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Discovery of (a/the) Higgs Boson at the LHC
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Best-fit value for mh:

125.5± 0.2(stat)+0.5
−0.6(syst) GeV (ATLAS)

125.7± 0.2(stat)± 0.3(syst) GeV (CMS)

What does it mean for the fate of the SM?



Theoretical Bounds on SM Higgs

Veff(Φ) = −m2
Φ(Φ†Φ) + λ

2 (Φ†Φ)2.

Require λ > 0 (stability bound) and finite (perturbativity bound).

at the TeV scale, the Higgs boson mass is allowed to be in the range

50 GeV <∼ MH <∼ 800 GeV (1.181)

while, requiring the SM to be valid up to the Grand Unification scale, ΛGUT ∼ 1016 GeV,

the Higgs boson mass should lie in the range

130 GeV <∼ MH <∼ 180 GeV (1.182)

Figure 1.19: The triviality (upper) bound and the vacuum stability (lower) bound on the
Higgs boson mass as a function of the New Physics or cut–off scale Λ for a top quark mass
mt = 175 ± 6 GeV and αs(MZ) = 0.118 ± 0.002; the allowed region lies between the bands
and the colored/shaded bands illustrate the impact of various uncertainties. From Ref. [136].

1.4.3 The fine–tuning constraint

Finally, a last theoretical constraint comes from the fine–tuning problem originating from

the radiative corrections to the Higgs boson mass. The Feynman diagrams contributing to

the one–loop radiative corrections are depicted in Fig. 1.20 and involve Higgs boson, massive

gauge boson and fermion loops.

69

[Hambye, Riesselmann ’96]

NNLO calculation for stability bound: [Degrassi et al. ’12]

Mh (GeV) > 129.4 + 1.4
(

Mt (GeV)−173.1
0.7

)
− 0.5

(
αs(MZ )−0.1184

0.0007

)
± 1.0th.



RG running of SM Higgs Quartic Coupling
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Need to introduce new physics below 109 − 1010 GeV to make the
electroweak vacuum stable.

Not yet universally accepted (due to various theoretical/experimental
uncertainties).



Neutrino Mass

A conclusive evidence for beyond SM physics.
Neutrino oscillation data require at least two nonzero neutrino
masses.
Neutrinos massless in the SM because of no RH neutrino (no
Dirac mass) and a global B − L symmetry (no Majorana mass).
Add νR: for Dirac mass term yνLΦνR alone, require yν <∼ 10−12.

A more natural way is to break B − L by extra fields.
Can be parametrized within the SM by Weinberg’s dimension-5
operator.
Tree-level realization: seesaw mechanism.
Can the same physics make the elctroweak vacuum stable up to
the Planck scale?
Could be directly probed if the seesaw scale is O(TeV).
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The Type-II Seesaw Model
[Magg, Wetterich ’80; Cheng, Li ’80; Lazarides, Shafi, Wetterich ’80; Schechter, Valle ’80; Mohapatra, Senjanovic ’81]

Add a scalar field ∆(1,3,2) under SU(3)c × SU(2)L × U(1)Y .

∆ =
σi
√

2
∆i =

(
δ+/
√

2 δ++

δ0 −δ+/
√

2

)
,

with ∆1 = (δ++ + δ0)/
√

2, ∆2 = i(δ++ − δ0)/
√

2, ∆3 = δ+.

The relevant Lagrangian is

L = LSM
kinetic + LSM

Y − V(Φ,∆)

+Tr
[
(Dµ∆)† (Dµ∆)

]
−
[

1√
2

(Y∆)ij LT
i Ciσ2∆Lj + H.c.

]

V(Φ,∆) = −m2
Φ(Φ†Φ) +

λ

2
(Φ†Φ)2 + M2

∆Tr(∆†∆) +
λ1

2
[
Tr(∆†∆)

]2

+
λ2

2

{[
Tr(∆†∆)

]2 − Tr
[
(∆†∆)2]}+ λ4(Φ†Φ)Tr(∆†∆)

+λ5Φ†[∆†,∆]Φ +

(
Λ6√

2
ΦTiσ2∆†Φ + H.c.

)
.
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Neutrino Masses and Mixing

〈φ0〉 = v/
√

2 and 〈δ0〉 = v∆/
√

2.
Majorana mass matrix for the neutrinos: (Mν)ij = v∆(Y∆)ij .
ρ-parameter constraint requires v∆/v < 0.02.
EWSB conditions:

m2
Φ =

1
2
λv2 − Λ6v∆ +

λ4 − λ5

2
v2

∆,

M2
∆ =

1
2

Λ6v2

v∆
− 1

2
(λ4 − λ5)v2 − 1

2
λ1v2

∆.

For M∆ � v , we get a seesaw-like neutrino mass matrix:

Mν '
λ6v2

2M∆
Y∆

with the dimensionless parameter λ6 ≡ Λ6/M∆.



Yukawa Coupling
Fix the Yukawa structure from neutrino oscillation data:

Y∆ =
Mν

v∆
=

1
v∆

UTMdiag
ν U

where Mdiag
ν = diag(m1,m2,m3) and U is the PMNS mixing matrix:

U =




c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13




×diag(eiα1/2,eiα2/2,1)

For illustration, take normal hierarchy with m1 = 0.

Y∆ =
10−2 eV

v∆
×




0.31− 0.12i −0.09 + 0.32i −0.72 + 0.37i
−0.09 + 0.32i 2.53 + 0.04i 2.19 + 0.01i
−0.72 + 0.37i 2.19 + 0.01i 3.07− 0.03i




Note: v∆ cannot be arbitrarily small due to perturbativity!
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Scalar Masses

Φ =

(
φ+

1√
2

(v + φ+ iχ)

)
, ∆ =

(
δ+
√

2
δ++

1√
2

(v∆ + δ + iη) − δ+
√

2

)

Upon minimization of V(Φ,∆) gives physical mass eigenstates H±±,H±, h,H0,A0 and
massless Goldstone bosons G±,G0 (eaten up to give masses to W±,Z ).

m2
H±± = M2

∆ +
1
2

(λ4 + λ5)v2 +
1
2

(λ1 + λ2)v2
∆,

m2
H± =

(
M2

∆ +
1
2
λ4v2 +

1
2
λ1v2

∆

)(
1 +

2v2
∆

v2

)
,

m2
A0 =

(
M2

∆ +
1
2

(λ4 − λ5)v2 +
1
2
λ1v2

∆

)(
1 +

4v2
∆

v2

)
,

m2
h =

1
2

(
A + C −

√
(A− C)2 + 4B2

)
,

m2
H0 =

1
2

(
A + C +

√
(A− C)2 + 4B2

)
,

with A = λv2, B = −2v∆

v

(
M2

∆ +
1
2
λ1v2

∆

)
, C = M2

∆ +
1
2

(λ4 − λ5)v2 +
3
2
λ1v2

∆.

Note that among the two CP-even neutral Higgs bosons, mH0 > mh always.
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Scalar Mixing
(

G±
H±

)
=

(
cosβ′ sinβ′
− sinβ′ cosβ′

)(
φ±

δ±

)
,(

h
H0

)
=

(
cosα sinα
− sinα cosα

)(
φ
δ

)
,(

G0

A0

)
=

(
cosβ sinβ
− sinβ cosβ

)(
χ
η

)
,

where the mixing angles are given by

tanβ′ =

√
2v∆

v
,

tanβ =
2v∆

v
≡
√

2 tanβ′,

tan 2α =
2B

A− C
=

4v∆

v

M2
∆ + 1

2λ1v2
∆

M2
∆ + 1

2 (λ4 − λ5 − 2λ)v2 + 3
2λ1v2

∆

In the limit v∆ � v ,
h is dominantly SU(2)L doublet (unless h and H0 are mass-degenerate), with m2

h = λv2

(as in the SM) independent of M∆.
Other scalars are dominantly triplet, with M∆-dependent mass.
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Stability and Unitarity Conditions
[Arhrib, Benbrik, Chabab, Moultaka, Rahili ’11]

Electroweak Vacuum Stability:

λ ≥ 0, λ1 ≥ 0, 2λ1 + λ2 ≥ 0,

λ4 + λ5 +
√
λλ1 ≥ 0, λ4 + λ5 +

√
λ

(
λ1 +

λ2

2

)
≥ 0,

λ4 − λ5 +
√
λλ1 ≥ 0, λ4 − λ5 +

√
λ

(
λ1 +

λ2

2

)
≥ 0.

Unitarity:

λ ≤ 8
3
π, λ1 − λ2 ≤ 8π, 4λ1 + λ2 ≤ 8π, 2λ1 + 3λ2 ≤ 16π,

|λ5| ≤
1
2

min
[√

(λ± 8π)(λ1 − λ2 ± 8π)
]
,

|λ4| ≤
1√
2

√(
λ− 8

3
π

)
(4λ1 + λ2 − 8π).
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RG Equations for µ < M∆

For µ < M∆, Veff(Φ) = −m2
Φ(Φ†Φ) + 1

2 (λ− λ2
6)(Φ†Φ)2 with λ2

6 � λ.

RGEs same as in the SM. At two-loop, for scalar quartic coupling:

dλ
d lnµ

=
β

(1)
λ

16π2 +
β

(2)
λ

(16π2)2 ,

with the β-functions [Machacek, Vaughn ’83-85; Ford, Jack, Jones ’92; Arason et al ’92; Luo, Xiao ’03]

β
(1)
λ = 12λ2 −

(
9
5

g2
1 + 9g2

2

)
λ+

9
4

(
3

25
g4

1 +
2
5

g2
1g2

2 + g4
2

)
+ 12y2

t λ− 12y4
t ,

β
(2)
λ = −78λ3 + 18

(
3
5

g2
1 + 3g2

2

)
λ2 −

(
73
8

g4
2 −

117
20

g2
1g2

2 −
1887
200

g4
1

)
λ− 3λy4

t

+
305
8

g6
2 −

289
40

g2
1g4

2 −
1677
200

g4
1g2

2 −
3411
1000

g6
1 − 64g2

3y4
t −

16
5

g2
1y4

t −
9
2

g4
2y2

t

+10λ
(

17
20

g2
1 +

9
4

g2
2 + 8g2

3

)
y2

t −
3
5

g2
1

(
57
10

g2
1 − 21g2

2

)
y2

t − 72λ2y2
t + 60y6

t .

Use matching condition: λ(µ) =
M2

h
v2 [1 + ∆h(µ)] to determine the

boundary condition.



RG Equations for µ < M∆

For the top Yukawa coupling,

dyt

d lnµ
=

(
β

(1)
t

16π2 +
β

(2)
t

(16π2)2

)
yt ,

where [Machacek, Vaughn ’83-85]

β
(1)
t =

9
2

y2
t −

(
17
20

g2
1 +

9
4

g2
2 + 8g2

3

)
,

β
(2)
t = −12y4

t +

(
393
80

g2
1 +

225
16

g2
2 + 36g2

3

)
y2

t +
1187
600

g4
1 −

9
20

g2
1g2

2 +
19
15

g2
1g2

3

−23
4

g4
2 + 9g2

2g2
3 − 108g4

3 +
3
2
λ2 − 6λy2

t .

Use matching condition: yt (µ) =
√

2Mt
v [1 + ∆t (µ)] to determine the

boundary condition.



RG Equations for µ < M∆

For the SM gauge couplings,

dgi

d lnµ
= − g3

i
16π2 bi −

g3
i

(16π2)2

3∑

j=1

bijg2
j −

g3
i y2

t

(16π2)2 ai ,

where for i = 1, 2, 3, the β-function coefficients are given by [Machacek, Vaughn ’83-85; Arason et al

’92]

b1 = −2
3

NF −
1

10
, b2 =

22
3
− 2

3
NF −

1
6
, b3 = 11− 2

3
NF ,

bij =

 0 0 0
0 136

3 0
0 0 102

− NF

2

 19
15

1
5

11
30

3
5

49
3

3
2

44
15 4 76

3

−
 9

50
3
10 0

9
10

13
6 0

0 0 0

 ,

and ai =
(

17
10 ,

3
2 , 2
)

. NF is the effective number of flavors below the renormalization scale
µ.

Boundary conditions chosen as the MS values at the Z -pole:
(α1, α2, α3)(MZ ) = (0.01681,0.03354,0.1184).



RG Equations for µ ≥ M∆

RGE for yt remains unchanged since the coupling ht t̄ is almost the
same as in the SM.

β-functions for electroweak gauge coupling RGEs different:

bSM
i =

(
−41

10
,

19
6
,7
)
→ btype−II

i =

(
−47

10
,

5
2
,7
)
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RG Equations for µ ≥ M∆

For scalar quartic coupling, β(1)
λ → β

(1)
λ + 6λ2

4 + 4λ2
5.

RGEs for new scalar couplings [Schmidt ’07; Chao, Zhang ’07]

16π2 dλ1

d lnµ
= −

(
36
5

g2
1 + 24g2

2

)
λ1 +

108
25

g4
1 + 18g4

2 +
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g2
1g2
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+14λ2
1 + 4λ1λ2 + 2λ2
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5 + 4Tr [S∆]λ1 − 8Tr
[
S2

∆

]
,

16π2 dλ2

d lnµ
= −

(
36
5

g2
1 + 24g2

2

)
λ2 + 12g4

2 −
144
5

g2
1g2

2

+3λ2
2 + 12λ1λ2 − 8λ2

5 + 4Tr [S∆]λ2 + 8Tr
[
S2

∆

]
,

16π2 dλ4

d lnµ
= −

(
9
2

g2
1 +

33
2

g2
2

)
λ4 +

27
25

g4
1 + 6g4

2

+
(

8λ1 + 2λ2 + 6λ+ 4λ4 + 6y2
t + 2Tr [S∆]

)
λ4 + 8λ2

5 − 4Tr
[
S2

∆

]
,

16π2 dλ5

d lnµ
= −9

2
g2

1λ5 −
33
2

g2
2λ5 −

18
5

g2
1g2

2

+
(

2λ1 − 2λ2 + 2λ+ 8λ4 + 6y2
t + 2Tr [S∆]

)
λ5 + 4Tr

[
S2

∆
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RG Running of the Scalar Quartic Coupling
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Allowed Parameter Space
High Seesaw Scale: M∆ = O(109) GeV
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Allowed Parameter Space
High Seesaw Scale: M∆ = O(109) GeV

-15

-10

-5

 0

 5

 10

 15

 0  2  4  6  8  10

λ 2

λ
1

-10

-8

-6

-4

-2

 0

 2

 4

 6

 8

 10

 0  1  2  3  4  5  6  7  8  9  10

λ 5

λ
4

Low Seesaw Scale: M∆ = O(100) GeV

-15

-10

-5

 0

 5

 10

 15

 0  2  4  6  8  10

λ 2

λ
1

-10

-8

-6

-4

-2

 0

 2

 4

 6

 8

 10

-2  0  2  4  6  8  10

λ 5

λ
4



Experimental Limits

Direct search limits: MH±± > 300 - 400 GeV (LHC).

Assumes dominant `±`± decay mode.

Valid for v∆ < 10−4 GeV (large Yukawa coupling).

For v∆ > 10−4 GeV (small Yukawa), BR to `±`± drops significantly.

Mass limit lowered to about 100 GeV. [Melfo, Nemevsek, Nesti, Senjanovic, Zhang ’11]

LEP limit on MH± > 90 GeV.

Constraints from LFV require v∆MH±± >∼ 150 eV GeV. [Melfo, Nemevsek, Nesti,

Senjanovic, Zhang ’11]

Constraints from S,T ,U parameters require ∆M ≡ |MH±± −MH± | <∼ 40
GeV. [Chun, Lee, Sharma ’12]
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New h→ γγ (and Zγ) Diagrams

Higgs production rates as well as the tree-level decay rates are very
similar to that in the SM.

Additional contributions in loop-induced decay modes.

states.
We turn here to the study of the latter case explaining how these charged

and doubly charged Higgs states of the DTHM could enhance or suppress the
2 photons decay rate. Furthermore, since one or the other of the two CP-even
neutral Higgs bosons h0, H0 present in the DTHM can behave as a purely
SM-like Higgs depending on the regime under consideration (see [20]), we
will refer to the SM-like state generically as H in the following. It should be
kept in mind, however, that when H = h0 all the other DTHM Higgs states
are heavier than H while when H = H0 they are all generically lighter than
H, thereby leading possibly to a di↵erent phenomenological interpretation of
the present experimental exclusion limits for H ! �� channel.

Figure 1: Singly and doubly charged Higgs bosons contributions to
H (h0, H0) ! �� in the DTHM.

The decay H ! �� is mediated at 1-loop level by the virtual exchange
of the SM fermions, the SM gauge bosons and the new charged Higgs states.
Using the general results for spin-1/2, spin-1 and spin-0 contributions, [25]
(see also [41], [42], [43]), one includes readily the extra contributions to the
partial width which takes the following form,

�(H ! ��) =
GF↵

2M3
H

128
p

2⇡3

����
X

f

NcQ
2
f g̃HffA

H
1/2(⌧f ) + g̃HWW AH

1 (⌧W )

+g̃HH± H⌥AH
0 (⌧H±) + 4g̃HH±±H⌥⌥AH

0 (⌧H±±)

����
2

(3.10)

where the first two terms in the squared amplitude are the known SM con-
tributions up to the di↵erence in the couplings of H to up and down quarks
and W± in the DTHM, when H is not purely SM-like. The relevant reduced
couplings (relative to the SM ones) are summarized in Table. 1. In Eq. (3.10)
Nc = 3(1) for quarks (leptons), Qf is the electric charge of the SM fermion f .
The scalar functions AH

1/2 for fermions and AH
1 for gauge bosons are known

7

in addition to those in the SM:



Predictions for h→ γγ and Zγ

Γ(h→ γγ) =
α2GF M3

h

128
√

2π3

∣∣∣∣∑
f

NcQ2
f ghf f̄ A

h
1/2(τf ) + ghW +W−Ah

1(τW )

+g̃hH± H∓Ah
0(τH± ) + 4g̃hH±±H∓∓Ah

0(τH±± )

∣∣∣∣2 .
Γ(h→ Zγ) =

αG2
F M2

W M3
h

64π4

(
1− M2

Z

M2
h

)3 ∣∣∣∣ 1
cW

∑
f

NcQf (2If
3 − 4Qf s

2
W )ghf f̄ A

h
1/2(τ f

h, τ
f
Z )

+cW ghW +W−Ah
1(τW

h , τW
Z )− 2sW gZH±H∓ g̃hH±H∓Ah

0(τH±
h , τH±

Z )

−4sW gZH±±H∓∓ g̃hH±±H∓∓Ah
0(τH±±

h , τH±±
Z )

∣∣∣∣2.
where ghf f̄ =

cosα
cosβ′

, ghW +W− = cosα+ 2 sinα
v∆

v

g̃hH++H−− =
MW

gM2
H±±

ghH++H−− , g̃hH+H− =
MW

gM2
H±

ghH+H−

ghH++H−− ' (λ4 + λ5)v , ghH+H− ' λ4v

gZH+H− = − tan θW , gZH++H−− = 2 cot 2θW .



Predictions for h→ γγ and Zγ
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Upper Limit on the Seesaw Scale
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Upper Limit on the Seesaw Scale
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Conclusion

For a 125 GeV Higgs, the SM vacuum is (most likely) not stable up to the
Planck scale.

This can be cured in a minimal type-II seesaw model for neutrino mass.

There exists a large allowed parameter space, irrespective of the
seesaw scale.

The h→ γγ and Zγ rates could be different from the SM predictions in
this model.

The two rates are correlated for most of the allowed parameter space.

For a given enhancement in the γγ rate, there exists an upper limit on
the seesaw scale.

If more than 10% enhancement persists, the upper limit is about 450
GeV.

Completely within reach of the LHC.


