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Introduction: (Haber, Djouadi,Tanaka)

After many years of investigations, a new boson was
discovered on 4th July 2012 by ATLAS and CMS at
CERN. [ATLAS PLB716’12 ; CMS PLB716’12]

Both ATLAS and CMS reported a clear excess in the two
photon channel and in the ZZ∗ channel.
The discovery is also confirmed, with less significance,
in WW ∗ channel and also by Tevatron results.

Since it decay to 2 photons, a boson with spin-1 is
excluded, it is either spin-0 or spin-2.

From 4-lepton and diphoton channels, both ATLAS and
CMS updated their studies on spin and parity and a
CP-even spin-0 state JP = 0+ seems to be preferred.
CP-odd 0− excluded with 96% ; 2+ excluded with 91%
ATLAS-CONF-2012-169 ; CMS-PAS-HIG-12-041
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From experiments
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The signal strength is consistent with the SM
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h → γγ: ATLAS updates

At ATLAS, h → γγ with 7 and 8 TeV: a local significance
of 6.1 standard deviations with mH = 126.5 GeV
[ATLAS-CONF-2012-170 (combined) and ATLAS-CONF-2012-168 (H → γγ)]

CMS finds less, a local significance of 4.1 standard
deviations with mH ≈ 125 GeV. [hep-ex/1207.7235]

The best-fit signal strength for a SM Higgs boson mass
hypothesis of ≈ 126 GeV is

σ

σSM
= 1.8 ± 0.5 (ATLAS)

CMS limit on h → γZ ; [CMS-HIG-12-049]

σ

σSM
< 10 − 28

HPNP Toyama 12-16-2013 – p.5/35



Motivations for Higgs Triplet (E.J. Chun)

Neutrino masses: Type I , II , III seesaw models; Hybrid
seesaw (I+III) ; Left-Right symmetric models (I+II)
[Minkowski’77, Mohapatra, Senjanović’79,Yanagida’79, Glashow’79, Gell-Mann,

Ramond, Slansky’79]; [Magg, Wetterich’80,Lazarides, Shafi, Wetterich ’81,

Mohapatra];[Foot, Lew, He, Joshi’89]; [Ma’98,B. Bajc and G. Senjanović’06, Fileviez

Pérez’07]; [Mohapatra, Pati’75, Senjanović, Mohapatra’75]

Real triplet Y = 0 Could be a candidate for dark matter
M. Cirelli, N. Fornengo and A. Strumia, NPB 753(2006); M. Cirelli et al NPB

787(2007) ; F. Perez, Pavel et al. Phys.Rev. D79 (2009)
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Motivations:

LYukawa ⊃ −YνL
TC ⊗ iσ2∆L + h.c. ⇒ mν = Yνv∆

V (∆, H) = M2
∆Tr(∆†∆) + µ(HT iτ2∆

†H) ,

seesaw relation : mν = Yνµv2
d/M

2
∆
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Motivations:

LYukawa ⊃ −YνL
TC ⊗ iσ2∆L + h.c. ⇒ mν = Yνv∆

V (∆, H) = M2
∆Tr(∆†∆) + µ(HT iτ2∆

†H) ,

seesaw relation : mν = Yνµv2
d/M

2
∆

If mν ≈ 1 eV with Yν ≈ 1, then M∆ ≈ µ ≈ 1014−15 GeV
not testable at the LHC
If mν ≈ 1 eV and M∆ ≈ 1 TeV , Yνµ ≈ 10−8 GeV

small µ can be viewed as soft breaking term of lepton
number
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Higgs Triplet Model HTM
It consists of standard Higgs weak doublet H and a scalar
field ∆ transforming as a triplet under SU(2)L with Y∆ = 2
H ∼ (1, 2, 1) and ∆ ∼ (1, 3, 2) under SU(3)c × SU(2)L × U(1)Y

∆ =

(

δ+/
√

2 δ++

δ0 −δ+/
√

2

)

and H =

(

φ+

φ0

)

L = (DµH)†(DµH) + Tr(Dµ∆)†(Dµ∆) − V (H,∆) + LYukawa
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Higgs Triplet Model HTM
It consists of standard Higgs weak doublet H and a scalar
field ∆ transforming as a triplet under SU(2)L with Y∆ = 2
H ∼ (1, 2, 1) and ∆ ∼ (1, 3, 2) under SU(3)c × SU(2)L × U(1)Y

∆ =

(

δ+/
√

2 δ++

δ0 −δ+/
√

2

)

and H =

(

φ+

φ0

)

L = (DµH)†(DµH) + Tr(Dµ∆)†(Dµ∆) − V (H,∆) + LYukawa

The most general renormalizable potential is:

V = M 2
∆Tr∆†∆ − m2

HH†H +
λ

4
(H†H)2 + λ1(H

†H)Tr(∆†∆)

+λ2(Tr∆†∆)2 + λ3Tr(∆†∆)2 + λ4H
†∆∆†H + µHT iτ2∆

†H + h.c

The inclusion of the µ term eliminates the Majoron.
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Electroweak symmetry breaking

∆ =

(

0 0

v∆ 0

)

and H =

(

0

vd

)

one finds after minimization of the potential:

M2
∆ =

2µv2
d −

√
2(λ1 + λ4)v

2
dv∆ − 2

√
2(λ2 + λ3)v

3
∆

2
√

2v∆

m2
H =

λv2
d

4
−
√

2µv∆ +
(λ1 + λ4)

2
v2
∆

After EWSB: 2 CP-even, h, H, one CP-odd A,
a pair of H± and a pair of doubly charged Higgs H±±

10-3 independents parameters: 5 masses, µ and v∆

or λ , λ1,2,3,4, µ and v∆
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Doublet-Triplet mixing

H±± is a pure triplet

H± and A are dominated by the triplet δ fields,
the mixing is small: v∆/v ≤ 0.03

h and H are mixtures of doublet φ and triplet δ fields,

tan 2α =
2M2

12

M2
11 −M2

22

≈ v∆/v

maximal mixing is possible for M2
11 = M2

22

(when h and H are close to degenerate)
[A. Akeroyd and C.W.Chiang PRD’10]
[P. Dey, A.Kundu and B.Mukhopadhyaya, J.Phys’09]
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Constraint from EWPO on triplet vev
M2

Z =
(g2 + g′

2
)(v2

d + 4v2
∆)

4
=

g2(v2
d + 4v2

∆)

4 cos2 θW

M2
W =

g2(v2
d + 2v2

∆)

4

hence the modified form of the ρ parameter:

ρ0 =
M2

W

c2
W M2

Z

=
v2
d + 2v2

∆

v2
d + 4v2

∆

≃ 1 − 2
v2
∆

v2
d

≈ 1 + δρ

At the 2 σ level, ρ0 = 1.0004+0.0029
−0.0011 (or ρ0 = 1.0008+0.0017

−0.0010), one

gets an upper bound on v∆ ≤ 2.5–4.6 GeV.

• 1-loop analysis is done: [S. Kanemura, K.Yagyu

PRD85’2012] Similar conclusions
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Spectrum and constraints on µ
Absence of tachyonic modes:

m2
A =

µ(v2
d + 4v2

∆)√
2v∆

⇒ µ > 0

m2
H±± =

√
2µv2

d − λ4v
2
dv∆ − 2λ3v

3
∆

2v∆
⇒ µ >

λ4v∆√
2

+
√

2
λ3v

3
∆

v2
d

m2
H± =

(v2
d + 2v2

∆)[2
√

2µ − λ4v∆]

4v∆
⇒ µ >

λ4v∆

2
√

2

HPNP Toyama 12-16-2013 – p.12/35



Spectrum and constraints on µ
Absence of tachyonic modes:

m2
A =

µ(v2
d + 4v2

∆)√
2v∆

⇒ µ > 0

m2
H±± =

√
2µv2

d − λ4v
2
dv∆ − 2λ3v

3
∆

2v∆
⇒ µ >

λ4v∆√
2

+
√

2
λ3v

3
∆

v2
d

m2
H± =

(v2
d + 2v2

∆)[2
√

2µ − λ4v∆]

4v∆
⇒ µ >

λ4v∆

2
√

2

From the CP-even sector, it is more involving:

(λ2
14−λλ23)

2
√

2

λ

v3
∆

v2
d

+O(v4
∆) < µ <

λ

4
√

2

v2
d

v∆
+
√

2λ14v∆+O(v2
∆).

with λij = λi + λj
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Boundedness From Bellow (BFB)
Stability of the vacuum (V > Vmin) requires that the potential
should be BFB. At large field values: V ≈ V (4)(H,∆)

V (4)(H,∆) =
λ

4
(H†H)2 + λ1(H

†H)Tr(∆†∆) + λ2(Tr∆†∆)2

+λ3Tr(∆†∆)2 + λ4H
†∆∆†H

If we pick up neutral directions:

V
(4)
0 =

λ

4
|φ0|4 + (λ2 + λ3)|δ0|4 + (λ1 + λ4)|φ0|2|δ0|2 =

[

√
λ

2
|φ0|2 −

√

λ2 + λ3|δ0|2]2 + (λ14 +
√

λ(λ2 + λ3))|φ0|2|δ0|2

λ > 0 & λ2 + λ3 > 0 & λ1 + λ4 +
√

λ(λ2 + λ3) > 0

What about the other 10 directions: (φ0 , δ++), (φ0 ,δ+),
(φ0 , φ+), (δ+ , φ+) ...
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BFB: General proof

r ≡
√

H†H + Tr∆†∆ > 0

H†H ≡ r2 cos2 γ

Tr(∆†∆) ≡ r2 sin2 γ ; −π

2
< γ < +

π

2

Tr(∆†∆)2/(Tr∆†∆)2 ≡ ζ ∈ [
1

2
, 1]

(H†∆∆†H)/(H†HTr∆†∆) ≡ ξ ∈ [0, 1]

V
(4)
0 =

r4 cos4 γ

4
(λ + 4(λ1 + ξλ4) tan2 γ + 4(λ2 + ζλ3) tan4 γ)

V (χ) = a|φ0|4 + b|φ0|2|δ0|2 + c|δ0|4 , χ = |φ0|/|δ0|

= a + bχ2 + cχ4 = (
√

a −
√

cχ2)2 + (b + 2
√

ac)χ2 ⇒ a > 0 & c > 0 & b + 2
√

ac > 0

λ > 0 & λ2+ζλ3 > 0 & λ1+ξλ4+
√

λ(λ2 + ζλ3) > 0 ∀ζ ∈ [
1

2
, 1], ξ ∈ [0, 1]
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BFB: General proof

λ > 0 & λ2 + ζλ3 > 0 & λ1 + ξλ4 +
√

λ(λ2 + ζλ3) > 0

∀ζ ∈ [
1

2
, 1],∀ξ ∈ [0, 1]

which gives

λ > 0 & λ2 + λ3 > 0 & λ2 +
λ3

2
> 0

& λ1 +
√

λ(λ2 + λ3) > 0 & λ1 +

√

λ(λ2 +
λ3

2
) > 0

& λ1 + λ4 +
√

λ(λ2 + λ3) > 0 & λ1 + λ4 +

√

λ(λ2 +
λ3

2
) > 0
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Perturbative unitarity
In the HTM: the scattering amplitude is 35 × 35 matrix which
can be cast to 7 sub-matrix:

S1(6 × 6), S2(7 × 7), S3(2 × 2), (0-charge channels):
δ0δ0, φ+φ−, δ++δ−−

S(4)(10 × 10): (1-charge channels) : δ0φ+

S(5)(7 × 7): (2-charge channels) : φ+φ+

S(6)(2 × 2): (3-charge channels): δ++φ+

S(7)(1 × 1): (4-charge channels): δ++δ++
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Unitarity

|λ1 + λ4| ≤ κπ ; |λ1| ≤ κπ ; |2λ1 + 3λ4| ≤ 2κπ

|λ| ≤ 2κπ ; |λ2| ≤
κ

2
π ; |λ2 + λ3| ≤

κ

2
π

|2λ1 − λ4| ≤ 2κπ ; |2λ2 − λ3| ≤ κπ

|λ + 4λ2 + 8λ3 ±
√

(λ − 4λ2 − 8λ3)2 + 16λ2
4 | ≤ 4κπ

|3λ + 16λ2 + 12λ3 ±
√

(3λ − 16λ2 − 12λ3)2 + 24(2λ1 + λ4)2 |
≤ 4κπ

κ = 16 or 8, depending on : |a0| < 1 or |ℜa0| < 1
2
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MH±± > mH± > mA , mA > mH± > mH±±

µ (GeV) µ (GeV)

m
h
0
,H

0
,A

0
,H

±
,H

±
±

(G
eV

)

Higgs boson masses as a function of µ with v∆ = 1 GeV, λ = 8π/3, λ1 = 0.5,

λ2 = λ3 = 0.1, λ4 = −1 (left) and λ4 = 10 (right)

m2
H± − m2

H±± ≈ m2
H0 − m2

H± ≈ λ4 v2
d/4
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mixing pattern: h or H SM-like
h = cos αℜ(φ0) + sin αℜ(δ0) ≈ ℜ(φ0): SM-like for sin α → 0

H = − sin αℜ(φ0) + cos αℜ(δ0) ≈ ℜ(δ0): triplet for sin α → 0

µ
(G

eV
)

mh0 (GeV)

v∆ = 1 GeV

Correlation between µ and mh0 , with 0.44 ≤ λ ≤ 16π/3 10−1 ≤ sα ≤ 1,

10−2 ≤ sα ≤ 10−1, 10−3 ≤ sα ≤ 10−2 λ1 = −λ4 = 1, λ2 = λ3 = 0
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h → γγ

h → γγ is loop-induced process: new physics can easily
affect it.

In the SM, h → γγ is dominated by W loops

H±± and H± loops can interfere constructively or
destructively with W loops

H

γ

γ

H±, H±±

H∓, H∓∓

H±, H±±

H

γ

γ

H±, H±±

H∓, H∓∓
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h → γγ amplitude

Γ(h0 → γγ) =
GF α2M3

h

128
√

2π3

∣

∣

∣

∣

∑

f

NcQ
2
fghffA1/2(τf ) + ghWW A1(τW )

−MW

g
(
ghH± H∓

m2
H±

A0(τH±) + 4
ghH±±H∓∓

m2
H±±

A0(τH±±))

∣

∣

∣

∣

2

with

gh0H++H−− = −2(λ2v∆sα + λ1vdcα) ≈ −λ1vd + ...

gh0H+H− = −1

2
(2λ1 + λ4)vd + ...
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What sign of λ1 is prefered by constraints?

λ3 = 2λ2 , λ2 ∈ [−8π, 8π]

It is possible to have both hH±±H∓∓ ≈ −λ1vd and
hH±H∓ ≈ −(2λ1 + λ4)vd > 0 and then H±± and H±

contribute constructively with W loops.
A. Akeroyd, S. Moretti, Phys.Rev. D86’12
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ATLAS and CMS limits on H±±

This bound can be avoided if H±± → W±W±∗ or H±± →
H±W± dominates
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Rγγ results
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Rγγ constraint

λ3 = 2λ2 ; λ2 ∈ [−8π, 8π] ; µ = vt = 1GeV ; mh = 125 − 126
GeV

ATLAS: Rγγ = 1.8 ± 0.5
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h → γγ vs h → Zγ in the inert Model (Krawczyk)

Rγγ = Br(h→γγ)IDM

Br(h→γγ)SM , RZγ = Br(h→Zγ)IDM

Br(h→Zγ)SM

hH+H− = −2mW sW

e λ3 = −4mW sW

ev2 (m2
H± − µ2

2)

R
γγ

mH– (GeV)

 0.6
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 1.6

 50  100 150 200 250 300 350 400 450 500

R
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λ3

 0.6
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h → γγ vs h → Zγ in the inert Model
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h → γγ vs h → Zγ in the 2HDM-II in the decoupling limit
(A. A; W. Hollik, S. Penaranda, PLB’2003)
In the decoupling limit:

m2
H± = M2

12 − (λ4 + λ5)(v
2
1 + v2

2),→ M2
12 (for M12 → ∞)

m2
A = M2

12 − λ5(v
2
1 + v2

2),→ M2
12 , m2

H → M2
12

m2
h → λ(v2

1 + v2
2) , M2

12 = m2
12/sβcβ

If M2
12 → ∞, tan 2(α − β) → 0: sin(α − β) → 1, cos(α − β) → 0

In this case: α → β − π/2,

h0V V/(hSMV V ) = sin(β − α) → 1

h0bb̄/hSM bb̄ = − sinα

cos β
→ 1 , (h0t̄t)/hSM tt̄ =

cos α

sin β
→ 1

g[h0H+H−] = − g

2MW
{M2

h0 + 2(M2
H± − M2

12)}
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h0 → γγ: RV γ = |Γ(h→V γ)2HDM−Γ(h→V γ)SM

Γ(h→V γ)SM | , V = γ , Z
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h → γγ vs h → Zγ in the 2HDM-I

h0 → V γ: RV γ = |Γ(h→V γ)2HDM−Γ(h→V γ)SM

Γ(h→V γ)SM |
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h → γZ: RγZ = |Γ(h→γZ)2HDM

Γ(h→γZ)SM |
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h → bb̄: ∆bb = |Γ(h→bb)2HDM−Γ(h→bb)SM

Γ(h→bb)SM |
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Summary

Higgs Triplet Model (HTM) is consistent with 125 GeV
higgs, it can fit the data even much better than SM

We derive the full set of tree level perturbative unitarity
and boundedness from below constraints for HTM

Unitarity on the SM Higgs is ≤ 700 GeV, while the other
states H±, H0, H±± is very large (≈ 90 TeV)

h → γγ is very sensitive charged particles and can be
used to set limits on the parameter space of the model.

h → γγ and h → Zγ can be correlated or anti-correlated
both in HTM and IDM
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