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Introduction

On 2012 CERN announced the discovery of Higgs like boson with mass

∼ 125 GeV.

mH = 125.09± 0.24 GeV.

(ATLAS and CMS 2015)

장상현(Chang, Sanghyeon) (CTPU) Two Higgs Doublet Models after LHC run I 2015.04.29 3 / 49



The last particle of the standard model(SM) is discoverd, but SM cannot

explain,

Dark matter, Gauge hierarchy problem, Strong CP problems, Baryon

asymmetry, small neutrino mass, etc..

There should be new physics beyond the standard model.
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To solve the problems, many beyond the standard models(BSM) are

suggested:

Minimal supersymmetric standard model(MSSM), Peccei-Quinn model,

Spontaneous CP breaking model, Seesaw model, etc..

Many of them contains more than one Higgs doublets.
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Two Higgs Doublet Models(2HDM)

Motivation:

2HDM is the simplest extension of the Standard Model.

Many BSM contains 2HDM.

Probe for new physics.
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We assume CP is conserved in the Higgs sector, then the most general

2HDM potential is

V = m2
11Φ†1Φ1 + m2

22Φ†2Φ2 −m2
12(Φ†1Φ2 + H.c.)

+
1

2
λ1(Φ†1Φ1)2 +

1

2
λ2(Φ†2Φ2)2 + λ3(Φ†1Φ1)(Φ†2Φ2)

+λ4(Φ†1Φ2)(Φ†2Φ1) +
1

2
λ5

[
(Φ†1Φ2)2 + H.c.

]
(1)

where all of the parameters are real.

We demand perturbativity as

|λi | < 4π. (2)
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2HDM has two complex doublets of the Higgs fields:

Φ1 =

 H+
u

vu + H0
u + iA0

u√
2

 , Φ2 =

 H+
d

vd + H0
d + iA0

d√
2

 . (3)

where the SM VEV is v =
√
v2
u + v2

d .

tanβ = vu/vd
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Five physical scalars:

the light CP-even neutral scalar h0,

the heavy CP-even neutral scalar H0,

the CP-odd neutral scalar A0,

and two charged Higgs bosons H±.

h0 = −H0
d sinα + H0

u cosα, H0 = H0
d cosα + H0

u sinα, (4)

where α is a mixing angle in the range of [−π/2, π/2].
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Flavour changing neutral current(FCNC) problem

Yukawa interactions of h0 and H0 :

LYuk = −
∑

f =u,d ,`

mf

v

(
ŷhf f̄ fh

0 + ŷHf f̄ fH0
)
. (5)

3× 3 matrices ŷhf and ŷHf cannot be diagonalized simultaneously.

→ FCNC.

Paschos–Glashow–Weinberg theorem:

All fermions with the same quantum numbers couple to the same Higgs

multiplet, FCNC will be absent.

Impose a new symmetry: Z2, U(1)PQ, . . . .
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We impose a discrete Z2 symmetry in the Yukawa sector

e.g. Φ2 → −Φ2 and d i
R → −d i

R .

There are four types of 2HDM with this discrete symmetry,

Type I, Type II, Type X(Lepton-specific), and Type Y(Flipped)

A softly-broken Z2-symmetric term, −m2
12(Φ†1Φ2 + H.c .) is introduced to

enhance the charged Higgs boson mass.
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Four types of 2HDM with natural FCNC.

Model uR dR eR

Type I Φ1 Φ1 Φ1

Type II Φ1 Φ2 Φ2

Type X Φ1 Φ1 Φ2

Type Y Φ1 Φ2 Φ1
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The Yukawa potential for Higgs bosons are

LYuk = −
∑

f =u,d ,`

mf

v

(
ŷhf f̄ fh

0 + ŷHf f̄ fH0 − i ŷAf f̄ γ5fA
0
)

(6)

−

{√
2Vud

v
ū(mu ŷ

A
u PL + md ŷ

A
d PR)dH+ +

√
2m`ŷ

A
`

v
ν̄L`RH

+ + H.c.

}
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Table: The normalized Yukawa couplings of the up-type quark u, the down-type

quark d , and the charged lepton `, with neutral Higgs bosons.

ŷh
u ŷh

d ŷh
` ŷH

u ŷH
d ŷH

` ŷA
u ŷA

d ŷA
`

Type I cosα
sin β

cosα
sin β

cosα
sin β

sinα
sin β

sinα
sin β

sinα
sin β

cotβ − cotβ − cotβ

Type II cosα
sin β

− sinα
cos β

− sinα
cos β

sinα
sin β

cosα
cos β

cosα
cos β

cotβ tanβ tanβ

Type X cosα
sin β

cosα
sin β

− sinα
cos β

sinα
sin β

sinα
sin β

cosα
cos β

cotβ − cotβ tanβ

Type Y cosα
sin β

− sinα
cos β

cosα
sin β

sinα
sin β

cosα
cos β

sinα
sin β

cotβ tanβ − cotβ
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Constraints on 2HDM

Theoretical constraints:

Unitarity, perturbativity, positivity of the potential

pre-LHC bounds:

Electroweak precision data, FCNC, LEP bound, etc

LHC run-1:

H±,A0 search, Higgs to γγ, ZZ , WW , ττ , etc
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Positivity of the potential

λ1 > 0, λ2 > 0, λ3 > −
√
λ1λ2, λ3 + λ4 − |λ5| > −

√
λ1λ2.

Unitarity:

Following quantities are ≤ 8π:

a± =
3

2
(λ1 + λ2)± 1

2

√
9(λ1 − λ2)2 + (2λ3 + λ4)2

b± =
1

2

(
λ1 + λ2 ±

√
(λ1 − λ2)2 + 4λ2

4

)
c± =

1

2

(
λ1 + λ2 ±

√
(λ1 − λ2)2 + 4λ2

5

)
f+ = λ3 + 2λ4 + 3λ5, f− = λ3 + λ5, f1 = f2 = λ3 + λ4,

e1 = λ3 + 2λ4 − 3λ5, e2 = 2λ3 − λ5, p1 = λ3 − λ4, (7)
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EWPD: ∆ρ parameter

At tree level,

ρSM =
MW

MZ cos θW
= 1. (8)

∆ρ constraints,

ρ0 =
ρ

ρSM
= 1 + ∆ρnew (9)

∆ρ = 0.00040± 0.00024.
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In 2HDM

∆ρ =

√
2GF

(4π)2

{
F∆ρ(M2

A,M
2
H±)

− sin2(α− β)
[
F∆ρ(M2

A,M
2
H)− F∆ρ(M2

H ,M
2
H±)

]
− cos2(α− β)

[
F∆ρ(M2

h ,M
2
A)− F∆ρ(M2

h ,M
2
H±)

]}
, (10)

where

F∆ρ(M2
1 ,M

2
2 ) ≡ 1

2
(M2

1 + M2
2 )− M2

1M
2
2

M2
1 −M2

2

ln
M2

1

M2
2

. (11)

∆ρ� 1 if MA0 ' MH0 or Mh0 ' MA0 , MH0 ' MH± , and sin2(α− β) ' 1.
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FCNC bound (b → sγ, b → τντ etc)

(Mahmoudi and Stal 2010)
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Two scenarios for 2HDM

Scenario-1: The new boson h is h0.

Scenario-2: It is H0 while h0 has been missed.

Note: degenerate pairs of h0-H0, h0-A0, or H0-A0 is also possible.
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Eight parameters in the general 2HDM potential with CP and a softly

broken Z2 symmetry:

v , mh0 , MH0 , MA0 , MH± , m12, α, and tanβ.

We assume heavy m12, MA0 ' MH± with masses above 400 GeV.

In the Scenario-1, mh0 = 126 GeV while MH0 ≥ 400 GeV.

In the Scenario-2, mh0 < MH0 = 126 GeV.

From the flavor physics constraints, we additionally constrain

tanβ > 1.5 (tanβ > 1) for Type I and Type X (Type II and Type Y).
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The effective Lagrangian

Leff = cV
2m2

W

v
hW+

µ W−
µ + cV

m2
Z

v
h ZµZµ (12)

−cb
mb

v
h b̄b − cτ

mτ

v
h τ̄ τ − cc

mc

v
h c̄c − ct

mt

v
h t̄t

+cg
αs

12πv
h G a

µνG
aµν + cγ

α

πv
h AµνA

µν ,

where h = h0 in Scenario-1 and h = H0 in Scenario-2.

The SM values are cV ,SM = cf ,SM = 1, cg ,SM ' 1 and cγ,SM ' −0.81.

cg and cγ are determined by ct,b,c,τ,V .
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cg =
∑

q=t,b,c

cqAh
1/2(xq), (13)

cγ =
2

9

∑
u=c,t

cuAh
1/2(xu) +

1

18
cbAh

1/2(xb) +
1

6
cτAh

1/2(xτ )− cVAh
1(xW ),

where xi = m2
h/4m2

i . The loop functions Ah
1/2,1 are

Ah
1/2(x) =

3

2x2
[(x − 1)f (x) + x ] , (14)

Ah
1(x) =

1

8x2

[
3(2x − 1)f (x) + 2x + 2x2

]
,

f (x) =

 arcsin2√x x ≤ 1

−1
4

[
log 1+

√
1−x−1

1−
√

1−x−1
− iπ

]2
x > 1

. (15)
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Data on the LHC Higgs search

Two categories of production for ATLAS and CMS:

1. ggF + tt̄h: the combined results of the gluon fusion and the tt̄h

production,

2. VBF + Vh: the vector boson fusion (VBF) and the associated

production with W or Z gauge boson.
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Gluon fusion (ggF) and tt̄h Higgs production:
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Vector boson fusion(VBF) and Vh Higgs production.
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The ratio of the observed event rate of a specific channel to the SM

expectation, R
production
decay ( same as µ̂ = σ/σSM).

RggF
γγ =

∣∣∣∣ cgcγ

cγ,SMCh
tot

∣∣∣∣2 , RggF
ii =

∣∣∣∣cgciCh
tot

∣∣∣∣2 , (16)

RVBF
ii = RVh

ii = RVBF+Vh
ii =

∣∣∣∣cV ciCh
tot

∣∣∣∣2 ,
RVBF
γγ = RVh

γγ = RVBF+Vh
γγ =

∣∣∣∣ cγcV
cγ,SMCh

tot

∣∣∣∣2 ,
where Ch

tot =
√

Γh
tot/ΓhSM

tot , and i = W ,Z , τ, b.
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Table: Summary of the LHC Higgs signals at 7 and 8 TeV. (2013)

Production ATLAS CMS

ggF + tt̄h R̃
ggF+tt̄h

γγ = 1.47+0.66
−0.52 R̃

ggF+tt̄h

γγ = 0.52 ± 0.5

R̃
ggF

WW = 0.82 ± 0.36 R̃
ggF

WW = 0.73+0.22
−0.20

R̃
ggF+tt̄h

ZZ = 1.8+0.8
−0.5 R̃

ggF+tt̄h

ZZ = 0.9+0.5
−0.4

R̃
ggF

ττ = 1.0+2.1
−1.4 R̃

ggF

ττ = 0.93 ± 0.42

VBF + Vh R̃
VBF+Vh

γγ = 1.73+1.27
−1.11 R̃

VBF+Vh

γγ = 1.48+1.5
−1.1

R̃
VBF

WW = 1.66 ± 0.79 R̃
VBF

WW = −0.05+0.75
−0.56, R̃

Vh

WW = 0.51+1.26
−0.94

R̃
VBF+Vh

ZZ = 1.2+3.8
−1.4 R̃

VBF+Vh

ZZ = 1.0+2.4
−2.3

R̃
VBF+Vh

ττ = 1.5+1.1
−1.0 R̃

VBF

ττ = 0.94 ± 0.41, R̃
Vh

ττ = −0.33 ± 1.02

R̃
VBF+Vh

bb̄ = 0.20 ± 0.64 R̃
VBF+Vh

bb̄ = 0.96 ± 0.47
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Results of global fits to 2013 Higgs data

Global χ2 fits of parameters to the observed Higgs signal strength R̃ i .

χ2 =
20∑
i=1

(Ri − R̃ i )
2

σ2
i

, (17)

i : all of the Higgs search channels, σi is the uncertainty of each channel

(1σ systematic errors).

χ2
SM

∣∣
d.o.f.=20

= 12.40. or χ2
SM/d.o.f. = 0.62. (18)
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Scenario-1

The effective couplings are

cV = sin(β − α), cb = ŷhd , cτ = ŷh` , ct = cc = ŷhu . (19)

The light Higgs boson h0 behaves exactly like the SM Higgs boson for

Decoupling limit in Scenario-1: sin(β − α) = 1. (20)

In this limit, cV = cf = 1.
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Table: The best-fit points and the corresponding couplings in Scenario-1.

Type χ2
min/d.o.f tanβ cos(β − α) cV cb cτ ct

I-1 0.58 49.83 0.42 0.92 0.92 0.92 0.92

II-1 0.64 1.00 −0.047 1.00 1.05 1.05 0.95

X-1 0.60 4.71 0.40 0.92 1.00 −0.97 1.00

Y-1 0.62 4.94 0.40 0.92 −1.06 1.00 1.00
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Type I-1

ì

-1.0 - 0.5 0.0 0.5 1.0

10

20

30

40

50

cosH Β-ΑL

ta
n

Β

Type II-1

ì

-1.0 - 0.5 0.0 0.5 1.0

10

20

30

40

50

cosH Β-ΑL
ta

n
Β

Allowed region of the Scenario-1 at 1σ for Type-I and II.
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Type X -1

ì

-1.0 - 0.5 0.0 0.5 1.0

10

20

30

40

50

cosH Β-ΑL

ta
n

Β

Type Y-1

ì

-1.0 - 0.5 0.0 0.5 1.0

10

20

30

40

50

cosH Β-ΑL
ta

n
Β

Allowed region of the Scenario-1 at 1σ for Type-X and IY.
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All of the best-fit points are as good as the SM.

Type I best-fit point has the smallest χ2
min/d.o.f, although not

significantly improved from the SM.

The best-fit points in Type I, X, and Y are located away from the

decoupling limit, as indicated by cos(β − α) ' 0.4.

Type II best-fit point is practically the same as the SM.
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RVBF
γγ for models of I-1, II-1, X-1, and Y-1 with 1σ.

The black blobs are the predictions of the best-fit point.

It is hard to distinguish a type of model from each other.
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Scenario-2

The effective couplings are

cV = cos(β − α), cb = ŷHd , cτ = ŷH` , ct = cc = ŷHu . (21)

H0 behaves exactly like the SM Higgs boson for

Decoupling limit in Scenario-2: cos(β − α) = 1. (22)
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To evade the LEP Higgs search, the event rate |ξ|2 of flavor-independent

jet decay of h0 should be smaller than the observed limit.

|ξ|2 = |cV |2 ·
B(h0 → jj)

B(hSM → jj)
. (23)

If mh0 = 90 GeV, |ξ|2 < 0.155 .
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Table: The best-fit points and the corresponding couplings in Scenario-2.

Type χ2
min/d.o.f tanβ sin(β − α) cHV cHb cHτ cHt

I-2 0.58 50.0 0.40 −0.92 −0.92 −0.92 −0.92

II-2 0.59 50.0 3 × 10−4 1.00 1.01 1.01 1.00

X-2 0.60 4.72 0.40 −0.92 −1.00 0.97 −1.00

Y-2 0.59 50.0 3 × 10−4 1.00 1.01 1.01 1.00
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Type I-2

LEP : mh0 =90 GeV

ì

-1.0 - 0.5 0.0 0.5 1.0

10

20

30

40

50

sinH Β-ΑL

ta
n

Β

Type II-2

LEP : mh0 =90 GeV

ì

-1.0 - 0.5 0.0 0.5 1.0

10

20

30

40

50

sinH Β-ΑL
ta

n
Β

Allowed region of the Scenario-2 at 1σ for Type-I and II.
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Type X -2

LEP : mh0 =90 GeV

ì

-1.0 - 0.5 0.0 0.5 1.0

10

20

30

40

50

sinH Β-ΑL

ta
n

Β

Type Y-2

LEP : mh0 =90 GeV

ì

-1.0 - 0.5 0.0 0.5 1.0

10

20

30

40

50

sinH Β-ΑL
ta

n
Β

Allowed region of the Scenario-2 at 1σ for Type-X and Y.
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LEP bound is rather weak.

The results are similar to that of Scenario-1 since αs2 + π/2 = αs1.

sin(β − α) = 0.4 of Type-Y is excluded by LEP bound.
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Diphoton signals from light Higgs boson is negligible for all 4 type of

models.

Table: The best-fit points and the corresponding couplings of the light CP-even

Higgs boson with mass mh = 90 GeV in Scenario-2.

Type I-2 II-2 X-2 Y-2

RggF
γγ 0.15 4.5× 10−3 4.0× 10−3 9.0× 10−4

RVBF
γγ 0.18 1.9× 10−11 1.6× 10−2 3.7× 10−12
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LHC 2014 data

In previous work, we assumed very heavy A0,H± mass and reduced the

number of the free parameters.

With updated 2014 LHC 7+8 TeV data, we perform the general scan for

all 7 2HDM parameters for scenario-2.

There are three stages of cut for simulations:

1. Theoretical bounds, 2. pre-LHC bound, 3. LHC run-1 bound.
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Table: Summary of the LHC Higgs signals at 7 and 8 TeV (2014).

ATLAS CMS

ggF R̃
ggF

γγ = 1.32 ± 0.38 R̃
tt̄h

γγ = 1.3+2.6
−1.7 R̃

ggF+tt̄h

γγ = 1.13+0.37
−0.31

+tt̄h R̃
ggF

WW = 1.01+0.27
−0.20 R̃

ggF

WW = 0.74+0.22
−0.20

R̃
ggF+tt̄h

ZZ = 1.52+0.85
−0.65 R̃

ggF+tt̄h

ZZ = 0.80+0.46
−0.36

R̃
ggF

ττ = 1.93+1.45
−1.15 R̃

ggF

ττ = 0.93 ± 0.42

R̃
tt̄h

bb̄ = 1.7 ± 1.4 R̃
tt̄h

bb̄ = 0.67+1.35
−1.33

VBF R̃
VBF

γγ = 0.8 ± 0.7 ,

+Vh R̃
WH

γγ = 1.0 ± 1.6, R̃
ZH

γγ = 0.1+3.7
−0.1 R̃

VBF+Vh

γγ = 1.15+0.63
−0.58

R̃
VBF

WW = 1.28+0.53
−0.45 R̃

VBF

WW = 0.60+0.57
−0.46, R̃

Vh

WW = 0.39+1.97
−1.87

R̃
VBF+Vh

ZZ = 0.90+4.5
−2.0 R̃

VBF+Vh

ZZ = 1.7+2.2
−2.1

R̃
VBF+Vh

ττ = 1.24+0.58
−0.54 R̃

VBF

ττ = 0.94 ± 0.41,

R̃
Vh

bb̄ = 0.51+0.40
−0.37 R̃

VBF

bb̄ = 0.7 ± 1.4, R̃
Vh

bb̄ = 1.0 ± 0.5
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Summary

We study 2HDM with LHC 7+8 TeV results.

4 types of 2HDM with CP+Z2 can explain LHC data as good as SM.

But only small regions of parameters are allowed.

Improved scan for 2HDM can give some hints of BSM.
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