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Current status of LHC data for Higgs

• Both ATLAS and CMS have looked for Higgs 

- via the production : 𝑔𝑔𝐹, 𝑉𝐵𝐹,  𝑉ℎ, 𝑡  𝑡ℎ

- in several decay channels : 𝛾𝛾 , 𝑊𝑊∗, 𝑍𝑍∗,  𝑏𝑏,  𝜏 𝜏

• Recently, they have updated the Higgs search results using the full data recorded 

in 2011 and 2012 with the integrated luminosity up to 5(21) 𝑓𝑏−1 at 7(8) TeV.

• The new data support the SM Higgs boson interpretation further, even though each 

individual channel is still fluctuating. 

• The angular distribution of 4 leptons in the 𝑍 𝑍∗ channel is compatible with the SM 

prediction 𝐽𝑃 = 0+, other spin states like 𝐽𝑃 = 0−, 1−, 1+, 2+ are excluded at 97.8%



Current status of LHC data for Higgs

• The excess in the diphoton channel decreased in the updated data.

• Even though the data seem to indicate very SM-like Higgs boson, other 

scalar candidates in various new physics models are not excluded yet.

𝜇𝛾𝛾=1.65−0.30
+0.34 (ATLAS),     0.78−0.26

+0.28 (CMS-MVA mass-fact.)    

1.11−0.30
+0.32 (CMS-cut-based)

𝜇𝛾𝛾=1.17±0.27 (ATLAS),     1.12−0.23
+0.26 (CMS)

𝜇𝛾𝛾=3.44±1.26 (5𝑓𝑏−1, 7TeV), 1.34 ± 0.94 (5.3𝑓𝑏−1, 8TeV)



Two Higgs Doublet Models
• The aim of the work is to investigate in the framework of 2HDM with CPC

- how much parameter space of 2HDM still survives especially outside the 

decoupling region ?                               (updated previous work : JHEP05,075,2013)

- whether 2HDM can explain the current data better than the SM ?

- whether there is any chance to miss the light Higgs boson ℎ0 with 𝐻0

being the observed one ?                

• Scalar potential in 2 HDM



Two Higgs Doublet Models

• To suppress FCNC, we assume a softly broken 𝑍2 symmetry :

(𝜆6 = 𝜆7 = 0, 𝑚12
2 ≠ 0 )

• For stable vacuum, 

• Physical states of neutral CP-even states :

ℎ0 = −𝑅𝑒Φ2
0 sin 𝛼+𝑅𝑒Φ1

0 cos 𝛼 ,    𝐻0 = 𝑅𝑒Φ1
0 cos 𝛼 + 𝑅𝑒Φ2

0 sin 𝛼,   

(−𝜋/2 ≤ 𝛼 ≤ 𝜋/2)

• Charged scalar states :

𝐺± = Φ1
± cos 𝛽 + Φ2

± sin 𝛽 ,         𝐻± = −Φ1
± sin 𝛽 + Φ2

± cos 𝛽

• CP-odd scalar states :

𝐺0 = 𝐼𝑚Φ1
0 cos 𝛽 + 𝐼𝑚Φ2

0 sin 𝛽 ,    𝐴0 = −𝐼𝑚Φ1
0 sin 𝛽 + 𝐼𝑚Φ2

0 cos 𝛽



Two Higgs Doublet Models

4 Types of 2HDM  depending on the assignment of charges for 𝑞𝑖 and 𝑙𝑖 under  

𝑍2 symmetry  : type I, type II, type X(lepton-specific), type Y(flipped)

 𝜉𝑑
 𝑄𝐿Φ1𝑑𝑅 +  𝜉𝑢

 𝑄𝐿
 Φ2𝑢𝑅 +  𝜉𝑙

 𝐿𝐿Φ1𝑒𝑅 + ℎ. 𝑐

 𝜉𝑑
 𝑄𝐿Φ2𝑑𝑅 +  𝜉𝑢

 𝑄𝐿
 Φ2𝑢𝑅 +  𝜉𝑙

 𝐿𝐿Φ2𝑒𝑅 + ℎ. 𝑐

 𝜉𝑑
 𝑄𝐿Φ2𝑑𝑅 +  𝜉𝑢

 𝑄𝐿
 Φ2𝑢𝑅 +  𝜉𝑙

 𝐿𝐿Φ1𝑒𝑅 + ℎ. 𝑐

 𝜉𝑑
 𝑄𝐿Φ1𝑑𝑅 +  𝜉𝑢

 𝑄𝐿
 Φ2𝑢𝑅 +  𝜉𝑙

 𝐿𝐿Φ1𝑒𝑅 + ℎ. 𝑐

Type I

Type II

Type X

Type Y

• Yukawa interactions associated with neutral Higgs :

𝐿𝑘 = −  
𝑚𝑓

𝑣
(𝜉ℎ

𝑓  𝑓 𝑓ℎ0 + 𝜉𝐻
𝑓  𝑓𝑓𝐻0 − 𝑖𝜉𝐴

𝑓  𝑓𝛾5𝑓𝐴0)





Two scenarios for probing 2HDM

• Since the observed boson is compatible with not 𝐽𝑃 = 0− but  𝐽𝑃 = 0+ ,   

we take two options :

- (scenario-1) : ℎ0 is the 125 GeV Higgs observed at the LHC 

- (scenario-II) : 𝐻0 is the 125 GeV Higgs observed at the LHC 

while ℎ0 has been missed.

• Effective Lagrangian at the scale of  𝜇 = 𝑚ℎ :(Carmi, Falkowski, Kuflik, Volansky, ‘12)

𝐿 = 𝑐𝑉
2𝑚𝑊

2

𝑣
ℎ 𝑊𝜇

+𝑊𝜇
− +𝑐𝑉

2𝑚𝑍
2

𝑣
ℎ 𝑍𝜇 𝑍𝜇 − 𝑐𝑏

𝑚𝑏

𝑣
ℎ 𝑏𝑏 − 𝑐𝜏

𝑚𝜏

𝑣
ℎ  𝜏𝜏

−𝑐𝑐
𝑚𝑐

𝑣
ℎ  𝑐𝑐 + 𝑐𝑔

𝛼𝑠

12𝜋𝑣
ℎ 𝐺𝜇𝜈

𝑎 𝐺
𝑎𝜇𝜈

+𝑐𝛾
𝛼

𝜋𝑣
ℎ 𝐴𝜇𝜈𝐴

𝜇𝜈

(ℎ = ℎ0 for scenario-I,    ℎ = 𝐻0 for scenario-II) 



• SM values for the coefficients :

𝑐𝑉,𝑆𝑀 = 𝑐𝑓,𝑆𝑀=1,   𝑐𝑔,𝑆𝑀 ≈ 1.03,  𝑐𝛾,𝑆𝑀 ≈ −0.81

• Useful parameterization for the observed signal in the Higgs 
search at the LHC : ratio of the observed event rate to SM 
prediction which is identified with signal strength :  𝜇 = 𝜎/𝜎𝑆𝑀

(production : 𝑔𝑔𝐹, 𝑉𝐵𝐹, 𝑉ℎ, 𝑡  𝑡ℎ, decay : 𝛾𝛾, 𝑊𝑊∗, 𝑍𝑍∗,  𝑏𝑏,  𝜏𝜏)



• In terms of effective couplings :



• Loop induced effective couplings :



• LHC data

Global Fit



• Constraints from flavor physics :

- flavor physics constrains 2HDM parameters, especially (tan 𝛽, 𝑚𝐻±)

- 𝑏 → 𝑠 𝛾, ∆𝑀𝐵𝑑
: prohibit small tan 𝛽,   𝑚𝐻± ≥ 320 GeV for types II, Y

lighter 𝐻± allowed for types I, X

• Constraints from electroweak precision data : 𝑆 , ∆𝜌

- constraints from 𝑅𝑏 is weaker than those from flavor physics

• Performing global fit to the LHC data in the parameter space allowed by 
various constraints,



• In Scenario-I : 𝑐𝑉 = sin(𝛽 − 𝛼),  𝑐𝑏 = 𝜉𝑑
ℎ , 𝑐𝜏 = 𝜉𝑙

ℎ, 𝑐𝑡= 𝜉𝑢
ℎ

-2HDM with 2 fit parameters has 18 d.o.f.

• At the best fit points, 𝑐𝜏 in type X and 𝑐𝑏 in type Y are negative 

because 𝑐𝜏 and 𝑐𝑏 are −
sin 𝛼

cos 𝛽
and those points are located in positive 𝛼.





• Type I is exceptional and the allowed region at 1 𝜎 is much more 

widespread than those of other types.

• The allowed regions for Type II, X and Y, of which the shape and location 

look alike to each other, are very limited.

• Along the decoupling limit, only a narrow band remains.

• Away from it, most of parameter space is excluded at 1 𝜎 except for an 

island group of the shape of a short ribbon.

• While types II and Y prefer the decoupling limit, the island region is 

preferred in type X.



• To see whether we can distinguish each type from the data, we compare 

signal strengths, especially, 𝑅𝛾𝛾
𝑉𝐵𝐹

ATLASCMS (cut)CMS (MVA)



• In Scenario-II : 𝑐𝑉 = cos(𝛽 − 𝛼),  𝑐𝑏 = 𝜉𝑑
𝐻, 𝑐𝜏 = 𝜉𝑙

𝐻, 𝑐𝑡= 𝜉𝑢
𝐻

• We demand that the event rate of flavor-independent jet decay 
of light higgs boson ℎ0 be smaller than the exp. limit.

Constrained by LEP result

( Ex. taking 𝑚ℎ0
= 90 GeV,  |𝜉|2 < 0.155 )

LEP search:



• Scenario-II (type-II & Y) has slightly better 𝜒2 due to that the process, 𝐻0→
ℎ0ℎ0∗ → 4𝑏, possibly occurs for large tan 𝛽.
This mode increases the total decay width Γ𝑡𝑜𝑡

ℎ , so the predictions of 𝑅′𝑠
get closer to measurements, thus 𝜒2 gets decreased.



• 1 𝜎 allowed parameter 
space.

• Green regions: LEP 
allowed for 𝑚ℎ0 = 90 GeV



• The darker the allowed region is, the smaller the 𝜒2 value is.

• The pattern of the allowed region for each types in scenario-II is similar to 

that in scenario-I  because of the relation, 𝛼𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜−2+𝜋/2 = 𝛼𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜−1.



Summary

• We have updated global fit to the LHC Higgs data  in CPC 2HDM 
with a softly broken 𝑍2 symmetry.

• 4 types of models are comprehensively investigated.

• We have considered two scenarios where the observed 126 GeV
boson is the light CP-even Higgs ℎ0(scenario-I) or the heavy CP-even 
𝐻0 (scenario-II).

• We have found that in both scenarios the current LHC data constrain 
2HDM quite strongly.

• While a large portion of the parameter space is allowed at 1𝜎 in type I, 
Types II,X,Y are strongly constrained.

• Type II and Y prefer the decoupling limit.



Summary

• An interesting possibility is the scenario-II where the observed boson 
is the heavy CP-even Higgs of the 2HDM while the light CP-even 
Higgs is buried in the mass window of 90-100 GeV.

• It is very likely that all of 4 types of 2HDM may survive with large LHC 
data in the future.





• The preference to negative 𝑐𝜏 in type X is attributed to the CMS reduced 

rates of  𝑅𝛾𝛾
𝑔𝑔𝐹+𝑡  𝑡ℎ

,  𝑅𝑊𝑊
𝑔𝑔𝐹

,   𝑅𝑊𝑊
𝑉𝐵𝐹.

• With negative 𝑐𝜏 , 𝜏 contribution to 𝛾𝛾 channel has the same sign with W 

contribution, which leads to smaller 𝑐𝑉 .

−
sin 𝛼

cos 𝛽
= sin 𝛽 − 𝛼 − tan 𝛽 cos(𝛽 − 𝛼) ~1

cos 𝛼

sin 𝛽
= sin(𝛽 − 𝛼) + cot 𝛽 cos 𝛽 − 𝛼 ~1

cos 𝛼

cos 𝛽
=cos 𝛽 − 𝛼 + tan 𝛽 sin(𝛽 − 𝛼) ~ tan 𝛽

sin 𝛼

sin 𝛽
=cos(𝛽 − 𝛼) − cot 𝛽 sin(𝛽 − 𝛼) ~ −cot 𝛽



• To confirm the elusiveness of the light CP-even Higgs boson, we 

predict and compare 𝑅𝛾𝛾
𝑔𝑔𝐹

, 𝑅𝛾𝛾
𝑉𝐵𝐹 for the best fit points in each types.

• For all types, the di-photon signals are negligible and 𝑐𝑉 are all much 

smaller than the SM one.

• At the LHC, the observation of this resonance in di-photon channel is 

very unlikely.


