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If the diphoton excess at 750 GeV hinted by the 2015 data at the LHC is explained in terms of a scalar
resonance participating in the breaking of the electroweak symmetry, this resonance must be accompanied
by other scalar states for perturbative unitarity in vector-boson scattering to be preserved. The simplest
setup consistent with perturbative unitarity and with the data of the diphoton excess is the Georgi-
Machacek model. The custodial singlet of the model is responsible for the diphoton excess; it is mainly
produced in the diphoton fusion channel, and its loop-induced coupling to the photon pairs is enhanced by
the doubly charged scalar with its large (dimensionful) coupling to the custodial singlet.
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I. MOTIVATIONS

Irrespective of whether it will stay or not, the recent
excess in the 2015 LHC data with two photons in the final
state at an invariant mass of about 750 GeV [1] reminds us
that even after the discovery of the Higgs boson we may
still not know all the details of the breaking of the
electroweak (EW) symmetry.
Let us interpret the LHC diphoton excess as a new scalar

resonance.
The simplest (although perhaps least interesting) pos-

sibility is that this resonance takes no part in the breaking of
the EW symmetry. In this case, it is possible to reproduce
the diphoton excess by coupling the resonance—in a
generic fashion—to extra scalar or fermionic degrees of
freedom (see, for instance, Refs. [2] and [3]). If this is the
case, the rationale of such new physics is bound to remain
rather mysterious and we might be justified in thinking that
it would be for the best if the diphoton excess were to
disappear from the new data in 2016.
On the other hand, if this resonance takes part in the EW

symmetry breaking, its existence would tell us something
new about such a mechanism, in particular that it is not
realized by the vacuum expectation value (VEV) of the
Higgs boson alone. Moreover—and more importantly for
the present work—the presence of such a state necessarily
affects the high-energy behavior of the theory: to the extent
that the perturbative unitarity of vector-boson scattering is
to be preserved, such a resonance cannot come by itself or
with arbitrary couplings [4].

Let us classify states after symmetry breaking according
to their properties under custodial SUð2ÞC and take the new
resonance to be a singlet. There are two possibilities. This
custodial singlet either

(i) comes from one or more doublets [this choice leads
to the two-Higgs-doublet model (2HDM) [5] and
related constructions] and its coupling to the gauge
bosons is fixed by gauge invariance to combine with
that of the Higgs boson to cancel the unitarity-
violating growth with the center-of-mass (CM)
energy; or

(ii) its coupling to the gauge bosons does not combine
with that of the Higgs boson to cancel the unitarity
violations, and we must also include a quintuplet of
custodial SUð2ÞC—the only scalar with a contribu-
tion in the high-energy amplitudes of the opposite
sign with respect to that of the Higgs boson and
other singlets [6]—in order for unitarity to be
preserved.

The inclusion of a custodial singlet resonance arbitrary
coupled to the gauge bosons therefore leads naturally to the
Georgi-Machacek (GM) model [7]—the simplest model
that contains a custodial quintuplet and in which symmetry
breaking is achieved by three scalar fields: one doublet
(with hypercharge 1=2) and two triplets (with hypercharges
1 and 0).
If neither of the above is the case, perturbative unitarity

cannot be preserved and the singlet resonance must belong
to a nonperturbative regime. This would imply the exciting
discovery of a new interaction that is strong at the EW
scale. A fit of the diphoton excess in terms of a non-
perturbative resonance is possible and has been already
discussed in the literature (for instance, see Ref. [3]).
In this paper we expand on the reasoning above. We

discuss to what extent a singlet resonance can take part in
the EW symmetry breaking and still belong to a perturba-
tive regime in which reliable computations can be per-
formed. The GM model seems to emerge as the simplest
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model satisfying these requirements that also explains the
diphoton excess at the LHC for a realistic choice of its
parameters.

A. Perturbative unitarity

Perturbative unitarity limits the possible models in which
the leading orders of perturbation theory are expected to be
a reliable guide to physics [6]. If perturbative unitarity is
satisfied, EW interactions are described by a renormalizable
gauge theory and the strength of the interactions among the
particles remain weak at all energies. If this is not the case,
unitarity is recovered by the inclusion of higher-order
terms; these, however, cannot be small and a nonperturba-
tive regime is entered.
The requirement of perturbative unitarity is stated in

terms of partial-wave amplitudes aJðsÞ where the ampli-
tude of vector-boson scattering is

aVVðs; tÞ ¼ 16π
X

ð2J þ 1ÞaJðsÞPJðcos θÞ; ð1Þ

and s and t are the Mandelstam variables. Unitarity requires
that

ja0ðsÞj < 1: ð2Þ

In general, the partial-wave amplitude in vector-boson
scattering is given by

aJðsÞ ¼ A

� ffiffiffi
s

p
mW

�
4

þ B

� ffiffiffi
s

p
mW

�
2

þ C

� ffiffiffi
s

p
mW

�
0

; ð3Þ

with terms growing as the fourth power and the square of
the CM energy, and a constant, respectively. A vanishes by
gauge invariance which implies g4V ¼ g23V . B vanishes in
the standard model (SM) because of the Higgs boson h
contribution and the relationship

m2
Vg4V −

3

4
m2

Vg
2
3V ¼ 1

4
g2hVV ð4Þ

among the couplings (with self-explanatory notation). The
constant terms in C set a limit on the Higgs boson mass in
the SM and on the masses of other states in its extensions.
If there are more singlets—for instance two, H1 and

H0
1—their couplings must satisfy

m2
Vg4V −

3

4
m2

Vg
2
3V ¼ 1

4
ðg2H1VV

þ g2H0
1
VVÞ ð5Þ

in order for the coefficient B in Eq. (3) to vanish. This is
realized in the 2HDM and variations of the same.
The other possibility is to have a negative contribution:

this can only come from a quintuplet (see Refs. [6] and [8])
of custodial SUð2ÞC. In fact, for interactions

gH0
1
v

2
H1TrDμΣ†DμΣ ð6Þ

and

−
gH5

v

2
H5

�
DμΣ†DμΣ −

σaa

6
TrDμΣ†DμΣ

�
ð7Þ

between the longitudinal components of the vector-boson
fields Σ ¼ exp½−i=vP σaπa� and the singlet in Eq. (6) and
quintuplet in Eq. (53), the amplitudes for singlet scalars are
always

aðs; tÞjH0
1
¼ −

g2H1

v2
s2

s −m2
H

ð8Þ

with the same sign as the Higgs boson, while

aðs; tÞjH5
¼ −

g2H5

v2

�
t2

t −m2
H5

þ u2

u −m2
H5

−
2

3

s2

s −m2
H5

�
; ð9Þ

gives a (repulsive) negative contribution.
Considering the limit s ≫ m2

W;mH1
; m0

H1
mH5

—and hav-
ing the Higgs boson contribution already cancel the
contribution from the vector bosons to the coefficient B
in Eq. (3)—an exact cancellation between Eq. (8) and
Eq. (9) requires

5

6
g2H5

¼ g2H0
1
: ð10Þ

As shown below, such a cancellation, and the unitarity
of the theory, are automatically implemented in the
GM model.

II. THE FIRST POSSIBILITY: THE 2HDM

The first possibility considered in the introduction
section is the simplest: perturbative unitarity is maintained
by having the scalar resonance coupling at a special value
fixed by gauge invariance [see Eq. (5)].
This would be the first choice in trying to incorporate the

resonance within a model. Unfortunately, the parameters of
the 2HDMmodel must be pushed to rather unrealistic values
in order to accommodate the diphoton data [9]. These values
are particularly worrisome in the light of the required size of
the Yukawa couplings, the renormalized values of which
bring the theory into a nonperturbative regime [10].
We therefore consider the other case discussed in Sec. I.

III. THE GM MODEL

The GMmodel contains a complex SUð2ÞL doublet field
ϕ (Y ¼ 1), a real triplet field ξ (Y ¼ 0), and a complex
SUð2ÞL triplet field χ (Y ¼ 2). The scalar content of the
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theory can be organized in terms of the SUð2ÞL ⊗ SUð2ÞR
symmetry, and we define the following multiplets:

Φð2;2Þ ≡
�
ϕ0� ϕþ

ϕ− ϕ0

�
; ð11Þ

Δð3;3Þ ≡
0
B@

χ0� ξþ χþþ

χ− ξ0 χþ

χ−− ξ− χ0

1
CA; ð12Þ

whose VEVs are

hΦi ¼ vϕffiffiffi
2

p Î2×2 and hΔi ¼ vΔÎ3×3; ð13Þ

with v2ϕþ8v2Δ¼v2¼1=
ffiffiffi
2

p
GF≃ð246GeVÞ2. The VEVs

of the two triplets must be the same in order to preserve
custodial SUð2ÞC.
The doublet and the two triplet states can be written in

components:

ϕ ¼
�

ϕþ

ðvϕ þ ϕ0
r þ ιϕ0

i Þ=
ffiffiffi
2

p
�
; ð14Þ

ξ ¼

0
B@

ξþ

vΔ þ ξ0

ξ−

1
CA; ð15Þ

χ ¼

0
B@

χþþ

χþ

vΔ þ ðχ0r þ ιχ0i Þ=
ffiffiffi
2

p

1
CA; ð16Þ

with ϕ− ¼ −ðϕþÞ�, ξ− ¼ −ðξþÞ�, χ− ¼ −ðχþÞ�.
The most general potential that conserves SUð2ÞC is

given by

VðΦ;ΔÞ ¼ μ22
2
TrΦ†Φþ μ23

2
TrΔ†Δ

þ λ1½TrΦ†Φ�2 þ λ2TrΦ†ΦTrΔ†Δ

þ λ3TrΔ†ΔΔ†Δþ λ4½TrΔ†Δ�2
− λ5TrðΦ†τaΦτbÞTrðΔ†taΔtbÞ
−M1TrðΦ†τaΦτbÞðUΔU†Þab
−M2TrðΔ†taΔtbÞðUΔU†Þab; ð17Þ

where τ and t are the SUð2Þ generators in the doublet and
triplet representation respectively, and U is a matrix that
rotates Δ into the Cartesian basis.
From the (canonically normalized) kinetic terms

Lkin ¼ jDðϕÞ
μ ϕj2 þ 1

2
jDðξÞ

μ ξj2 þ jDðχÞ
μ χj2; ð18Þ

we can read the interactions with the EW gauge bosons.
Considering the neutral components of the scalar fields in
Eq. (11), a direct computation gives

Lkin ⊃ ðvϕ þ ϕ0
rÞ2

�
g2

4
Wþ

μ W−;μ þ g2 þ g02

8
ZμZμ

�
þ ðvΔ þ ξ0Þ2ðg2Wþ

μ W−;μÞ

þ ð
ffiffiffi
2

p
vΔ þ χ0rÞ2

�
g2

2
Wþ

μ W−;μ þ g2 þ g02

2
ZμZμ

�
:

ð19Þ

The imaginary part of ϕ and χ does not interact with the
EW gauge bosons as a consequence of CP invariance. The
gauge boson masses are given by

m2
W ≡g2

4
ðv2ϕþ8v2ΔÞ; m2

Z≡g2þg02

4
ðv2ϕþ8v2ΔÞ: ð20Þ

Under SUð2ÞC we have the group representations
ð2; 2Þ ∼ 1 ⊕ 3, and ð3; 3Þ ∼ 1 ⊕ 3 ⊕ 5. One of the two
triplets is unphysical, since it represents the Goldstone
bosons eaten by the EW gauge bosons. Accordingly, the
GM model has ten physical degrees of freedom: two
SUð2ÞC singlets H0

1, H
0
1
0 (the Higgs and the additional

scalar resonance), one SUð2ÞC triplet ðHþ
3 ; H

0
3; H

−
3 Þ and

one SUð2ÞC quintuplet ðHþþ
5 ; Hþ

5 ; H
0
5; H

−
5 ; H

−−
5 Þ.

If compared with the setup envisaged in Sec. I, the
spectrum of the GMmodel has one additional scalar triplet.
However, the triplet H3 does not interact with the EW
gauge bosons.
The mass eigenstates in terms of gauge eigenstates are

Hþþ
5 ¼ χþþ;

Hþ
5 ¼ ðχþ − ξþÞ=

ffiffiffi
2

p
;

H0
5 ¼ ð2ξ0 −

ffiffiffi
2

p
χ0rÞ=

ffiffiffi
6

p
;

Hþ
3 ¼ cos θHðχþ þ ξþÞ=

ffiffiffi
2

p
− sin θHϕþ;

H0
3 ¼ ιð− cos θHχ0i þ sin θHϕ0

i Þ;
H0

1 ¼ ϕ0
r ;

H0
1
0 ¼ ð

ffiffiffi
2

p
χ0r þ ξ0Þ=

ffiffiffi
3

p
: ð21Þ

From the Lagrangian in Eq. (19) we find the physical
couplings

Lkin ⊃ cos θH
H0

1

v
ð2m2

WW
þ
μ W−;μ þm2

ZZμZμÞ

þ 2
ffiffiffi
2

pffiffiffi
3

p sin θH
H0

1
0

v
ð2m2

WW
þ
μ W−;μ þm2

ZZμZμÞ

þ 2ffiffiffi
3

p sin θH
H0

5

v
ðm2

WW
þ
μ W−;μ −m2

ZZμZμÞ; ð22Þ
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where the doublet-triplet mixing angle is given by

tan θH ≡ 2
ffiffiffi
2

p vΔ
vϕ

: ð23Þ

As far as the charged interactions are concerned, we find,
in the g0 → 0 limit,

Lkin ⊃ −2 sin θH
mWmZ

v
Hþ

5 W
−
μZμ þ H:c: ð24Þ

From the interactions in Eqs. (22)–(24) we have

g2H0
1
VV ≡ cos2θH and g2H0

1
0 ≡ 8

3
sin2θH ð25Þ

for the singlets, and

g2H5
≡ 2sin2θH; ð26Þ

for the quintuplet. The cancellation of the coefficient B in
the vector-boson scattering amplitude follows from

1 − g2H0
1
VV − g2H0

1
0 þ 5

6
g2H5

¼ 0: ð27Þ

A. Mass spectra and couplings

After EW symmetry breaking, a mixing between the
neutral singlet scalar states H0

1 and H0
1
0 is generated. The

corresponding mass matrix is

M2 ¼
�
M2

11 M2
12

M2
12 M2

22

�
; ð28Þ

with

M2
11 ¼ 8λ1v2ϕ;

M2
12 ¼

ffiffiffi
3

p

2
vϕ½−M1 þ 4ð2λ2 − λ5ÞvΔ�;

M2
22 ¼

M1v2ϕ
4vΔ

− 6M2vΔ þ 8ðλ3 þ 3λ4Þv2Δ: ð29Þ

The mass matrix can be easily diagonalized by introducing
the physical states

h ¼ cαH0
1 − sαH0

1
0; H ¼ sαH0

1 þ cαH0
1
0; ð30Þ

where α is a mixing angle and we used the shorthand
notation cα ≡ cos α, sα ≡ sin α from which
α ¼ �sin−1½ð1 − c2αÞ=2�. The mass eigenvalues are

2m2
h;H ¼ M2

11 þM2
22∓

ffiffiffiffiffiffi
Δ2

p
; ð31Þ

with Δ2 ≡ ðM2
11 −M2

22Þ2 þ 4ðM2
12Þ2. The mixing angle

is defined by

s2α ¼
2M2

12

ðm2
H −m2

hÞ
: ð32Þ

The masses of the custodial triplet and quintuplet are
given by

m2
H3

¼
�
M1

4vΔ
þ λ5

2

�
v2; ð33Þ

m2
H5

¼ M1

4vΔ
v2ϕ þ 12M2vΔ þ 3

2
λ5v2ϕ þ 8λ3v2Δ: ð34Þ

Neglecting loop-induced mass splitting, the mass is degen-
erate within the same custodial multiplet.
As a consequence of the rotation in Eq. (30) and the ratio

of VEVs in Eq. (23) the Higgs couplings with gauge bosons
and fermions are modified with respect to the correspond-
ing SM values. One finds

ghWþW− ¼ −
g2

6
ð8

ffiffiffi
3

p
sαvΔ − 3cαvϕÞ; ð35Þ

ghff̄ ¼ −
ιmf

v
cα

cos θH
; ð36Þ

with ghWþW− ¼ c2WghZZ.

IV. FITTING THE 750 GEV DIPHOTON EXCESS

There exists a number of constraints that the parameters
of the GM model must satisfy in order to reproduce the
observed diphoton excess while, at the same time, not be in
violation of other known observables.
First of all, for the model to be consistent, its parameters

must have the following characteristics.
(i) Satisfy perturbative unitarity. Perturbative unitarity

on the 2 → 2 scalar field scattering amplitudes
provides a set of stringent constraints on the param-
eters of the scalar potential [11,12]:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P2
λ þ 36λ22

q
þ j6λ1 þ 7λ3 þ 11λ4j < 4π; ð37Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q2

λ þ λ25

q
þ j2λ1 − λ3 þ 2λ4j < 4π; ð38Þ

j2λ2 þ λ4j < π; ð39Þ

jλ2 − λ5j < 2π; ð40Þ

with Pλ ≡ 6λ1 − 7λ3 − 11λ4, Qλ ≡ 2λ1 þ λ3 − 2λ4.
As a consequence, we have
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λ2 ∈
�
−
2

3
π;
2

3
π

�
; λ5 ∈

�
−
8

3
π;
8

3
π

�
: ð41Þ

(ii) Have a potential bounded from below. This require-
ment restricts λ1;2;4 in the following intervals [12]:

λ1 > 0; ð42Þ

λ4 >
�
− λ3

3
if λ3 ≥ 0;

−λ3 if λ3 < 0;
ð43Þ

λ2 >

8>>><
>>>:

λ5
2
−2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ1ðλ33 þ λ4Þ

q
if λ5 ≥ 0;λ3 ≥ 0;

ωþðζÞλ5−2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ1ðζλ3þ λ4Þ

p
if λ5 ≥ 0;λ3 < 0;

ω−ðζÞλ5−2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ1ðζλ3þ λ4Þ

p
if λ5 < 0;

ð44Þ
where we refer to Ref. [12] for the exact definition of
ζ and ω�ðζÞ.

In addition, we must verify that, for each choice of
parameters, known experimental constraints are satisfied.
These are as follows.

(i) Modification of the SM Higgs couplings. Higgs
coupling measurements [13] strongly constrained
the allowed values of vΔ and α.

(ii) Electroweak precision tests. The presence of addi-
tional scalar states, charged under the EW symmetry,
generates a nonzero contribution to the S param-
eter [14].

In order to explore the model, we perform a parameter
scan by proceeding as follows:

(1) The lightest state h is the physical Higgs boson, with
mh ¼ 125.09 GeV, while we identify the second
mass eigenstate H with the new resonance at
mH ¼ 750 GeV. Equation (31) can be inverted,
and one can fix two parameters of the scalar
potential. We solve Eq. (31) for λ1 and M1.

(2) The parameters λ2;3;4;5 are randomly generated
within the intervals in Eqs. (41)–(44); for each
quadruplet, we check that the unitarity constraints
are satisfied.

(3) The remaining parameters vΔ and M2 are randomly
generated within the intervals vΔ ∈ ð0; 50Þ GeV,
jM2j ∈ ð1; 104Þ GeV. The VEV vϕ is given by

vϕ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2 − 8v2Δ

p
.

(4) For each sample of values the mass matrix in
Eq. (28)—and hence the mixing angle α—and the
mass eigenstates in Eq. (33) can be computed.

(5) As a final step in our Monte Carlo generation, we
check that the values of vΔ and α are consistent with
the Higgs coupling measurements at the 2-σ level.
Following Ref. [15], we perform a two-parameter χ2

fit of the most recent ATLAS and CMS measure-
ments [13]. We show in Fig. 1 the corresponding
1- and 2-σ confidence level contours in the plane
ðα; vΔÞ.
We also check that the correction to the S

parameter is within 3-σ of the LEP-I and LEP-II
fit of the EW precision observables. In Fig. 3 we
show the constraint from the EW parameter S on the
scan of the parameters vΔ and α of the GM model.

Having set the scope and range of the parameter scan, we
are now in the position to discuss the fit of the diphoton
excess.

FIG. 1. Contours of the production cross section for the scalar resonanceH via VBF (left panel) and ggF (right panel) at
ffiffiffi
s

p ¼ 13 TeV
in the two-dimensional plane ðα; vΔÞ. In both cases the red line marks the production cross sections for a SM Higgs boson with
mh ¼ 750 GeV, which are σðVBF → hÞmh¼750 GeV ≃ 0.1307 pb and σðggF → hÞmh¼750 GeV ≃ 0.736 pb. The orange regions represent
the 1- and 2-σ confidence levels (darker and lighter orange, respectively) allowed by the Higgs coupling measurements at the LHC.
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A. Production cross section

The mixing with the Higgs boson in Eq. (30) and the
presence of a nonzero VEV vΔ automatically allows for H
production via both vector-boson fusion (VBF) and gluon
fusion (ggF). The former is triggered by tree-level H
couplings with the EW gauge bosons, the latter at one
loop by H coupling to SM fermions, with the top quark
providing the most sizable contribution.
The relevant couplings are

gHWþW− ¼ g2

6
ð8

ffiffiffi
3

p
cαvΔ þ 3sαvϕÞ; ð45Þ

gHtt̄ ¼ −
ιmt

v
sα

cos θH
: ð46Þ

The H production cross section can be straightforwardly
obtained by rescaling the production cross section of
a SM Higgs with mh ¼ 750 GeV. At

ffiffiffi
s

p ¼ 13 TeV
we have σðVBF → hÞmh¼750 GeV ≃ 0.1307 pb and
σðggF → hÞmh¼750 GeV ≃ 0.736 pb [16], and the rescaling
is simply given by

σðVBF → HÞ ¼ ðcHV Þ2 × σðVBF → hÞmh¼750 GeV;

σðggF → HÞ ¼ ðcHF Þ2 × σðggF → hÞmh¼750 GeV; ð47Þ

where

cHV ¼ 1

3

�
8

ffiffiffi
3

p
cαvΔ þ 3sαvϕ

v

�
; ð48Þ

cHF ¼ vsαffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2 − 8v2Δ

p : ð49Þ

The rescaled cross sections crucially depend on the
values of vΔ and α. In Fig. 1 we show contours of constant
VBF (left panel, blue lines) and ggF (right panel, green
lines) H production compared with the reference values of
the SM Higgs with mh ¼ 750 GeV (red lines). As is clear
from the plot, in the allowed region of the ðα; vΔÞ plane we
always observe a reduction if compared with the SM case.
In addition to VBF and ggF, we also include—following

Ref. [17]—production via photon fusion (γγF) for inelastic,
partially elastic and elastic collisions.

B. Total decay width and diphoton decay

The diphoton signal strength at
ffiffiffi
s

p ¼ 13 TeV is given
by

μH ¼ ½σðggF → HÞ þ σðVBF → HÞ� × BRðH → γγÞ

þ 10.8 pb

�
ΓH

45 GeV

�
× ½BRðH → γγÞ�2; ð50Þ

where the last line accounts for production via γγF [17].

Given the preliminary status of the experimental analy-
sis, we do not perform any complicated fit. On the contrary,
the purpose of this section is to check whether the GM
model can account for a diphoton signal strength of the
order of a few fb, which is the order of magnitude suggested
by present data. As discussed in Sec. II, a positive answer is
anything but trivial in weakly coupled theories (in particu-
lar without invoking the presence of extra vector-like
fermions with either large multiplicities, electric charge
or Yukawa couplings) and would be a remarkable result if
achieved in the GM model.
In order to evaluate Eq. (50) we need to compute the total

decay width of the singlet, ΓH, and the diphoton
decay width.
At the tree level, H predominantly decays—as far as the

SM final states are concerned—intoWþW−, ZZ, tt̄ and hh.
The corresponding decay widths can be computed by
rescaling those of the SM Higgs boson. We find

ΓðHÞ
VV ¼ Gμm3

HðcHV Þ2δV
16

ffiffiffi
2

p
π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4xV

p
ð1 − 4xV þ 12x2VÞ;

ΓðHÞ
ff̄

¼ GμNCmHm2
fðcHF Þ2

4
ffiffiffi
2

p
π

�
1 −

4m2
f

m2
H

�3=2

;

ΓðHÞ
hh ¼ g2hhH

32πmH

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
h

m2
H

s
; ð51Þ

where δV¼W;Z ¼ 2ð1Þ, xV ¼ m2
V=m

2
H, Gμ ¼ 1=ð ffiffiffi

2
p

vÞ1=2.
The trilinear scalar coupling is [11]

ghhH ¼ 24λ1c2αsαvϕ þ 8
ffiffiffi
3

p
cαs2αvΔðλ3 þ 3λ4Þ

þ 2½
ffiffiffi
3

p
cαvΔð3c2α − 2Þ þ sαvϕð1 − 3c2αÞ�ð2λ2 − λ5Þ

−
ffiffiffi
3

p

2
M1cαð3c2α − 2Þ − 4

ffiffiffi
3

p
M2cαs2α: ð52Þ

The singlet H can also decay into the custodial triplet and
quintuplet if the corresponding channels are kinematically
allowed. If mH > mH5

=2 (mH > mH3
=2), the new decay

channels are ΓðHÞ
Hþ

5
H−

5

, ΓðHÞ
Hþþ

5
H−−

5

, ΓðHÞ
H0

5
H0

5

(ΓðHÞ
Hþ

3
H−

3

, ΓðHÞ
H0

3
H0

3

). The

decay widths can be computed as in Eq. (51), and the
relevant couplings are [11]

gHH0
5
H0

5
¼ 8

ffiffiffi
3

p
ðλ3 þ λ4ÞcαvΔ

þ ð4λ2 þ λ5Þsαvϕ þ 2
ffiffiffi
3

p
M2cα; ð53Þ

with gHH0
5
H0

5
¼ gHHþ

5
H−

5
¼ gHHþþ

5
H−−

5
, and
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gHH0
3
H0

3
¼ 64λ1sα

v2Δvϕ
v2

þ 8v2ϕvΔffiffiffi
3

p
v2

cαðλ3 þ 3λ4Þ

−
2

ffiffiffi
3

p
M2v2ϕ
v2

cα þ
16v3Δcαffiffiffi

3
p

v2
ð6λ2 þ λ5Þ

þ 4vΔM1ffiffiffi
3

p
v2

ðcαvΔ þ
ffiffiffi
3

p
sαvϕÞ þ

sαv3ϕ
v2

ð4λ2 − λ5Þ

þ 8λ5vΔvϕffiffiffi
3

p
v2

ðcαvϕ þ
ffiffiffi
3

p
sαvΔÞ; ð54Þ

with gHH0
3
H0

3
¼ gHHþ

3
H−

3
.

Finally, H can decay into a vector boson plus a custodial
triplet scalar. IfmH > mW þmH3

and mH > mZ þmH3
the

corresponding decay channels are ΓðHÞ
W�H∓

3

and ΓðHÞ
ZH0

3

. We

find

ΓðHÞ
VH3

¼ jgHVH3
j2m2

V

16πmH
λ

�
m2

H

m2
V
;
m2

H3

m2
V

�
λ1=2

�
m2

V

m2
H
;
m2

H3

m2
H

�
; ð55Þ

where the kinematic function λ is λðx; yÞ ¼
ð1 − x − yÞ2 − 4xy. The relevant couplings are

gHZH0
3
¼ i

ffiffiffi
2

p
gffiffiffi

3
p

cW

�
cαvϕ
v

−
ffiffiffi
3

p
vΔsα
v

�
; ð56Þ

gHW�H∓
3
¼ −

ffiffiffi
2

p
gffiffiffi
3

p
� ffiffiffi

3
p

sαvΔ
v

−
calphavϕ

v

�
: ð57Þ

The sum of the tree-level decay widths reconstructs the
total width ΓH.
The loop-induced diphoton decay width for the scalar

singlet H ¼ h, H is therefore

ΓðHÞ
γγ ¼ Gμα

2m3
H

128
ffiffiffi
2

p
π3

����X
f

NCQ2
fgHff̄A

H
1=2ðτfÞ

þ gHWþW−AH
1 ðτWÞ þ

X
s
βsQ2

sA
H
0 ðτsÞ

����2; ð58Þ

where the loop functions are known and can be found, for
instance, in Ref. [18]. The last term in Eq. (58) represents
the contribution of the electrically charged scalar states, and
we have βs ≡ gHHsH�

s
v=2m2

s .
The electrically charged scalars affect the diphoton

decay of both the new scalar resonance H and the Higgs
h [the scalar couplings in Eqs. (53) and (54) for the Higgs
boson can be found in Ref. [11]]. The challenge is to
explain the diphoton signal strength observed by ATLAS
and CMS without introducing a big deviation in the
diphoton Higgs decay.

C. Results: μH and ΓH

In Fig. 2 we show the parameter scan in the plane
ðμH;ΓHÞ. There exists a particular region of the scan
where the model reproduces a signal strength with size
μH ∼Oð1Þ fb. The red points in Fig. 2, where μH is larger,
correspond to the right-hand side of the allowed interval in
−M2 ∈ ð1; 104Þ GeV. In this range of values the scalar
couplings in Eqs. (53)–(54) are large, thus dominating the
loop in ΓH

γγ .
In Fig. 3 we recast the parameter scan in the plane

ðα; vΔÞ. The yellow contours agree with Ref. [19]. We see
that points where μH ∼Oð1Þ fb correspond to a small
and negative mixing angle, α ∼ −3° and triplet VEV
vΔ ≲ 20 GeV. In this region the dominant contribution
to the production cross section is given by γγF. Production
by means of ggF and VBF contributes up to 20%. As a
consequence, the tension between the diphoton excess
observed at

ffiffiffi
s

p ¼ 13 TeV and the absence of such a signal
in the data set at

ffiffiffi
s

p ¼ 8 TeV is alleviated. The production
cross section via ggF—going from

ffiffiffi
s

p ¼ 13 TeV toffiffiffi
s

p ¼ 8 TeV—is reduced by the factor σðggF → HÞ13 TeV=
σðggF → HÞ8 TeV ¼ 4.693 while the production cross sec-
tion via γγF is reduced by a factor of 2. These scaling
factors make the diphoton excess at

ffiffiffi
s

p ¼ 13 TeV con-
sistent with the bound extracted from the

ffiffiffi
s

p ¼ 8 TeV
data set.
In Fig. 4 we recast the parameter scan in the plane

ðmH5
; mH3

Þ. Points where μH ∼Oð1Þ fb correspond to
mH5

∼ 400–600 GeV, mH3
∼ 650–700 GeV. This feature

is expected because for these values the corresponding loop
in the diphoton decay amplitude of H is maximized.

FIG. 2. Result of the parameter scan in terms of the total decay
width ΓH versus the diphoton signal strength μH for the new
scalar resonance at mH ¼ 750 GeV. We mark in red the points
where μH ¼ ½3–6� fb, as suggested by experimental data on the
diphoton excess.
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The explanation of the diphoton excess in the context of
the GM model predicts the presence of additional light
scalar degrees of freedom, including the doubly charged
state Hþþ

5 . Notice that tree-level decays of H into triplet or
quintuplet scalar states are not kinematically allowed at the
red points of the scan. The characteristic phenomenology
[19,20] of these scalar states represents a signature of
the model.
We checked that the model, for the chosen choice of

parameter values, is consistent with other searches for
resonant production of a pair of SM particles which
constrain the tree-level decay modes of H [2].

As it can be seen in Fig. 3, there is a moderate tension
with the EW parameter S for which the fit of the diphoton
excess (the red dots) only agrees at the 3-σ level. This is to
be expected given the presence of the additional charged
new states.
The Higgs scaling factor κγ is defined as the ratio

between the loop-induced h → γγ coupling in the GM
model with respect to that of the SM. At the red points in
Fig. 2, we find 0.8≲ κγ ≲ 1.2. The presence of such a
deviation is consistent with the present experimental
bound [13].
We find that the other two neutral scalars, H0

3 and H0
5

give a negligible contribution to the diphoton cross section.
Concerning the total decay width ΓH, points where μH ∼

Oð1Þ fb correspond to ΓH ∼ 1 GeV. The value of the total
decay width suggested by data represents at the moment the
most controversial aspect of the diphoton excess. Since the
typical diphoton invariant mass resolution at 750 GeV is
estimated to be around 10 GeV, it is natural to expect a large
total decay width, ΓH ≲ 40 GeV. At this stage of the
experimental analysis no conclusive statements can be
made, and the value ΓH ∼ 1 GeV is perfectly consistent
with the data. However, if large values of ΓH are confirmed
by future analysis, an explanation of the diphoton excess in
terms of weakly coupled theories will be disfavored.

D. Perturbative reliability

The result above is qualitatively different with respect to
both the case in which the resonance is not taking part in the
EW symmetry breaking (and one is forced to introduce
additional electrically charged vector-like fermions to boost
both the production cross section and diphoton decay) and
the 2HDM [in which the condition μH ∼Oð1Þ fb requires
unrealistically large Yukawa couplings]. In our scan, all the
dimensionless couplings of the GM model are kept within
the perturbative regime.
This point is better understood in terms of the overall

size of the diphoton decay induced by the loop of scalar
particles. In full generality, we can consider the effective
Lagrangian

Leff ¼
e2

4v
cγγHAμνAμν; ð59Þ

where Aμν is the usual photon field strength. The effective
operator in Eq. (59) induces the diphoton decay

ΓðHÞ
γγ ¼ c2γγe4m3

H

64πv2
: ð60Þ

We can recast, for illustrative purposes, the scalar loop
contribution in Eq. (58) in terms of the Wilson coefficient
cγγ . Approximating for simplicity the scalar loop function
as A0ðτÞ ∼ −1=3, we find

FIG. 4. Result of the parameter scan in terms of the custodial
triplet versus quintuplet masses, mH5;3

.

FIG. 3. Result of the parameter scan in terms of the mixing
angle α versus the triplet VEV vΔ. We superimpose the analyzed
points on the region allowed by Higgs coupling measurements.
The constraint from the EW parameter S on the scan is shown in
green (1-, 2- and 3-σ confidence level regions correspond to
lighter shades).
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cγγðsÞ ¼
�

β2sQ4
s

36ð4πÞ2π2
�
1=2

; s ¼ Hþ
5 ; H

þþ
5 ; Hþ

3 : ð61Þ

In Fig. 5 we show the typical size of these coefficients
in our parameter scan. The typical size is cγγðsÞ ∼ 0.05.
The only exception is cγγðHþþ

5 Þ, which can reach
values cγγðHþþ

5 Þ≲ 0.4 (due to the large electric charge,
Q4

Hþþ
5

¼ 16).

E. Stability of the vacuum

The GM potential (17) as a function of vΔ has two
minima whose depth depends on the choice of the other
parameters. The values necessary to explain the diphoton
excess give rise to a second minimum which is at a value

much larger than the one we used and which is actually
deeper. A complete study of the stability of the vacuum
would be necessary to verify the metastability of the first
(smaller) vacuum against the decay to the deeper one.
We postpone such an analysis to further work after the
existence of the resonance is better established.
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