𝐴 and low 𝑡𝑡𝛽𝛽
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𝑡𝑡𝛽𝛽 (II)

1/𝑡𝑡𝛽𝛽 (X) 𝑡𝑡𝛽𝛽 (X)

𝑡𝑡𝛽𝛽 (II)

𝐻𝐻,𝐴𝐴 ∝
𝑡𝑡𝛽𝛽
2

𝑚𝑚𝐻𝐻,𝐴𝐴
2 (II)

∝ 1
𝑚𝑚𝐻𝐻,𝐴𝐴
2 (X)

Type II excluded

Type X with 𝑚𝑚𝐴𝐴 ≳ 10 GeV

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



Lepton universality in 𝜏𝜏 decay
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• Tree-level contribution from 𝐻𝐻±.
• One-loop corrections mediated by 𝐴𝐴,𝐻𝐻,𝐻𝐻±.

Krawczyk, Temes, 0410248
Abe, et.al., 1504.07059

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

𝛿𝛿𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎 = 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±



LU constraining the muon g-2 region

LHCski  2016-04-14 "LHC probe of L2HDM for muon g-2"   EJChun@KIAS 11

 Two independent data from 𝑙𝑙 → 𝑙𝑙′𝜈𝜈𝜈𝜈 and 
the combined data from 𝜏𝜏 → 𝜈𝜈𝜋𝜋/𝐾𝐾 leads to

3
2
𝛿𝛿𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎 = 0.0022 ± 0.0017

𝛿𝛿𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 0.0001 ± 0.0014

1
2
𝛿𝛿𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎 + 2𝛿𝛿𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 0.0028 ± 0.0019

 The muon g-2 favoured region is 
strongly limited:

𝑚𝑚𝐻𝐻 = 𝑚𝑚𝐻𝐻± = 300 𝐺𝐺𝑒𝑒𝑉𝑉

HFAG, 1412.7515



L2HDM in the right-sign limit
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(y𝜏𝜏 s𝛽𝛽−𝛼𝛼 ≈ +1, 𝑐𝑐𝛽𝛽−𝛼𝛼 ≈ 0)

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

2 + 𝑠𝑠𝛽𝛽−𝛼𝛼𝑦𝑦𝜏𝜏𝑀𝑀ℎ
2 > 𝑦𝑦𝑏𝑏𝑣𝑣2

ℎ → 𝐴𝐴𝐴𝐴∗

63 𝐺𝐺𝑒𝑒𝑉𝑉 ≲ 𝑀𝑀𝐴𝐴 ≪ 𝑀𝑀𝐻𝐻 ≈ 𝑀𝑀𝐻𝐻± ≲ 250𝐺𝐺𝑒𝑒𝑉𝑉

arXiv:1409.3199 ℎ → 𝐴𝐴𝐴𝐴



L2HDM in the wrong-sign limit 
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(y𝜏𝜏 s𝛽𝛽−𝛼𝛼 ≈ −1, 𝑐𝑐𝛽𝛽−𝛼𝛼 ≈
2
𝑡𝑡𝛽𝛽

)

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

2 + 𝑠𝑠𝛽𝛽−𝛼𝛼𝑦𝑦𝜏𝜏𝑀𝑀ℎ
2 → 𝟎𝟎

ℎ → 𝐴𝐴𝐴𝐴∗ℎ → 𝐴𝐴𝐴𝐴

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

Wang, Han, arXiv:1412.4874

𝑦𝑦𝜏𝜏 ≈ −
𝑀𝑀𝐻𝐻
2 − 2 𝑀𝑀𝐴𝐴

2 − 𝜆𝜆ℎ𝐴𝐴𝐴𝐴𝑣𝑣
𝑀𝑀𝐻𝐻
2 − 𝑀𝑀ℎ

2



Allowed parameter space
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arXiv:1507.08067

WS

RS

RS

WS

cos(𝛽𝛽 − 𝛼𝛼) y𝜏𝜏𝜆𝜆ℎ𝐴𝐴𝐴𝐴 ∝ 𝜆𝜆3 + 𝜆𝜆4 − 𝜆𝜆5
Assuming 𝐵𝐵𝐵𝐵 ℎ → 𝐴𝐴𝐴𝐴 < 40%



LHC signatures from ℎ → 𝐴𝐴𝐴𝐴(∗) → 4𝜏𝜏 ?
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arXiv:1507.08067 



LHC signatures from 𝑝𝑝𝑝𝑝 → 𝐻𝐻0,± 𝐴𝐴 → 3𝜏𝜏/4𝜏𝜏
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• EW production of extra Higges decaying mainly to taus

𝑝𝑝𝑝𝑝 → 𝐻𝐻± 𝐴𝐴 → 𝐴𝐴𝐴𝐴 + 𝑊𝑊± → 4𝜏𝜏 + 𝑊𝑊
𝑝𝑝𝑝𝑝 → 𝐻𝐻± 𝐴𝐴 → 3𝜏𝜏 + 𝜈𝜈
𝑝𝑝𝑝𝑝 → 𝐻𝐻0 𝐴𝐴 → 𝐴𝐴𝐴𝐴 + 𝑍𝑍 → 4𝜏𝜏 + 𝑍𝑍
𝑝𝑝𝑝𝑝 → 𝐻𝐻0 𝐴𝐴 → 4𝜏𝜏

 Signal selection: 3𝜏𝜏 + 𝑀𝑀𝑀𝑀𝑀𝑀,0𝑏𝑏,0𝑗𝑗



LHC14 perspective with 25/fb
• Challenges to probe lighter 𝐴𝐴 producing softer 𝜏𝜏𝜏𝜏, and heavy 
𝐻𝐻±/𝐻𝐻 producing boosted A 𝜏𝜏𝜏𝜏 .

• Needs HL-LHC.
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Overlapping di-tau 𝐵𝐵𝜏𝜏𝜏𝜏~
2𝑚𝑚𝜏𝜏

𝑝𝑝𝜏𝜏
~

4𝑚𝑚𝜏𝜏

𝑚𝑚𝐻𝐻

arXiv:1507.08067



LHCski discussion
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ATLAS, 1505.01609 Search for ℎ → 𝐴𝐴 𝐴𝐴 → 𝜇𝜇𝜇𝜇 𝜏𝜏𝜏𝜏

 Also for 𝑝𝑝𝑝𝑝 → 𝐻𝐻0,± 𝐴𝐴 → 𝜇𝜇𝜇𝜇 𝜏𝜏(𝜏𝜏) + 𝑋𝑋 ?



Conclusion
• 2HDM-X is still a viable option for muon 𝑔𝑔-2.
• The most strong constraint comes from the lepton universality 
tests strongly limiting the allowed region (at 2𝜎𝜎):

𝑚𝑚𝐴𝐴 ≈ 10 − 80 𝐺𝐺𝑒𝑒𝑉𝑉 & 𝑡𝑡𝛽𝛽 ≈ 25 − 60
in the RS limit: 63𝐺𝐺𝑒𝑒𝑉𝑉 ≲ 𝑚𝑚𝐴𝐴 ≪ 𝑚𝑚𝐻𝐻 ≈ 𝑚𝑚𝐻𝐻± ≲ 250𝐺𝐺𝑒𝑒𝑉𝑉
in the WS limit: 10 𝐺𝐺𝑒𝑒𝑉𝑉 ≲ 𝑚𝑚𝐴𝐴 ≪ 𝑚𝑚𝐻𝐻 ≈ 𝑚𝑚𝐻𝐻± ≲ 4𝜋𝜋𝑣𝑣

• LHC can search for 𝐴𝐴 → 𝜏𝜏𝜏𝜏 𝜇𝜇𝜇𝜇 through 𝑝𝑝𝑝𝑝 → ℎ → 𝐴𝐴𝐴𝐴(∗) →
4𝜏𝜏 𝜇𝜇𝜇𝜇𝜏𝜏𝜏𝜏 , or 𝑝𝑝𝑝𝑝 → 𝐻𝐻0,±𝐴𝐴 → 4𝜏𝜏 + 𝑋𝑋 (𝜇𝜇𝜇𝜇𝜏𝜏𝜏𝜏 + 𝑋𝑋).

• Challenge to probe a light 𝐴𝐴 : more data and/or further studies 
on boosted di-tau tagging.
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Back up
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Muon g-2 from 1-loop

• For a light 𝐻𝐻 and large 𝑦𝑦𝜇𝜇𝐻𝐻 ≈ 𝑡𝑡𝛽𝛽 (II, X):
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ℎ,𝐻𝐻,𝐴𝐴,𝐻𝐻±



One-loop solution excluded!
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Krawczyk, 0208076

• Muon g-2 requires 𝐻𝐻 below 5GeV, but in 
contradiction with Υ → 𝛾𝛾 + 𝑋𝑋,𝐵𝐵 → 𝐾𝐾𝜇𝜇𝜇𝜇 (& 𝐵𝐵𝑠𝑠 → 𝜇𝜇𝜇𝜇).

Schumidt-Horberg, et.al., 1310.6752



Lepton Universality test by HFAG 

• From pure leptonic processes: 𝑙𝑙 → 𝑙𝑙′𝜈𝜈𝜈𝜈

• From semi-hadronic processes: (𝜏𝜏→𝜈𝜈𝜋𝜋/𝐾𝐾)
(𝜋𝜋/𝐾𝐾→𝜇𝜇𝜈𝜈)

• Combining the three in (g𝜏𝜏/g𝜇𝜇):
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HFAG, 1412.7515

Note) Only two ratios are independent



Profile likelihood analysis

LHCski  2016-04-14 "LHC probe of L2HDM for muon g-2"   EJChun@KIAS 24

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

Prelimina
ry

arXiv:1507.08067 (rev.) 

Excluded by 𝑍𝑍 → 𝜏𝜏𝜏𝜏



LHC tau-rich signatures
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• Production X-section & missing signature:



Tau identification and reconstruction
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• Our working point: 𝐵𝐵𝑚𝑚𝑎𝑎𝑚𝑚
𝑐𝑐𝑎𝑎𝑡𝑡 = 0.1, 𝜖𝜖𝐵𝐵𝐺𝐺−𝑗𝑗𝑎𝑎𝑡𝑡𝑠𝑠 ≈ 1% → 𝜖𝜖𝜏𝜏 ≈ 60%



Event selection cuts
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𝑒𝑒𝑒𝑒) 𝑚𝑚𝐴𝐴 = 100 𝐺𝐺𝑒𝑒𝑉𝑉 & 𝑚𝑚𝐻𝐻 = 200 𝐺𝐺𝑒𝑒𝑉𝑉



LHC8 limits

• mostly from chargino-neuralino searches.
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