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Custodial symmetry breaking and Higgs boson signatures at the LHC
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We discuss the simplest model that predicts a tree-level modification of the p 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 GeV are 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 into W 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.

DOI: 10.1103/PhysRevD.109.095014

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. My, = M cos 0y,. Here
cos Oy 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 SU(2),
doublet needed for the electroweak symmetry breaking.
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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 SU(2) symmetry,
the so-called custodial symmetry [4,5]. If we define the p
parameter as p = M3,/ M% cos? Oy one can understand the
properties of different extensions of the Standard Model
where custodial symmetry could be broken. In the SM the
p 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 p > 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 ~ (1,2,1/2), and a real
scalar triplet, £ ~ (1,3,0). 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, "7~ EF%, 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. I 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~ (1,2,1/2), and a real triplet,
X~ (1,3,0). We refer to this model as XSM. The
Lagrangian of the scalar sector is given by

Lycaiar = (D, H)'(D*H) + Tr(D,X)"(D'Z) - V(H. X),
(1)

where HT = (¢*, ¢°) is the SM Higgs and the real triplet
can be written as

ﬁz*), @)

0
zzl< >
2\2x- -—x0

with X0 being real, £+ = (£7)* and

3
DX =05+ ig[W,.X]. where W, = WiTe. (3)

a=1

Here W{ and T“ are the gauge bosons and the generators of
the SU(2), gauge group. The most general renormalizable
scalar potential is given by

V(H,X) = —p*H'H + Jg(H H)? — M3Tr2? + A, Trz*
+ Ao (Tr=?)? + A3(HH)Tr2? + A, H'2*H
+ a H'ZH. (4)

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

. 1 b
V(H,Z) = —p*H'H + Jo(H'H)? = S MSF + fFZ

+a HTSH + %HTHF, (5)

where we use,

A
F=(E24254S", by=i+ 5‘ and

2
@=@+§. (6)

Notice that the scalar potential of this theory in the limit
a, — 0 has a O(4); ® O(3)y global symmetry and a
discrete symmetry £ — —X. The a; 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 a; positive because we have the freedom to
redefine the triplet field. The scalar potential is bounded
from below when the following conditions are satisfied:

>0, by>0, and, a5 <4lgb,. (7)
Notice that b, 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 X, can be written as

¢+
" <<vo+h°+if°>/ﬁ>’ e

1 (x0+00 V25t ) @)
2\ V25 —xy-o° ’
where v, and x, are the SM Higgs and triplet scalar vevs,
respectively.

Minimizing the tree-level scalar potential one finds

2

a| X anr X

2+ 2gvd — =24+ 220y =0, (9)
2 2
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0. (10)

and
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by > <_“”’3 LLlat 2a2x°)2>. (11)

8)6(2) X0 2/10

Notice that when the parameter a; = 0 the triplet vacuum
expectation value could be non-zero, x; # 0, but in this
case the global O(3)y, is broken and one has extra charged
Goldstone bosons. Therefore, this case is ruled out by
experiment. The only realistic scenario when x; # 0
corresponds to the case when a; is different from zero, i.e.

alv(z)
4(=M3 + ayv5/2)’

(12)

.X'Oﬁ

when v, > x,. In the above equation we have neglected the
term b4x8 because it is much smaller than the other terms in
Eq. (10). We have discussed above that a; is positive and
M3% > 0 when the vacuum with xy #0 and vy # 0 is a
global minimum, see a detailed discussion in Appendix B.
Notice that from Eq. (12) one can see that a, must be
positive (a, > 2M%/v3) because xo, a; and M% are
positive. Therefore, in the rest of the paper we discuss
the phenomenology of this model when a, is positive. It is
important to mention that the charged Higgs mass given in
Eq. (19) implies that x, must be positive because a; > 0
and Mi,i > 0.

Using the above conditions we find the mass matrices of
the neutral Higgses in the basis, (h°, ¢°), and charged
Higgses in the basis, (¢*, =*). These mass matrices are
given by

2405 —a;v9/2+ axvoXo
M2 = , . (13)
—a100/2+(121}0)€0 2b4x0+ 4x00
and
ayXo ajvy/2
Mi = a\ v} . (14)
av9/2 Txy

In our convention, the physical mass eigenstates are

defined by
sin 6 h
(o) 0
cos b, o”

( h ) ( cos 6,
H) \—sin 6
H* —sinf, cosd *

(o) = (. Saal)(52) 0
G* cosf, sinf, ) \T*
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 =002 ( 1+ L 6”v%’ﬂuﬁ P
h 0 cos 26, 8x 0 cos 26,

(17)
’ 5 1 a,v3 5 1
M =475 <l _cos290> N < 8x +b4x0> <1 +cos200>’
(18)
and
M2, :alx()(l—i-y—%), (19)
H 4x3

where 6, is a mixing angle defined in Eq. (15). From
Eq. (19) one can see that x, is always positive because a; is
positive. Notice that since vy > x, the new Higgses have
very similar masses, i.e., M= & M. The mixing angles
are given by

4’[}0)6'0 (_al + 2x0a2)

tan 260, = , and
0 80 v3xg — 8byxy — a v}
4’[)0X0
tan20, = . 20
n29, = 30 (20)

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

(g1 + %) ,

2
g
=22 T (21)

M3y, =7 (05 + 4x5),

1 and M2 =

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

X0 MHi ~ MH? a, and b4. (22)
In Ref. [16] the possibility of explaining the recent CDF
result for the W-mass was discussed, and the authors found
that xo =~ 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, 7" and U 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 a,
parameter. Since 6, 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 AM? = M2, —M%. 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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FIG. 1.
Xo = 5.4 GeV and b, = 1.

Higgs masses to have a significant impact on the phenom-
enology. For example, when sinf, = 0.05 and My+ =
100 GeV, the mass splitting between the Higgses is
OM =My — My = 124 MeV. Given this, we will
assume My = My for the rest of the paper.

B. Bounds from & — yy

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:

o(pp = h) x BR(h — yy)
Wy, = :
r o(pp — h)SM x BR(h - 77’)SM

The ATLAS collaboration measured this ratio and find that
p,, = 1.0430( [24], while CMS finds p,, = 1.12 £ 0.09

(23)

T T T T T T T T T

1.41 o ST ]
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FIG.2. u,, for different values of My and a,. Here the light red
and blue shaded regions show the bounds on x,, from ATLAS
and CMS experiments, respectively.

600 T T T T
— Mpy+ =100 GeV — Mpy+ =120 GeV
My« =130 GeV — Mpy+ = 300 GeV
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sin 6y
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(a) Neutral Higgs mixing angle, 8, for different values of a, and My. (b) SM as a function of sinf,. Here we used

[25]. Using these results we show the predictions for 4, in
our model in Fig. 2 for different values of a, and the Higgs
mass. It can be seen that when a, 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 a, = 1. Therefore,
these bounds have significant impact on the allowed
parameter space, essential ruling out a, > 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

Ht - W*Z, hmW*, b, 7tv, 5. (24)
where the decay H" — W1Z 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 a, parameter. In
the scenarios where the charged Higgses are light, the
largest branching ratio is for the decay H* — 7*y, while in
the heavy region, the main decays are H* — th, 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 a,. Here we assume the value,
X9 = 5.4 GeV, for the triplet vacuum expectation value,
although our calculations show that there is no significant
dependence of the branching ratios on x; over the param-
eter range considered. With a, = 0, the most important
decay is Ht — 77v when M+ = 95 GeV, when M+ =
150 GeV the charged Higgs decays mainly into WZ, and
when My+ = 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.

095014-4
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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, bb, i, hh. (25)
In Fig. 4 we show these decays for different values of the
Higgs mass and the a, parameter. Notice that changing a,
from 1 to O 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 a, = 1 or the ZZ channel
when a, = 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, x.
Notice that when the Higgs mass is around 150 GeV one

0.500(7 7 ZwW

0.100
0.050F

BR(H™)

0.010
0.005 /[ .

0.001

100 500 1000
A[H* [G(‘V]

(a)

FIG. 3.

0.500

0.100¢
0.050¢

BR(H)

0.010}
0.005

0.001

100 200 500 1000
My[GeV)

(@)

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 6, goes to zero. This limit can be
achieved when a; — 2xya,. This condition is consistent
with the minimization condition in Eq. (10). Using Eq. (20)
and the perturbative bound, a, < 2./, one finds

My ~Mpy: <330 GeV. (26)
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 a, and for two different
values of the Higgs mass, My = 95 GeV (left panel) and
My = 150 GeV (right panel). Notice that when the Higgs
mass is 95 GeV the fermiophobic limit is realized when a,
is around 0.3, while in the case of My = 150 GeV, the

0.500(7 7 zW

__0.100} ul
0.050} !

BR(H*

0.010

0.005[ 4 ay="0

0.001

560
A’[H* [G(‘V]
(b)

100 1000

Charged Higgs decays for different values of a,.

0.500

0.100¢
0.050¢

BR(H)

0.010}
0.005

N

0.001

200 500
IUH [GEV]
(b)

100 1000

FIG. 4. CP-even Higgs decays for different values of a, when x, = 5.4 GeV.
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FIG. 5.

neutral mixing angle goes to zero when a, ~ 0.75. In this
regime, the bound from & — yy, see Eq. (23), is important.
For example, when My = 95 GeV and a, = 0.1 one finds
that u,, is around 0.94, while for My = 150 GeV and
a, = 0.5 one has u,, around 0.93. Both scenarios are very
close to the experimental limits on y,,. In the left panel one
can have large branching ratios into WW and yy 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:

y—HTH-, and pp— (W*)* > H*H.
(27)

pp—Z,

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* — 7*v and H — bb. In particular, the signa-
tures with two taus and two neutrinos, riﬁE‘}“i“, 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.

T

—_—

0.8F

0.6
1‘[" =150 GeV

BR(H)

0.4 ]

0.2 8

0.0 —_—
0.0 0.2 0.4 0.6 0.8 1.0

as

(b)

CP-even Higgs decays for different values of My when xy = 5.4 GeV.

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 200400 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 7577 EMsS, In Fig. 7 we show the predictions for

1000¢ — pp—>H™H
— )1 +rr-
100L pp— H"H™ |
g 10
(&)
1L
0.10
0.01

400 600 800

M+ [GeV]

200 1000

FIG. 6. Production cross section for pp — Z*,y - H"H™ and
pp — (W) - H*H for different values of My at /s =
13 TeV. Here we assumed My = My+ and used MadGraph5 [29]
to compute the cross sections.
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FIG. 7. CMS bounds from stau searches [34] as a function of
the new charged Higgs mass using a, = 1 and xy = 5.4 GeV.
These bounds are not sensitive to the value of a, and x, in the low
mass region.

o(pp — H"H™) x BR2(H* — 77v) (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

To [GGV]
©

FIG. 8.

channel pp — 7% - ¢t 707" [34]. Here #* is the
supersymmetric partner of the tau lepton and 79 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 ZSM
model on these measurements, to see whether such a signal
would have been visible.

ZTo [GGV}
(d)

Exclusions in the plane of vev (x,) vs Higgs mass (M ). The dotted line indicates the expected 95% exclusion, the solid line

the actual 95% exclusion, and the dashed line the actual 68% exclusion. (a) a, =0, by = 1074, (b) a, =1, by, = 1074,

(C) ay :0, b4 = 2\/;1", (d) a, = 1, b4 = 2\/7;
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FIG. 9. The four-lepton invariant mass distribution for
a, =0,My =195 GeV, and x, = 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 p; of the four-lepton system is in the range
100 GeV < py(4¢) < 600 GeV.

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 y° test to evaluate the
likelihood ratio in the CL 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 (xq, My) plane, for a, = 0
and 1 and by = 10~* and 2./7, 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 My = 200 GeV when a, = 0.
This band expands slightly as x, 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

600

500

W
o
S

M H [GEV]
8
S

200

100

100
- T T T 1
2 4 6 8 10
o [GGV]
(b)

40 [41] D Ol EPS 4] D O6EPStjet WL HERS
@ hadronic tt B Y+ Eps 3 jets = /,*(_’ “+jet
W (- EP et |ty 3 v and 7y BB B jet

FIG. 10. The most sensitive final states in the (xo, My)
parameter plane. The citations indicate measurements which
provide an individual exclusion above 68%. (a) a, =0,
b)a, =1

branching fraction which peaks for My ~2M, when
a, = 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 p7, due to the recoil against the charged Higgs. In the
by = 107 case, there is also an exclusion at the lowest
masses. Since the value of b, has little influence over the
parameter region of interest, from here on we will fix it
at 2,/7.

Figure 10 indicates the most sensitive final states for two
different a, 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
a, = 0 at the lowest Higgs masses for low values of b, [see
Fig. 8(a)]. However, this sensitivity has died away by about
My =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 a, and My with
X9 = 5.4 GeV. It can be seen that the 95% exclusion from
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FIG. 11. The most sensitive final states in the (a,, My) plane
for xy = 5.4 GeV. The citations indicate measurements which
provide an individual exclusion above 68%.

1.0
200
175 0.8
% 150
O, 0.6
125 ®
= —
= O
100 0.4
75
0.2
0.2 0.4 0.6 0.8 1.0
a
: 0.0

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

the four-lepton measurement around My = 200 GeV
extends to a, ~0.2. There are regions at low a, and My
and at 0.6 < a, < 0.9 where photon measurements domi-
nate the sensitivity (both the ATLAS diphoton measure-
ment, and the y+ E‘}‘iss 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 My = 70 GeV, a, = 0.1 to
My =150 GeV, a, = 0.9.

Figure 13 shows the predicted impact on the diphoton
invariant mass measurement which leads to these exclu-
sions, for a, = 0.3 and My = 95 GeV. While this signal is
excluded, by choosing an appropriate value of a, in this
region it would be possible to produce a signal in the two-
photon mass distribution consistent with either the marginal
excess at My = 95 GeV reported by CMS [50], or any
other mass on the edge of the sensitivity of current low-
mass searches [51-53].

Diphoton mass
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FIG. 13. The diphoton invariant mass distribution for

a, =03, My =95 GeV, and x; = 5.4 GeV, compared to the
ATLAS measurement [43]. The Standard Model prediction from
the experimental paper, made using NNLOJet [54], is also shown.

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 SU(2),
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 a, 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 a,. Extreme fermio-
phobic scenarios are already excluded at low Higgs masses
by bounds on SM & — yy, and by diphoton measurements

095014-9



JON BUTTERWORTH et al.

PHYS. REV. D 109, 095014 (2024)

and searches, but these latter exclusions only apply for a
narrow band of values of a,. 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 7 production, at the LHC and its high-
luminosity upgrade.

ACKNOWLEDGMENTS

The work of H. D. and P. F. P. is supported by the U.S.
Department of Energy, Office of Science, Office of High
Energy Physics, under Award No. DE-SC0024160.

APPENDIX A: FEYNMAN RULES
hff: i(M/vy) cos 6y,
Hf]: - l(Mf/Uo) Sineo,

2
H+ﬁd: — i£sin9+(—mu VCKM PL + VCKM md PR)!
Vo

(A3)

1
HYH h: —i (—al cos@, sind, cosb, +§alsin2«9+ siné,

+a,10c0s*0 cos Oy + a,x,sin*0._sin6,

+ 2b4xc0s*0., sin B + 21y vysin?6., cos HO> , (A4)
ZZh: (2iM%/vy) cos 0y ¢, (A5)
ZZH: — (2iM%/v,)sin6, ¢*, (A6)
ZWEHT: ig, (—gzxo cos 0, cos b,

1 . .

+ 5 910 sin 0 sin HW) g, (A7)
1

W W=h: ig3 (5 v €os 0y + 2x; sin HO> g, (A8)

1
W+ W-H: lg% <— E (2 sin 90 =+ 2X0 COS Ho> g;w, (Ag)

yHYH™: ie(p' — p)¥, (A10)

M
ZHTH™: i<92cosew——zsin29+> (p'—pH, (A11)
Vo

1
WEhHT . +ig, <§Sin‘9+ cosfy+cosb, sin90) (p'—p)*,

(A12)

1
WEHHT: Fig, (Esin@_ sinfy —cos@,. 00590) (p'—p)H.

(A13)

APPENDIX B: VACUUM STRUCTURE

The value of the scalar potential for nonzero x; and v,
reads as:

2 4
v vg 1 by a
V(vo. x0) = —szo +/10?0 - §M§x% + 4 x; = 4 vGXo
+@v(2)x%, (B1)

4

One can satisfy these minimization conditions in four
different cases: (1) vy =0 and x5 =0, (2) vo =0 and
X070, (3) vg # 0 and x5 = 0, and (4) vy # 0 and x # 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.,

21 32 2 2
AL
ovjy 0xj 0vy0x

and find conditions on the different free parameters.

(i) Case (1) v9 =0 and xy =0: In this case the
condition in Eq. (B2) requires p*M% > 0 and the
energy of this vacuum is V; = 0.

(i) Case (2) v9g=0 and xy#0: In this case the
condition in Eq. (B2) requires:

2 2
2 ay MZ CIQMZ >
—pe——[—+=—=| M5 > 0. B3
AR T R (B3)
and the energy of this vacuum is given by

vy oM Ly (B4)

=———==——Msxj.

P o4b, 4TF0
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(iii) Case (3) vy #0 and xy = 0: This case is only
possible when a; = 0 (or when we have the sym-
metry £ — —X). The condition in Eq. (B2) requires

that
ap i
ﬂol)(z) —M% + —=—1] > 0, (BS)
2 A
while the energy of this vacuum reads as
1ut 1
Vy=———=—=1yv¢. B6
3 47 4 0% (B6)

(iv) Case (4) vy # 0 and xy # O0: In this case the con-
dition in Eq. (B2) requires that b, satisfy the
Eq. (11). The energy of the vacuum reads as

1 1 X3
_Zloyé ——M%x% +b4zo

V, =
4 2

(B7)
Notice that this vacuum can be the global minimum
only when M% > 0 because in this case one can
satisfy the condition: V, < V3, V,, V. Notice that

Ao and b, are positive, see the discussion above.
Using Egs. (9) and (10) one finds

2,2 4 4 2,2

an = 4(M2X0 — b4X0 + /101]0 - UOIM )

1 — 2 s
'UO.XO

(B8)

_ 2(2M3xg — 2byx§ + Ao — vop?)

. B9
as U(Z)X% ( )
Therefore, one finds
M2 b 2
azzﬂ—l—Z( = 24x0>
2X0 UO
2 2 2
M

—2TH 9T 05,50 (BIO)

Up o 0

Notice that since M > 0 the a, parameter is always
positive. The last term in the above equation can be
neglected because vy > x,. Using the perturbative
bound, i.e., ay < 67(4; < 4x, 14 < 4x), one finds

M2, <3zvj or My: $755GeV.  (BlI)

This is a perturbative upper bound on the charged
Higgs mass valid at tree level and assuming that the
vacuum with x5 #0 and vy # 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.

[1] Georges Aad et al. (ATLAS Collaboration), Observation of
a new particle in the search for the standard model Higgs
boson with the ATLAS detector at the LHC, Phys. Lett. B
716, 1 (2012).

[2] Serguei Chatrchyan et al. (CMS Collaboration), Observa-
tion of a new boson at a mass of 125 GeV with the CMS
experiment at the LHC, Phys. Lett. B 716, 30 (2012).

[3] Serguei Chatrchyan et al. (CMS Collaboration), Observa-
tion of a new boson with mass near 125 GeV in pp
collisions at /s =7 and 8 TeV, J. High Energy Phys. 06
(2013) 081.

[4] P. Sikivie, Leonard Susskind, Mikhail B. Voloshin, and
Valentin 1. Zakharov, Isospin breaking in technicolor mod-
els, Nucl. Phys. B173, 189 (1980).

[5] H. Georgi, Effective field theory, Annu. Rev. Nucl. Part. Sci.
43, 209 (1993).

[6] T. Aaltonen et al. (CDF Collaboration), High-precision
measurement of the W boson mass with the CDF II detector,
Science 376, 170 (2022).

[7] D.A. Ross and M.J.G. Veltman, Neutral currents in
neutrino experiments, Nucl. Phys. B9S, 135 (1975).

[8] J. F. Gunion, R. Vega, and J. Wudka, Higgs triplets in the
standard model, Phys. Rev. D 42, 1673 (1990).

[9] Jeffrey R. Forshaw, D. A. Ross, and B.E. White, Higgs
mass bounds in a triplet model, J. High Energy Phys. 10
(2001) 007.

[10] Jeftrey R. Forshaw, Agustin Sabio Vera, and B. E. White,
Mass bounds in a model with a triplet Higgs, J. High Energy
Phys. 06 (2003) 059.

[11] Mu-Chun Chen, Sally Dawson, and Tadas Krupovnickas,
Higgs triplets and limits from precision measurements,
Phys. Rev. D 74, 035001 (2006).

[12] Piotr H. Chankowski, Stefan Pokorski, and Jakub Wagner,
(Non)decoupling of the Higgs triplet effects, Eur. Phys. J. C
50, 919 (2007).

[13] T. Blank and W. Hollik, Precision observables in SU(2) x
U(1) models with an additional Higgs triplet, Nucl. Phys.
B514, 113 (1998).

[14] R. Sekhar Chivukula, Neil D. Christensen, and Elizabeth H.
Simmons, Low-energy effective theory, unitarity, and non-
decoupling behavior in a model with heavy Higgs-triplet
fields, Phys. Rev. D 77, 035001 (2008).

095014-11


https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1007/JHEP06(2013)081
https://doi.org/10.1007/JHEP06(2013)081
https://doi.org/10.1016/0550-3213(80)90214-X
https://doi.org/10.1146/annurev.ns.43.120193.001233
https://doi.org/10.1146/annurev.ns.43.120193.001233
https://doi.org/10.1126/science.abk1781
https://doi.org/10.1016/0550-3213(75)90485-X
https://doi.org/10.1103/PhysRevD.42.1673
https://doi.org/10.1088/1126-6708/2001/10/007
https://doi.org/10.1088/1126-6708/2001/10/007
https://doi.org/10.1088/1126-6708/2003/06/059
https://doi.org/10.1088/1126-6708/2003/06/059
https://doi.org/10.1103/PhysRevD.74.035001
https://doi.org/10.1140/epjc/s10052-007-0259-x
https://doi.org/10.1140/epjc/s10052-007-0259-x
https://doi.org/10.1016/S0550-3213(97)00785-2
https://doi.org/10.1016/S0550-3213(97)00785-2
https://doi.org/10.1103/PhysRevD.77.035001

JON BUTTERWORTH et al.

PHYS. REV. D 109, 095014 (2024)

[15] Pavel Fileviez Perez, Hiren H. Patel, Michael. J. Ramsey-
Musolf, and Kai Wang, Triplet scalars and dark matter at the
LHC, Phys. Rev. D 79, 055024 (2009).

[16] Pavel Fileviez Perez, Hiren H. Patel, and Alexis D.
Plascencia, On the W mass and new Higgs bosons, Phys.
Lett. B 833, 137371 (2022).

[17] Cheng-Wei Chiang, Giovanna Cottin, Yong Du, Kaori
Fuyuto, and Michael J. Ramsey-Musolf, Collider probes
of real triplet scalar dark matter, J. High Energy Phys. 01
(2021) 198.

[18] Bryan W. Lynn and E. Nardi, Radiative corrections in
unconstrained SU(2) x U(1) and the top mass problem,
Nucl. Phys. B381, 467 (1992).

[19] Saiyad Ashanujjaman, Sumit Banik, Guglielmo Coloretti,
Andreas Crivellin, Bruce Mellado, and Anza-Tshilidzi
Mulaudzi, SU(2), triplet scalar as the origin of the
95 GeV excess?, Phys. Rev. D 108, L091704 (2023).

[20] John F. Gunion and Howard E. Haber, The CP conserving
two Higgs doublet model: The approach to the decoupling
limit, Phys. Rev. D 67, 075019 (2003).

[21] M. Maniatis, A. von Manteuffel, O. Nachtmann, and F.
Nagel, Stability and symmetry breaking in the general two-
Higgs-doublet model, Eur. Phys. J. C 48, 805 (2006).

[22] Yu Cheng, Xiao-Gang He, Fei Huang, Jin Sun, and Zhi-
Peng Xing, Electroweak precision tests for triplet scalars,
Nucl. Phys. B989, 116118 (2023).

[23] See the appendix for the Feynman rules.

[24] G. Aad et al. (ATLAS Collaboration), Measurement of the
properties of Higgs boson production at y/s = 13 TeV in
the H — yy channel using 139 fb~! of pp collision data
with the ATLAS experiment, J. High Energy Phys. 07
(2023) 088.

[25] Albert M Sirunyan et al. (CMS Collaboration), Measure-
ments of Higgs boson production cross sections and
couplings in the diphoton decay channel at +/s =
13 TeV, J. High Energy Phys. 07 (2021) 027.

[26] A.G. Akeroyd, A. Alves, Marco A. Diaz, and O. J. P. Eboli,
Multi-photon signatures at the Fermilab Tevatron, Eur.
Phys. J. C 48, 147 (2006).

[27] Antonio Delgado, Mateo Garcia-Pepin, Mariano Quiros,
Jose Santiago, and Roberto Vega-Morales, Diphoton and
diboson probes of fermiophobic Higgs bosons at the LHC, J.
High Energy Phys. 06 (2016) 042.

[28] A.G. Akeroyd, Marco A. Diaz, and Francisco J. Pacheco,
Double fermiophobic Higgs boson production at the CERN
LHC and LC, Phys. Rev. D 70, 075002 (2004).

[29] Johan Alwall, Michel Herquet, Fabio Maltoni, Olivier
Mattelaer, and Tim Stelzer, MadGraph5 : Going beyond, J.
High Energy Phys. 06 (2011) 128.

[30] Serguei Chatrchyan et al. (CMS Collaboration), Search for a
light charged Higgs boson in top quark decays in pp
collisions at /s = 7 TeV, J. High Energy Phys. 07 (2012)
143.

[31] Georges Aad ef al. (ATLAS Collaboration), Measurements
of the top quark branching ratios into channels with leptons
and quarks with the ATLAS detector, Phys. Rev. D 92,
072005 (2015).

[32] Georges Aad et al. (ATLAS Collaboration), Search for
resonant WZ production in the fully leptonic final state in

proton—proton collisions at /s = 13 TeV with the ATLAS
detector, Eur. Phys. J. C 83, 633 (2023).

[33] Georges Aad et al. (ATLAS Collaboration), Search for
heavy resonances decaying into a pair of Z bosons in the
£T¢=¢ + ¢'~ and £T¢"v final states using 139 fb~! of
proton—proton collisions at /s = 13 TeV with the ATLAS
detector, Eur. Phys. J. C 81, 332 (2021).

[34] Armen Tumasyan et al. (CMS Collaboration), Search for
direct pair production of supersymmetric partners of z leptons
in the final state with two hadronically decaying z leptons and
missing transverse momentum in proton-proton collisions at
/s = 13 TeV, Phys. Rev. D 108, 012011 (2023).

[35] Christian Bierlich et al., Robust independent validation of
experiment and theory: Rivet version 3, SciPost Phys. 8, 026
(2020).

[36] Jonathan M. Butterworth, David Grellscheid, Michael
Kriamer, Bjorn Sarrazin, and David Yallup, Constraining
new physics with collider measurements of Standard Model
signatures, J. High Energy Phys. 03 (2017) 078.

[37] A. Buckley et al., Testing new physics models with global
comparisons to collider measurements: The Contur toolkit,
SciPost Phys. Core 4, 013 (2021).

[38] Adam Alloul, Neil D. Christensen, Céline Degrande,
Claude Duhr, and Benjamin Fuks, FeynRules 2.0—A
complete toolbox for tree-level phenomenology, Comput.
Phys. Commun. 185, 2250 (2014).

[39] Celine Degrande, Claude Duhr, Benjamin Fuks, David
Grellscheid, Olivier Mattelaer, and Thomas Reiter, UFO
—The Universal FeynRules Output, Comput. Phys. Com-
mun. 183, 1201 (2012).

[40] Johannes Bellm er al., Herwig 7.0/Herwig++ 3.0 release
note, Eur. Phys. J. C 76, 196 (2016).

[41] Georges Aad et al. (ATLAS Collaboration), Measurements
of differential cross-sections in four-lepton events in 13 TeV
proton-proton collisions with the ATLAS detector, J. High
Energy Phys. 07 (2021) 005.

[42] Enrico Bothmann et al. (Sherpa Collaboration), Event
generation with Sherpa 2.2, SciPost Phys. 7, 034 (2019).

[43] Georges Aad et al. (ATLAS Collaboration), Measurement
of the production cross section of pairs of isolated photons
in pp collisions at 13 TeV with the ATLAS detector, J. High
Energy Phys. 11 (2021) 169.

[44] Morad Aaboud et al. (ATLAS Collaboration), Measurement
of fiducial and differential W+ W~ production cross-sections
at /s = 13 TeV with the ATLAS detector, Eur. Phys. J. C
79, 884 (2019).

[45] Morad Aaboud ef al. (ATLAS Collaboration), Measurement
of the Zy — vy production cross section in pp collisions at
/s =13 TeV with the ATLAS detector and limits on
anomalous triple gauge-boson couplings, J. High Energy
Phys. 12 (2018) 010.

[46] Morad Aaboud et al. (ATLAS Collaboration), Measurement
of the production cross section of three isolated photons in
pp collisions at /s = 8 TeV using the ATLAS detector,
Phys. Lett. B 781, 55 (2018).

[47] Georges Aad et al. (ATLAS Collaboration), Measurements
of fiducial and differential cross sections for Higgs boson
production in the diphoton decay channel at /s = 8 TeV
with ATLAS, J. High Energy Phys. 09 (2014) 112.

095014-12


https://doi.org/10.1103/PhysRevD.79.055024
https://doi.org/10.1016/j.physletb.2022.137371
https://doi.org/10.1016/j.physletb.2022.137371
https://doi.org/10.1007/JHEP01(2021)198
https://doi.org/10.1007/JHEP01(2021)198
https://doi.org/10.1016/0550-3213(92)90486-U
https://doi.org/10.1103/PhysRevD.108.L091704
https://doi.org/10.1103/PhysRevD.67.075019
https://doi.org/10.1140/epjc/s10052-006-0016-6
https://doi.org/10.1016/j.nuclphysb.2023.116118
https://doi.org/10.1007/JHEP07(2023)088
https://doi.org/10.1007/JHEP07(2023)088
https://doi.org/10.1007/JHEP07(2021)027
https://doi.org/10.1140/epjc/s10052-006-0014-8
https://doi.org/10.1140/epjc/s10052-006-0014-8
https://doi.org/10.1007/JHEP06(2016)042
https://doi.org/10.1007/JHEP06(2016)042
https://doi.org/10.1103/PhysRevD.70.075002
https://doi.org/10.1007/JHEP06(2011)128
https://doi.org/10.1007/JHEP06(2011)128
https://doi.org/10.1007/JHEP07(2012)143
https://doi.org/10.1007/JHEP07(2012)143
https://doi.org/10.1103/PhysRevD.92.072005
https://doi.org/10.1103/PhysRevD.92.072005
https://doi.org/10.1140/epjc/s10052-023-11437-7
https://doi.org/10.1140/epjc/s10052-021-09013-y
https://doi.org/10.1103/PhysRevD.108.012011
https://doi.org/10.21468/SciPostPhys.8.2.026
https://doi.org/10.21468/SciPostPhys.8.2.026
https://doi.org/10.1007/JHEP03(2017)078
https://doi.org/10.21468/SciPostPhysCore.4.2.013
https://doi.org/10.1016/j.cpc.2014.04.012
https://doi.org/10.1016/j.cpc.2014.04.012
https://doi.org/10.1016/j.cpc.2012.01.022
https://doi.org/10.1016/j.cpc.2012.01.022
https://doi.org/10.1140/epjc/s10052-016-4018-8
https://doi.org/10.1007/JHEP07(2021)005
https://doi.org/10.1007/JHEP07(2021)005
https://doi.org/10.21468/SciPostPhys.7.3.034
https://doi.org/10.1007/JHEP11(2021)169
https://doi.org/10.1007/JHEP11(2021)169
https://doi.org/10.1140/epjc/s10052-019-7371-6
https://doi.org/10.1140/epjc/s10052-019-7371-6
https://doi.org/10.1007/JHEP12(2018)010
https://doi.org/10.1007/JHEP12(2018)010
https://doi.org/10.1016/j.physletb.2018.03.057
https://doi.org/10.1007/JHEP09(2014)112

CUSTODIAL SYMMETRY BREAKING AND HIGGS BOSON ...

PHYS. REV. D 109, 095014 (2024)

[48] Georges Aad et al. (ATLAS Collaboration), Measurement
of Zyy production in pp collisions at /s = 13 TeV with the
ATLAS detector, Eur. Phys. J. C 83, 539 (2023).

[49] Georges Aad er al. (ATLAS Collaboration), Measurements
of Zy and Zyy production in pp collisions at /s = 8 TeV
with the ATLAS detector, Phys. Rev. D 93, 112002 (2016).

[50] Albert M Sirunyan et al. (CMS Collaboration), Search for a
standard model-like Higgs boson in the mass range between
70 and 110 GeV in the diphoton final state in proton-proton
collisions at /s = 8 and 13 TeV, Phys. Lett. B 793, 320
(2019).

[51] Search for a standard model-like Higgs boson in the mass
range between 70 and 110 GeV in the diphoton final state
in proton-proton collisions at +/s = 13 TeV, Report
No. CMS-PAS-HIG-20-002, CERN, 2023.

[52] Georges Aad et al. (ATLAS Collaboration), Search for
scalar diphoton resonances in the mass range 65-600 GeV
with the ATLAS Detector in pp collision data at
/s = 8 TeV, Phys. Rev. Lett. 113, 171801 (2014).

[53] Search for diphoton resonances in the 66 to 110 GeV mass
range using 140 fb~! of 13 TeV pp collisions collected with
the ATLAS detector, Report No. ATLAS-CONF-2023-035,
CERN, 2023.

[54] Thomas Gehrmann et al., Jet cross sections and transverse
momentum distributions with NNLOJET, Proc. Sci. RAD-
COR2017 (2018) 074 [arXiv:1801.06415].

[55] Simone Amoroso et al., Compatibility and combination
of world W-boson mass measurements, arXiv:2308
.09417.

095014-13


https://doi.org/10.1140/epjc/s10052-023-11579-8
https://doi.org/10.1103/PhysRevD.93.112002
https://doi.org/10.1016/j.physletb.2019.03.064
https://doi.org/10.1016/j.physletb.2019.03.064
https://doi.org/10.1103/PhysRevLett.113.171801
https://doi.org/10.22323/1.290.0074
https://doi.org/10.22323/1.290.0074
https://arXiv.org/abs/1801.06415
https://arXiv.org/abs/2308.09417
https://arXiv.org/abs/2308.09417

