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We discuss the simplest model that predicts a tree-level modification of the ρ parameter from a shift in
the W-mass without changing the prediction for the Z mass. This model predicts a new neutral Higgs and
two charged Higgses, with very similar masses and suppressed couplings to the Standard Model fermions.
We discuss the decay properties of these new scalar bosons, and the main signatures at the Large Hadron
Collider. Comparing these signatures for the first time to the latest measurements, we show that while
masses around 200 GeVare excluded for some scenarios, over a wide range of model parameter space the
new bosons can have a mass close to the electroweak scale without violating existing limits from
experimental searches or destroying the agreement with measurements. We investigate the scenario where
the new neutral Higgs is fermiophobic and has a large branching ratio intoW gauge bosons and/or photons,
and show that this could lead to a signal in the diphoton mass spectrum at low Higgs masses. We discuss the
different signatures that can motivate new measurements and searches at the Large Hadron Collider.
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I. INTRODUCTION

The discovery [1–3] of the Higgs boson at the Large
Hadron Collider (LHC) was a great step forward for
fundamental science. Now, we know how the electroweak
symmetry is broken in the Standard Model (SM) of particle
physics and how all massive elementary particles (except
for the neutrinos) can acquire their masses, through the
Brout-Englert-Higgs mechanism. The ATLAS and CMS
collaborations at the LHC have measured several properties
of the Higgs boson, and so far the results are very similar to
the predictions in the SM. The exploration of the scalar
sector has only started, and one could have other scalar
bosons in a more complete theory that could describe
physics close to the electroweak scale.
The SM makes a very clear prediction for the relation

between the masses of the mediators of the weak force,
the W� and Z gauge bosons, i.e. MW ¼ MZ cos θW . Here
cos θW is the so-called Weinberg angle. This relation has
survived precision tests for almost 40 years. The above
relation is a consequence of having only a Higgs SUð2ÞL
doublet needed for the electroweak symmetry breaking.

In the limit when we neglect the hypercharge gauge
coupling, all the electroweak gauge bosons have the same
mass at tree level because of a residual SUð2Þ symmetry,
the so-called custodial symmetry [4,5]. If we define the ρ
parameter as ρ ¼ M2

W=M
2
Z cos

2 θW one can understand the
properties of different extensions of the Standard Model
where custodial symmetry could be broken. In the SM the
ρ parameter is one at tree level and radiative corrections
provide a small deviation. Recently, the CDF collabora-
tion [6] has reported new value for the W-mass that, if
correct, points toward a new Higgs sector of the theory
with ρ > 1. Independently of the CDF result it is interest-
ing to investigate different Higgs sectors where custodial
symmetry is broken.
In this article, we study the simplest model that predicts

an enhancement of the W-mass without changing the
Z-mass at tree level. In this model the Higgs sector is
composed of the SM Higgs, H ∼ ð1; 2; 1=2Þ, and a real
scalar triplet, Σ ∼ ð1; 3; 0Þ. See Refs. [7–18] for various
studies in this context. In this model the custodial symmetry
is broken at tree level in the scalar potential. The model
predicts three new physical Higgs bosons—two charged
Higges H� and a neutral Higgs H—with very similar
masses. The real triplet does not couple to SM fermions and
the new Higgs bosons therefore have suppressed couplings
to quarks and leptons. We study in detail the spectrum of
the theory, the Higgs decays, and the main production cross
sections at the LHC.
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We discuss the most important experimental bounds,
which at low masses come from a reinterpretation of stau
searches and at intermediate masses come from multilepton
differential cross-section measurements. We show that the
new scalars can be relatively light, with masses close to the
electroweak scale. The scenario where the new neutral
Higgs is fermiophobic is discussed in detail showing the
possibility to have large branching ratios into two photons
and into pairs of W gauge bosons. We point out that in
scenarios where the charged Higgses are light, the channels
with two taus and missing energy, τþτ−Emiss

T , are promising
to test the predictions of this model. We discuss the decays
into gauge bosons such as H� → W�Z that provide
information about the breaking of the custodial symmetry.
We provide the first detailed study of all signatures in this
model and compare them to LHC data.
The article is organized as follows: In Sec. II we discuss

the main properties of the Higgs sector, and the Higgs
spectrum. In Sec. II B we discuss the bounds from the SM
Higgs decays into two photons. In Sec. III we discuss the
main properties of the Higgs decays, while in Sec. IV we
discuss the production cross section, the main signatures
and the main collider constraints. Finally, we summarize
our main findings in Sec. V.

II. THEORETICAL FRAMEWORK

The simplest model that predicts a tree-level enhance-
ment of the W-mass without changing the Z-mass contains
the SM Higgs, H ∼ ð1; 2; 1=2Þ, and a real triplet,
Σ ∼ ð1; 3; 0Þ. We refer to this model as ΣSM. The
Lagrangian of the scalar sector is given by

Lscalar ¼ ðDμHÞ†ðDμHÞ þ TrðDμΣÞ†ðDμΣÞ − VðH;ΣÞ;
ð1Þ

where HT ¼ ðϕþ;ϕ0Þ is the SM Higgs and the real triplet
can be written as

Σ ¼ 1

2

�
Σ0

ffiffiffi
2

p
Σþffiffiffi

2
p

Σ− −Σ0

�
; ð2Þ

with Σ0 being real, Σþ ¼ ðΣ−Þ� and

DμΣ ¼ ∂μΣþ ig2½Wμ;Σ�; where Wμ ¼
X3
a¼1

Wa
μTa: ð3Þ

HereWa
μ and Ta are the gauge bosons and the generators of

the SUð2ÞL gauge group. The most general renormalizable
scalar potential is given by

VðH;ΣÞ ¼ −μ2H†H þ λ0ðH†HÞ2 −M2
ΣTrΣ2 þ λ1TrΣ4

þ λ2ðTrΣ2Þ2 þ λ3ðH†HÞTrΣ2 þ λ4H†Σ2H

þ a1H†ΣH: ð4Þ

One can write the scalar potential in a more compact
form as:

VðH;ΣÞ ¼ −μ2H†H þ λ0ðH†HÞ2 − 1

2
M2

ΣF þ b4
4
F2

þ a1H†ΣH þ a2
2
H†HF; ð5Þ

where we use,

F ¼ ðΣ0Þ2 þ 2ΣþΣ−; b4 ¼ λ2 þ
λ1
2
; and

a2 ¼ λ3 þ
λ4
2
: ð6Þ

Notice that the scalar potential of this theory in the limit
a1 → 0 has a Oð4ÞH ⊗ Oð3ÞΣ global symmetry and a
discrete symmetry Σ → −Σ. The a1 parameter determines
the breaking of the custodial symmetry and the mass of the
new Higgses and their decays. Notice that we can always
work with a1 positive because we have the freedom to
redefine the triplet field. The scalar potential is bounded
from below when the following conditions are satisfied:

λ0 > 0; b4 > 0; and; a22 < 4λ0b4: ð7Þ

Notice that b4 has be non-zero and positive. See
Refs. [7–17,19] for previous studies in this context. See
also the general discussion in Refs. [20,21].

A. Mass spectrum

The fields, H and Σ, can be written as

H ¼
�

ϕþ

ðv0 þ h0 þ iξ0Þ= ffiffiffi
2

p
�
; and

Σ ¼ 1

2

�
x0 þ σ0

ffiffiffi
2

p
Σþffiffiffi

2
p

Σ− −x0 − σ0

�
; ð8Þ

where v0 and x0 are the SM Higgs and triplet scalar vevs,
respectively.
Minimizing the tree-level scalar potential one finds

�
−μ2 þ λ0v20 −

a1x0
2

þ a2x20
2

�
v0 ¼ 0; ð9Þ

−M2
Σx0 þ b4x30 −

a1v20
4

þ a2v20x0
2

¼ 0; ð10Þ

and
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b4 >
1

8x20

�
−
a1v20
x0

þ ð−a1 þ 2a2x0Þ2
2λ0

�
: ð11Þ

Notice that when the parameter a1 ¼ 0 the triplet vacuum
expectation value could be non-zero, x0 ≠ 0, but in this
case the global Oð3ÞΣ is broken and one has extra charged
Goldstone bosons. Therefore, this case is ruled out by
experiment. The only realistic scenario when x0 ≠ 0
corresponds to the case when a1 is different from zero, i.e.

x0 ≃
a1v20

4ð−M2
Σ þ a2v20=2Þ

; ð12Þ

when v0 ≫ x0. In the above equation we have neglected the
term b4x30 because it is much smaller than the other terms in
Eq. (10). We have discussed above that a1 is positive and
M2

Σ > 0 when the vacuum with x0 ≠ 0 and v0 ≠ 0 is a
global minimum, see a detailed discussion in Appendix B.
Notice that from Eq. (12) one can see that a2 must be
positive (a2 > 2M2

Σ=v
2
0) because x0, a1 and M2

Σ are
positive. Therefore, in the rest of the paper we discuss
the phenomenology of this model when a2 is positive. It is
important to mention that the charged Higgs mass given in
Eq. (19) implies that x0 must be positive because a1 > 0

and M2
H� > 0.

Using the above conditions we find the mass matrices of
the neutral Higgses in the basis, (h0, σ0), and charged
Higgses in the basis, (ϕ�, Σ�). These mass matrices are
given by

M2
0 ¼
 

2λ0v20 −a1v0=2þa2v0x0

−a1v0=2þa2v0x0 2b4x20þ a1v20
4x0

!
; ð13Þ

and

M2
� ¼

 
a1x0 a1v0=2

a1v0=2
a1v20
4x0

!
: ð14Þ

In our convention, the physical mass eigenstates are
defined by

�
h

H

�
¼
�

cos θ0 sin θ0
− sin θ0 cos θ0

��
h0

σ0

�
; ð15Þ

�
H�

G�

�
¼
�−sinθ� cosθ�

cosθ� sinθ�

��
ϕ�

Σ�

�
: ð16Þ

The eigenvalues of these matrices are the tree-level masses
of the physical scalars (h, H, H�) of the theory, and are
given by

M2
h ¼ λ0v20

�
1þ 1

cos2θ0

�
þ
�
a1v20
8x0

þb4x20

��
1−

1

cos2θ0

�
;

ð17Þ

M2
H ¼ λ0v20

�
1−

1

cos2θ0

�
þ
�
a1v20
8x0

þb4x20

��
1þ 1

cos2θ0

�
;

ð18Þ

and

M2
H� ¼ a1x0

�
1þ v20

4x20

�
; ð19Þ

where θ0 is a mixing angle defined in Eq. (15). From
Eq. (19) one can see that x0 is always positive because a1 is
positive. Notice that since v0 ≫ x0 the new Higgses have
very similar masses, i.e., MH� ≈MH. The mixing angles
are given by

tan 2θ0 ¼
4v0x0ð−a1 þ 2x0a2Þ

8λ0v20x0 − 8b4x30 − a1v20
; and

tan 2θþ ¼ 4v0x0
4x20 − v20

: ð20Þ

It is very important to mention that the W and Z gauge
boson masses are given by

M2
W ¼ g22

4
ðv20 þ 4x20Þ; and M2

Z ¼ ðg21 þ g22Þ
4

v20: ð21Þ

Notice that only the W-mass is modified at tree level. This
simple model has the following free parameters:

x0; MH� ≈MH; a2; and b4: ð22Þ

In Ref. [16] the possibility of explaining the recent CDF
result for theW-mass was discussed, and the authors found
that x0 ≈ 5.4 GeV. See also Ref. [15] for a detailed
discussion of this model where the authors have shown
that the one-loop contributions to the S, T andU parameters
are very small. For a recent study see the results in
Ref. [22]. For the bounds coming from perturbative
unitarity see the discussion in Ref. [14].
In Fig. 1(a) we show the values of the neutral mixing

angle for different values of the Higgs mass and the a2
parameter. Since θ0 is always very small, the couplings of
the new neutral Higgs to fermions are suppressed. The
mixing angle in the charged sector given in Eq. (20) is also
very small and the couplings of the new charged Higgses to
the SM fermions are also suppressed [23].
To understand the Higgs spectrum one can define the

parameter ΔM2 ¼ M2
Hþ −M2

H. In Fig. 1(b) we show
numerical results for the mass splitting. In the small mixing
angle region, the mass splitting is too small compared to the
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Higgs masses to have a significant impact on the phenom-
enology. For example, when sin θ0 ¼ 0.05 and MHþ ¼
100 GeV, the mass splitting between the Higgses is
δM ¼ MH −MHþ ¼ 124 MeV. Given this, we will
assume MH� ¼ MH for the rest of the paper.

B. Bounds from h → γγ

The existence of new charged Higgses could change the
properties of the SM Higgs. In particular, the decay of the
SM-like Higgs into two photons could be modified because
the charged Higgs can enter into the effective coupling at
one-loop level. We use the following relation to constrain
the interaction between the SM-like Higgs and the charged
Higgses:

μγγ ¼
σðpp → hÞ × BRðh → γγÞ

σðpp → hÞSM × BRðh → γγÞSM
: ð23Þ

The ATLAS collaboration measured this ratio and find that
μγγ ¼ 1.04þ0.10

−0.09 [24], while CMS finds μγγ ¼ 1.12� 0.09

[25]. Using these results we show the predictions for μγγ in
our model in Fig. 2 for different values of a2 and the Higgs
mass. It can be seen that when a2 is zero or positive the
LHC bounds can be satisfied in most of the parameter
space. If the Higgs mass is below approximately 250 GeV
one cannot satisfy the bounds when a2 ¼ 1. Therefore,
these bounds have significant impact on the allowed
parameter space, essential ruling out a2 > 0 when the
new charged Higgs is very light.

III. DECAYS OF THE NEW HIGGS BOSONS

A. Charged Higgses

The main decays of the charged Higgses are

Hþ → WþZ; hWþ; tb̄; τþν; cs̄: ð24Þ

where the decay Hþ → WþZ is a direct consequence of
custodial symmetry breaking. In Fig. 3 we show the
branching ratios for the decays of the charged Higgses
for different values of the Higgs mass and a2 parameter. In
the scenarios where the charged Higgses are light, the
largest branching ratio is for the decay H� → τ�ν, while in
the heavy region, the main decays are Hþ → tb̄, H� →
W�Z and H� → hW�. Notice that when the Higgs mass is
around 150 GeV the main decay is H� → W�Z indepen-
dent of the value of a2. Here we assume the value,
x0 ¼ 5.4 GeV, for the triplet vacuum expectation value,
although our calculations show that there is no significant
dependence of the branching ratios on x0 over the param-
eter range considered. With a2 ¼ 0, the most important
decay is Hþ → τþν when MHþ ¼ 95 GeV, when MHþ ¼
150 GeV the charged Higgs decays mainly into WZ, and
when MHþ ¼ 300 GeV the decay into the third family of
quarks dominates. These three scenarios tell us about the
main features of the charged Higgs decays when we change
the Higgs mass.

FIG. 2. μγγ for different values ofMH and a2. Here the light red
and blue shaded regions show the bounds on μγγ from ATLAS
and CMS experiments, respectively.

FIG. 1. (a) Neutral Higgs mixing angle, θ0 for different values of a2 and MH . (b) δM as a function of sin θ0. Here we used
x0 ¼ 5.4 GeV and b4 ¼ 1.

JON BUTTERWORTH et al. PHYS. REV. D 109, 095014 (2024)

095014-4



B. Neutral Higgs

The new CP-even Higgs decays mainly into the gauge
bosons, the SM-like Higgs, and the third generation of
quarks:

H → WW; ZZ; bb̄; tt̄; hh: ð25Þ

In Fig. 4 we show these decays for different values of the
Higgs mass and the a2 parameter. Notice that changing a2
from 1 to 0 the decays to gauge bosons change dramati-
cally, because the WW channel is suppressed when the
Higgs mass is around 250 GeV. There are three main
scenarios as in the case of the charged Higgs decays:
(a) when the Higgs mass is around 100 GeV the main decay
is into two bottom quarks, (b) in the intermediate region the
WW channel dominates when a2 ¼ 1 or the ZZ channel
when a2 ¼ 0 and (c) in the heavy region the decays into
gauge bosons and into the SM Higgs are similar. As with
the charged Higgs, the branching ratios have very little
dependence on the triplet vacuum expectation value, x0.
Notice that when the Higgs mass is around 150 GeV one

could have access to most of the decay channels because
many of them have large branching ratios.

1. Fermiophobic scenario

In this model only the new neutral Higgs could be
fermiophobic when θ0 goes to zero. This limit can be
achieved when a1 → 2x0a2. This condition is consistent
with the minimization condition in Eq. (10). Using Eq. (20)
and the perturbative bound, a2 ≤ 2

ffiffiffi
π

p
, one finds

MH ≃MH� ≲ 330 GeV: ð26Þ

This condition holds only in the fermiophobic limit. Since
the neutral Higgs couplings to fermions goes to zero one
can have a large branching ratio into WW and into two
photons. In Fig. 5 we show the branching ratios of the
neutral Higgs for different values of a2 and for two different
values of the Higgs mass, MH ¼ 95 GeV (left panel) and
MH ¼ 150 GeV (right panel). Notice that when the Higgs
mass is 95 GeV the fermiophobic limit is realized when a2
is around 0.3, while in the case of MH ¼ 150 GeV, the

FIG. 3. Charged Higgs decays for different values of a2.

FIG. 4. CP-even Higgs decays for different values of a2 when x0 ¼ 5.4 GeV.
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neutral mixing angle goes to zero when a2 ∼ 0.75. In this
regime, the bound from h → γγ, see Eq. (23), is important.
For example, when MH ¼ 95 GeV and a2 ¼ 0.1 one finds
that μγγ is around 0.94, while for MH ¼ 150 GeV and
a2 ¼ 0.5 one has μγγ around 0.93. Both scenarios are very
close to the experimental limits on μγγ. In the left panel one
can have large branching ratios into WW and γγ in the
fermiophobic limit, while in the right panel the WW
channel dominates. For other studies with fermiophobic
Higgses see Refs. [26–28].

IV. SIGNATURES AT THE LHC

The new Higgs bosons predicted in this theory have
suppressed couplings to the top and bottom quarks. The
gluon fusion production channel is therefore very sup-
pressed for the new Higgs bosons. The vector boson fusion
production mechanisms are also very suppressed due to the
small vev [15]. This leaves Drell-Yan processes as the
dominant production mechanism:

pp→Z�; γ→HþH−; and pp→ ðW�Þ�→H�H:

ð27Þ

The cross section for 13 TeV proton-proton collisions is
shown in Fig. 6. Notice that only when the Higgs mass is
below 500 GeV is the cross section above 1 fb. Therefore,
one cannot expect a large number of events when the Higgs
mass is above 500 GeV. One interesting aspect of this
theory is that the charged Higgses can be very light yet
remain in agreement with all constraints because the
couplings to the SM fermions are so suppressed by the
mixing angles between the Higgses. As expected, in
the light Higgs scenario, most events correspond to the
decays H� → τ�ν and H → bb̄. In particular, the signa-
tures with two taus and two neutrinos, τ�τ∓Emiss

T , can be
used to look for these light charged Higgses. We will
discuss the main collider bounds for these signatures, as
well as those at intermediate masses.

A. Reinterpretation of searches

Since the charged Higgses could in principle have mass
around the electroweak scale, we would like to find a lower
bound on their masses using experimental constraints. This
model evades many constraints from direct searches for
charged and exotic neutral Higgs bosons. The coupling to
the top is low enough that limits on the charged Higgs from
top decays [30,31], generally at the few percent level, have
no impact. The recent ATLAS search for charged Higgs
bosons [32] sets limits in the Georgi–Machacek model on
the production cross section of H� at around 100 fb for
masses in the range 200–400 GeV and a branching to WZ
of unity, which is above the expectation shown in Fig. 6.
Limits on neutral Higgs production, for example [33], are
in a similar range. As we will show, the new charged and
neutral Higgses in this model can have masses around the
electroweak scale and avoid the bounds mentioned above.
One can use the searches for supersymmetric particles to

set a bound on the mass of the charged Higgses using the
channel τ�τ∓Emiss

T . In Fig. 7 we show the predictions for

FIG. 5. CP-even Higgs decays for different values of MH when x0 ¼ 5.4 GeV.

FIG. 6. Production cross section for pp → Z�; γ → HþH− and
pp → ðW�Þ� → H�H for different values of MH at

ffiffiffi
s

p ¼
13 TeV. Here we assumed MH ¼ MHþ and used MadGraph5 [29]
to compute the cross sections.
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σðpp → HþH−Þ × BR2ðHþ → τþνÞ (blue line) for differ-
ent values of the Higgs mass. The region in red is the region
excluded by CMS if we use the stau searches for the

channel pp → τ̃þτ̃− → τþτ−χ̃01χ̃
0
1 [34]. Here τ̃� is the

supersymmetric partner of the tau lepton and χ̃01 is the
lightest supersymmetric particle, i.e., the lightest neutra-
lino. Only in the region below 110 GeV does the exclusion
approach the predicted signal. This analysis is very naive, a
dedicated search, or an optimized measurement of ditau
production, would very likely improve the sensitivity to this
scenario. It is interesting to note that the predicted cross-
section-times-branching-ratio for neutral Higgs decay into
two photons at low Higgs masses can be large in the
fermiophobic scenario, see Figs. 5 and 6, and we will
discuss the relevant limits below.

B. Differential cross-section measurements

Given the wide variety of decays which appear for
different Higgs masses, several potentially relevant final
states have been measured at the LHC, and are available in
the Rivet [35] library. We use the Contur [36,37] toolkit to
perform a signal-injection of events predicted by the ΣSM
model on these measurements, to see whether such a signal
would have been visible.

FIG. 7. CMS bounds from stau searches [34] as a function of
the new charged Higgs mass using a2 ¼ 1 and x0 ¼ 5.4 GeV.
These bounds are not sensitive to the value of a2 and x0 in the low
mass region.

(a) (b)

(c) (d)

FIG. 8. Exclusions in the plane of vev (x0) vs Higgs mass (MH). The dotted line indicates the expected 95% exclusion, the solid line
the actual 95% exclusion, and the dashed line the actual 68% exclusion. (a) a2 ¼ 0; b4 ¼ 10−4, (b) a2 ¼ 1; b4 ¼ 10−4,
(c) a2 ¼ 0; b4 ¼ 2

ffiffiffi
π

p
, (d) a2 ¼ 1; b4 ¼ 2

ffiffiffi
π

p
.
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To do this, we have implemented the model in Feynrules
[38] and exported as a UFO directory [39]. For each model
parameter point, 30,000 events are generated using Herwig
[40] via its UFO interface. These events are then passed
through Rivet, which applies the fiducial, particle level
selections appropriate to each measurement, determining
how many BSM events would have entered each measured
cross section. Contur then uses a χ2 test to evaluate the
likelihood ratio in theCLs method, which is interpreted as a
potential exclusion probability for the model parameter
point concerned, using the relevant SM background pre-
diction. Contur contains a very wide range of differential
cross-section measurements (several hundred measure-
ments in all), covering in particular several diboson and
top measurements from ATLAS and CMS which could
potentially receive contributions from the model; although
we note that no measurements involving taus are currently
available in this framework.
Following the discussion in the previous sections, we

perform parameter scans in the ðx0;MHÞ plane, for a2 ¼ 0

and 1 and b4 ¼ 10−4 and 2
ffiffiffi
π

p
, as a representative sampling

of the valid parameter space. The results are shown in
Fig. 8. It can be seen that much of the parameter space is
essentially unconstrained by the measurements considered,
apart from a band close to MH ¼ 200 GeV when a2 ¼ 0.
This band expands slightly as x0 increases. The measure-
ment mostly responsible for this exclusion is the ATLAS
inclusive four-lepton measurement [41]. The signature
comes from the neutral heavy Higgs decaying to ZZ, a

branching fraction which peaks for MH ≈ 2MZ when
a2 ¼ 0 [see Fig. 4(b)] and leads to a narrow peak in the
four-lepton invariant mass distribution, as shown in Fig. 9.
This peak is most visible when the four-lepton system has
high pT , due to the recoil against the charged Higgs. In the
b4 ¼ 10−4 case, there is also an exclusion at the lowest
masses. Since the value of b4 has little influence over the
parameter region of interest, from here on we will fix it
at 2

ffiffiffi
π

p
.

Figure 10 indicates the most sensitive final states for two
different a2 scenarios. Other measurements do also con-
tribute to the exclusion, and in particular at low mass the
ATLAS diphoton measurement [43] excludes the model for
a2 ¼ 0 at the lowest Higgs masses for low values of b4 [see
Fig. 8(a)]. However, this sensitivity has died away by about
MH ¼ 70 GeV, since both the branching ratio to photons
and the production cross section fall rapidly with increasing
mass. Other signatures also show potential for future
sensitivity in high luminosity LHC data-taking.
Figure 11 shows a similar breakdown of the relevant

final states for different values of a2 and MH with
x0 ¼ 5.4 GeV. It can be seen that the 95% exclusion from

FIG. 9. The four-lepton invariant mass distribution for
a2 ¼ 0;MH ¼ 195 GeV, and x0 ¼ 5.4 GeV, compared to the
ATLAS measurement [41]. The Standard Model prediction
from the experimental paper, made using Sherpa [42], is also
shown. The pT of the four-lepton system is in the range
100 GeV < pTð4lÞ < 600 GeV.

(a)

(b)

FIG. 10. The most sensitive final states in the ðx0;MHÞ
parameter plane. The citations indicate measurements which
provide an individual exclusion above 68%. (a) a2 ¼ 0,
(b) a2 ¼ 1
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the four-lepton measurement around MH ¼ 200 GeV
extends to a2 ≈ 0.2. There are regions at low a2 and MH
and at 0.6 < a2 < 0.9 where photon measurements domi-
nate the sensitivity (both the ATLAS diphoton measure-
ment, and the γ þ Emiss

T measurement [45]). This
corresponds to the fermiophobic case discussed in
Sec. III B, but is partly masked by the granularity of the
scan. In Fig. 12 we show a higher granularity scan where
the structure can be more clearly seen, as the band of yellow
points extending from around MH ¼ 70 GeV, a2 ¼ 0.1 to
MH ¼ 150 GeV, a2 ¼ 0.9.
Figure 13 shows the predicted impact on the diphoton

invariant mass measurement which leads to these exclu-
sions, for a2 ¼ 0.3 andMH ¼ 95 GeV. While this signal is
excluded, by choosing an appropriate value of a2 in this
region it would be possible to produce a signal in the two-
photon mass distribution consistent with either the marginal
excess at MH ¼ 95 GeV reported by CMS [50], or any
other mass on the edge of the sensitivity of current low-
mass searches [51–53].

V. SUMMARY

We have discussed the main properties of the Higgs
bosons present in the simplest model predicting a breaking
of custodial symmetry at tree level. The Higgs sector of this
model contains the SM Higgs doublet and a real SUð2ÞL
triplet. Tension in recent W mass measurements [55]
motivates us to seriously consider this model, since it
predicts an increase in the W-mass without affecting the
value of the Z-mass at tree level. The main production
mechanism for the new charged and neutral Higgs is Drell-
Yan production due to the fact that the new Higgs bosons
have suppressed couplings to the SM fermions. Somewhat
to our surprise, these new Higgs bosons can be very light
and yet still be consistent with experimental and theoretical
constraints. The only current strong exclusion of the
theoretically allowed region is for masses below around
60 GeV coming from diphoton decays of the neutral Higgs,
and a band around 200 GeV coming from four-lepton
decays of the neutral Higgs via two Z bosons. The latter
exclusion only applies for the a2 mixing parameter is below
0.2. The channel with two tau leptons and two neutrinos
provides a promising tool to look for the light charged
Higgses in future measurements.
We discussed in detail the scenario where the new neutral

Higgs is fermiophobic, and can therefore have a large
branching ratio into photons and/or W gauge bosons. We
briefly investigate the possibility of producing a signal in
the diphoton mass spectrum, and show that is easily
possible depending on the value of a2. Extreme fermio-
phobic scenarios are already excluded at low Higgs masses
by bounds on SM h → γγ, and by diphoton measurements

FIG. 11. The most sensitive final states in the ða2;MHÞ plane
for x0 ¼ 5.4 GeV. The citations indicate measurements which
provide an individual exclusion above 68%.

FIG. 12. A higher-granularity scan highlighting the fermiopho-
bic case.

FIG. 13. The diphoton invariant mass distribution for
a2 ¼ 0.3;MH ¼ 95 GeV, and x0 ¼ 5.4 GeV, compared to the
ATLAS measurement [43]. The Standard Model prediction from
the experimental paper, made using NNLOJet [54], is also shown.
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and searches, but these latter exclusions only apply for a
narrow band of values of a2. The decay H� → ZW�
remains particularly important because it provides direct
information about custodial symmetry breaking in this
context, and in this model its branching ratio can be large
in the intermediate mass region. In this article we provide
the first detailed study of all signatures in this model and
use the available LHC data to understand the allowed
scenarios. We hope this study motivates new searches, and
especially precision cross-section measurements of diboson
production and of τ production, at the LHC and its high-
luminosity upgrade.
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APPENDIX A: FEYNMAN RULES

hff̄∶ iðMf=v0Þ cos θ0; ðA1Þ

Hff̄∶ − iðMf=v0Þ sin θ0; ðA2Þ

Hþūd∶ − i

ffiffiffi
2

p

v0
sin θþð−mu VCKM PL þ VCKMmd PRÞ;

ðA3Þ

HþH−h∶ − i

�
−a1 cosθþ sinθþ cosθ0þ

1

2
a1sin2θþ sinθ0

þa2v0cos2θþ cosθ0þa2x0sin2θþ sinθ0

þ2b4x0cos2θþ sinθ0þ2λ0v0sin2θþ cosθ0

�
; ðA4Þ

ZZh∶ ð2iM2
Z=v0Þ cos θ0 gμν; ðA5Þ

ZZH∶ − ð2iM2
Z=v0Þ sin θ0 gμν; ðA6Þ

ZW�H∓∶ ig2

�
−g2x0 cos θþ cos θw

þ 1

2
g1v0 sin θþ sin θw

�
gμν; ðA7Þ

WþW−h∶ ig22

�
1

2
v0 cos θ0 þ 2x0 sin θ0

�
gμν; ðA8Þ

WþW−H∶ ig22

�
−
1

2
v0 sin θ0 þ 2x0 cos θ0

�
gμν; ðA9Þ

γHþH−∶ ieðp0 − pÞμ; ðA10Þ

ZHþH−∶ i

�
g2 cos θw −

MZ

v0
sin2θþ

�
ðp0 − pÞμ; ðA11Þ

W�hH∓∶ � ig2

�
1

2
sinθþ cosθ0þ cosθþ sinθ0

�
ðp0−pÞμ;

ðA12Þ

W�HH∓∶ ∓ ig2

�
1

2
sinθþ sinθ0− cosθþ cosθ0

�
ðp0−pÞμ:

ðA13Þ

APPENDIX B: VACUUM STRUCTURE

The value of the scalar potential for nonzero x0 and v0
reads as:

Vðv0; x0Þ ¼ −μ2
v20
2
þ λ0

v40
4
−
1

2
M2

Σx
2
0 þ

b4
4
x40 −

a1
4
v20x0

þ a2
4
v20x

2
0; ðB1Þ

One can satisfy these minimization conditions in four
different cases: (1) v0 ¼ 0 and x0 ¼ 0, (2) v0 ¼ 0 and
x0 ≠ 0, (3) v0 ≠ 0 and x0 ¼ 0, and (4) v0 ≠ 0 and x0 ≠ 0.
Notice that cases (1) and (2) are not phenomenological
allowed because the electroweak symmetry is not broken.
In case (3) one cannot explain a possible shift on the
W-mass. The case (4) is the only scenario where one can
break the electroweak symmetry and explain a possible
shift on the W-mass.
Now, we can study the different cases imposing the

condition of minima, i.e.,

∂
2V
∂v20

∂
2V
∂x20

−
�

∂
2V

∂v0∂x0

�
2

> 0: ðB2Þ

and find conditions on the different free parameters.
(i) Case (1) v0 ¼ 0 and x0 ¼ 0: In this case the

condition in Eq. (B2) requires μ2M2
Σ > 0 and the

energy of this vacuum is V1 ¼ 0.
(ii) Case (2) v0 ¼ 0 and x0 ≠ 0: In this case the

condition in Eq. (B2) requires:

0
B@−μ2 −

a1
2

ffiffiffiffiffiffiffi
M2

Σ
b4

s
þ a2

2

M2
Σ

b4

1
CAM2

Σ > 0: ðB3Þ

and the energy of this vacuum is given by

V2 ¼ −
1

4

M4
Σ

b4
¼ −

1

4
M2

Σx
2
0: ðB4Þ
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(iii) Case (3) v0 ≠ 0 and x0 ¼ 0: This case is only
possible when a1 ¼ 0 (or when we have the sym-
metry Σ → −Σ). The condition in Eq. (B2) requires
that

λ0v20

�
−M2

Σ þ
a2
2

μ2

λ0

�
> 0; ðB5Þ

while the energy of this vacuum reads as

V3 ¼ −
1

4

μ4

λ0
¼ −

1

4
λ0v40: ðB6Þ

(iv) Case (4) v0 ≠ 0 and x0 ≠ 0: In this case the con-
dition in Eq. (B2) requires that b4 satisfy the
Eq. (11). The energy of the vacuum reads as

V4 ¼ −
1

4
λ0v40 −

1

2
M2

Σx
2
0 þ b4

x40
4
: ðB7Þ

Notice that this vacuum can be the global minimum
only when M2

Σ > 0 because in this case one can
satisfy the condition: V4 < V3; V2; V1. Notice that
λ0 and b4 are positive, see the discussion above.
Using Eqs. (9) and (10) one finds

a1 ¼
4ðM2

Σx
2
0 − b4x40 þ λ0v40 − v20μ

2Þ
v20x0

; ðB8Þ

a2 ¼
2ð2M2

Σx
2
0 − 2b4x40 þ λ0v40 − v20μ

2Þ
v20x

2
0

: ðB9Þ

Therefore, one finds

a2 ¼
a1
2x0

þ 2

�
M2

Σ − b4x20
v20

�

¼ 2
M2

H�

v20
þ 2

M2
Σ

v20
− 2b4

x20
v20

: ðB10Þ

Notice that sinceM2
Σ > 0 the a2 parameter is always

positive. The last term in the above equation can be
neglected because v0 ≫ x0. Using the perturbative
bound, i.e., a2 ≤ 6πðλ3 ≤ 4π; λ4 ≤ 4πÞ, one finds

M2
H� ≲ 3πv20 or MH� ≲ 755 GeV: ðB11Þ

This is a perturbative upper bound on the charged
Higgs mass valid at tree level and assuming that the
vacuum with x0 ≠ 0 and v0 ≠ 0 is the global
minimum. Notice that new neutral Higgs mass is
very close to the charged Higgs mass. Therefore, the
above upper bound is also valid for the mass of the
new neutral Higgs.
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