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ARTICLE INFO ABSTRACT

Editor: A. Ringwald The multi-lepton anomalies suggest the existence of a new scalar with a mass between 145 GeV and 155 GeV,
which is compatible with indications of the associated production of a narrow resonance with a mass of ~151
GeV. These anomalies require a sizable branching fraction of the new scalar to W W . However, because no
Z Z signal at this mass has been observed, this implies that the new boson could be the neutral component
of an SU(2); triplet with zero hypercharge. This field leads to a positive definite shift in the W mass and is
produced via the Drell-Yan process pp — W* — A’A*. We use the side-bands of the ATLAS analysis [1] of the
associated production of the Standard Model Higgs in the di-photon channel to search for this production mode
of the triplet. Since the dominant decays of A* depend only on its mass, the effect in the 22 signal categories
considered by ATLAS is completely correlated. Combining all channels in a likelihood ratio test, we find that a
non-zero Br[A? — yy], with a best-fit value of 0.66%, is preferred by ~3¢ for a mass of ~151.5 GeV. While this
mass is consistent with the multi-lepton anomalies, there is also an excess at ~ 127 GeV with a significance of
3.60. However, the latter is inconsistent with the mass predicted by the multi-lepton anomalies and is in close
proximity to the SM Higgs mass, suggesting the possibility of enhanced associated production of the SM Higgs.

1. Introduction

The Standard Model (SM) of particle physics is the established the-
oretical description of the fundamental constituents of matter and their
interactions. It has been extensively and successfully tested at the preci-
sion frontier [2-4] and its last missing particle, the Brout-Englert-Higgs
boson [5-8] has been discovered in 2012 at CERN [9-11]. In fact, this
125 GeV scalar has properties consistent with the ones predicted by the
SM [12-16].

However, the minimality of the SM Higgs sector, i.e. a single SU(2)
doublet scalar that simultaneously gives masses to the electroweak (EW)

* Corresponding author.

gauge bosons and all (fundamental) fermions, is not guaranteed by any
theoretical principle or symmetry. Therefore, a plethora of extensions
has been proposed in the literature, including the addition of SU(2);
singlets [17-19], doublets [20-24] and triplets [25-30], as well as
countless more models containing multiple new scalars.

To be viable, such extensions must respect the bounds from elec-
troweak precision observables (particularly the p parameter), flavour
observables and searches at the Large Hadron Collider (LHC). While
flavour observables can be avoided if the new Higgses do not couple di-
rectly to SM fermions, the experimental average of the W mass [31]
even suggests a positive new physics (NP) effect with 3.5¢ significance
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Fig. 1. Feynman diagram showing the Drell-Yan production of the triplet, pp —
W* = (A* - XY)(A® - yy), which can be searched for in the side-bands of
the ATLAS analysis of the associated production of the SM Higgs [1]. Within
our mass range, XY are dominantly W Z,tb,cs, v (see Fig. 2).

over the SM prediction [4].} Furthermore, an explanation of the multi-
lepton anomalies® [35-42], in particular the very significant disagree-
ment in the top quark differential distributions [39,42,43], requires that
the new scalar which decays dominantly to W W lies in the mass range
of 145 GeV to 155 GeV. In fact, we found that the side-bands of SM
Higgs searches display increasing excesses for a new scalar at ~151.5
GeV [44] (3.9¢) and hints for its decay to W W exist [45-47], while no
Z Z excess at this mass is observed [48,49].

This suggests that the neutral component of the SU(2), triplet with
hypercharge Y =0, which, at tree-level and in the absence of mixing,
couples to W bosons but not to the Z, could be the ~151 GeV boson.®
This field, at the same time, predicts a positive definite shift in the W
mass (w.r.t. the SM prediction) [50-62]. Furthermore, it cannot have
tree-level couplings to SM fermions, such that it naturally avoids flavour
bounds and has in general suppressed gluon and vector boson fusion
production cross-sections, weakening or avoiding LHC bounds.

The triplet Higgs is produced via the Drell-Yan process pp > W* —
AOA* at the LHC, i.e. together with additional particles. This has the
potential to explain the hints for the ~151 GeV boson, which are most
pronounced in associated production channels. Note that these exclu-
sive searches can significantly improve the new physics sensitivity by
reducing the SM background: this is achieved by requiring the presence
of additional particles or signatures in the final state, together with the
ones from which the invariant mass is reconstructed.

The most extensive and complete search for the associated produc-
tion of the SM Higgs was performed in Ref. [1]. In addition to the
photon pair, from which the mass of the Higgs is reconstructed, ATLAS
searched for 22 different signatures in its model-independent analysis,
including leptons, jets, missing energy, etc. While no significant excess
for my, = 125 GeV was found (in a single channel), the side-bands of
this analysis can be used to search for the associated production of new
Higgses in the 110 GeV-160 GeV range.

Therefore, we consider the process pp —» W* — (A = yy)(AT —
XY), see Fig. 1. For our mass range, XY =,th, W Z,zv (including that
t, W or Z can be off-shell) are the dominant decay rates. Because A*
and A° turn out to be quasi-degenerate in mass and the branching ratios
of A* solely depend on it, Br(A® — yy) is the only relevant additional
free parameter for the analysis of yy + X (for any given mass), mak-

1 However, note that the recent CMS value [32] not included in this average,
is closer to the SM.

2 The multi-lepton anomalies are LHC processes involving multiple leptons
and missing transverse momentum in the final state (see Refs. [33,34] for recent
reviews).

3 In this work, we do not discuss the possibility that the neutral component of
the triplet could be the 95 GeV boson [50]. Since the real triplet contains only
one neutral component, it is, therefore, not possible to explain both excesses.
However, it would be possible to extend the SM by two triplets so that the 151.5
GeV and 95 GeV excesses are not exclusive.
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ing our setup very predictive. We can thus perform a global fit taking
the full set of channels of Ref. [1] to test our conjecture that the neu-
tral component of the SU(2), triplet is the (hypothetical) ~151.5 GeV
boson.

2. Model and analysis

The SM extended with an SU (2), triplet scalar (A) with hypercharge
Y =0 is commonly referred to as the ASM [63-70]. The most general
scalar potential of this model is (see Appendix A for details)

V=-—pid'o+ %" (@7@)” - j2Tr (A7) ¢h)
+ %A [Tr (ATA)]* + ADTAD + gy &TOTr (ATA),

where all the couplings are assumed to be real, thereby making the
potential CP-conserving. In addition to the SM Higgs A, this model
contains a charged scalar (A*) and a neutral one (A®). In the process
of spontaneous electroweak symmetry breaking, the real component of
the triplet acquires a vacuum expectation value (VEV) v, , which max-
imally breaks custodial symmetry because it only contributes to the W
mass but not to the Z mass.* Therefore, it leads to a positive definite
shift in my, (at tree-level) w.r.t. the SM prediction [4,71-80]. This is
in agreement with the current global average [31], which indicates a
positive effect of ~44 MeV with a significance of 3.5¢ w.r.t. the SM pre-
diction [71].5 While the exact value of v » is immaterial for this work,
the W-mass implies v, ~ 4.1 GeV.® The mass of A* and A® can be ex-
pressed as

2
v 2

2 A v A

my, =Ay— + ——tana(ﬂ v ——)U,

Ag AT /4A4UA eAbA T 5 @
5 v? +40%
ms, = _—,

ax = Ha dv,

where a is the mixing angle between & and A® and v is the VEV of the
SM Higgs. Eq. (A.7) implies that the mass splitting between A* and A°
is of the order of v, (for small « and the scalar self-couplings of O(1));
see the discussion after Eq. (A.7). Therefore, we can assume them to be
degenerate to a good approximation, i.e. my+ & myo ~ my. The mixing
angle « impacts the branching ratios of A®. However, we are only in-
terested in A® — yy which is loop induced and depends not only on «
but also critically on mpo — my+ (because it is related to the AVATAF
coupling). Therefore, concerning the fit, we can subsume these param-
eters within Br(A° — yy), which is the only relevant unknown quantity
for analysing yy + X (for any given mass). The decay rate for A? — yy,
calculated as a function of the Lagrangian parameters, is given in Ap-
pendix A.

The production cross-sections for the Drell-Yan processes, pp —
W* - AYA* and pp — Z*,y* - A*A¥ (where the asterisk denotes
that the particle is off-shell), as a function of m, are given in Fig. 2
(left). Here, we include the next-to-next-to leading log (NNLL) and NLO
QCD correction factor of Refs. [88,89] (see also Ref. [90] for QCD cor-
rections to charged Higgs production). Note that this is the dominant
production mode in the limit of « ~ 07 and v, < v. These processes

4 For details on the model and its free parameters, see e.g. [50].

5 The world W -mass fit [31] is based on the recent measurement from the CDF
experiment [81] and previous measurements from the DO experiment [82-85]
at the Tevatron, the LHCb and ATLAS experiments at the LHC [84,86], and the
LEP [87]. While there is a tension between the most precise measurement from
the CDF and the rest, notice that even on excluding the former, a positive shift
is preferred at ~1.40.

6 The world W -mass fit excluding the recent CDF measurement requires v,
2.7 GeV (see Appendix A).

7 While the exact value of « is not relevant for our analysis, a value below ~ 0.3
is generally compatible with SM Higgs signal strength measurements. This has
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Fig. 2. Left: Production cross-section for pp — A’A* and pp — A*A¥ as a function of the triplet mass including the NNLL and NLO QCD correction factor of
Refs. [88,89]. Right: Dominant branching ratios of the charged component A* as a function of the mass.

were studied in detail in Ref. [91] finding that 4-lepton searches can
only exclude masses between ~160 GeV and ~200 GeV.® However, the
ATLAS analysis of the associated production of the SM Higgs [1] sen-
sitive to pp —» W* — APA* with A® — yy (shown in Fig. 1), was not
included.

To determine the efficiency (including cuts and acceptance,
etc) we simulated pp - W* — (A* - XY)A® - yy) using
MadGraph5aMCeNLO [92] with the parton shower performed by
Pythia8.3 [93] and carried out the detector simulation for the AT-
LAS detector [1] with Delphes [94]. The UFO model file at NLO for
the ASM was built using FeynRules [95-97]1.° Note that the dominant
branching fractions of A* are induced by mixing with the SM Higgs dou-
blet at tree level (scales as v, /v) such that the dependence on it cancels.
Therefore, we can show them as a function of m, in Fig. 2 (right). The
dominant final states for the mass range of interest are XY = rv,cs,tb
and W Z (including implicitly that , W and Z can be off-shell).

Taking into account that Z and W bosons decay to leptons, missing
energy and jets, we expect that the ATLAS signal regions targeting lep-
tons, missing transverse energy (E?iss) and high jet activity are the most
important ones. Furthermore, at higher values of m,, the categories ad-
dressing top quarks become relevant.

To obtain bounds on Br(A” — yy) we perform a likelihood-ratio test
using Poisson statistics. This means that we take the theory prediction
for the number of events in a bin i as the mean of the Poisson distribution
and calculate the ratio

Lp=T0 [L(NM NP/ L(NNP NP, 3

where L is the likelihood described by the Poisson distribution, N I.SM’NP
is the number of expected events (which is a real number) in the SM
(including the SM Higgs) or our ASM and Niexp is the number of events
measured by ATLAS. Because £(N1,NP,NI.6XP) is a function of m, and
Br(A° = yy), we can maximize it w.r.t. the latter for any given mass.
This then corresponds to the maximum likelihood L3* and thus to the
best-fit value for Br(A? — yy). Note that we allow for an unphysical
negative branching ratio to take into account the effect of downward

an impact on the inclusive di-photon signal strength of the 151.5 GeV boson,
which would become relevant for a > 0.1.

8 In fact, Ref. [91] used myo = m,. = 150 GeV as a benchmark point.

9 To reduce the computational resources needed for our scan, we performed
the simulations at leading order but rescaled the production cross-section to
account for the NLO and NNLL effect. Furthermore, we simulated the 4-jet cat-
egory at NLO, where gluon radiation is particularly important, and included it
via a correction factor of 1.2 in the extraction of the efficiency.

Table 1
Signal regions of the ATLAS analysis [1] that are most relevant
for the Drell-Yan production of the triplet Higgs.

Target Region Detector level

High jet activity =~ >4 24, |njyl <25

niet

Top 4 Moo 21, Myje 21
Tiep Npcey = 1 Rjet = Npjer = 1
Thad Npegyy =0, Nigg =3, Mo = 1
Lepton >17 Ny—ey >1
2¢ ee, jiy Or ey
>3¢ Mpcey 23
Episs EMs > 100 GeV  EM > 100 GeV

EMss > 200 GeV
EPis > 300 GeV

EMss > 200 GeV
EXis > 300 GeV

fluctuations of the background. The 68% and 95% confidence level (CL)
regions are calculated in the asymptotic limit (where y2 = —2In(LF™)
by requiring that y2 =1 and y2 =4, respectively.

3. Results

From the simulation, we obtain the effects in all 22 signal regions
provided by ATLAS [1]. However, it turns out that only the 10 detained
in Table 1 give relevant constraints on Br(A? — yy).!° The correspond-
ing 95% CL bounds on Br(A? — yy) are shown in Fig. 3. Interestingly, all
relevant distributions, except #,,4, show a weakening of the limit around
a mass of ~150 GeV. Furthermore, a similar weakening of the limits is
observed between 125 GeV and 130 GeV. Combing all signal regions
in Fig. 3 by taking the product of the likelihood ratios, we obtain the
best-fit value for Br(A® — yy) as a function of the mass, as well the 68%
CL and 95% CL regions, as shown in Fig. 4.!' One can see that there is
a preference for a non-zero signal both at around 125-130 GeV and at

10 The signal yields in the remaining signal regions are so small, compared to
the corresponding background yields, that their inclusion in the combination has
virtually no impact. Furthermore, the 2¢ signal region is highly correlated (97%)
with the 2£-Z (two-lepton signal region with a Z-veto) that we do not include
the latter in our fit. It is important to note that whether these signal regions
show an excess or deficit is irrelevant for our model-dependent analysis, since
our predefined model predicts a negligible contribution in these signal regions.
1 Note that there is a moderate correlation between the signal regions, in
particular between the different E;‘i“ categories. However, we checked that re-
moving two of the three E7"* signal regions from the fit has a very small impact
on the final result.
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Fig. 3. 95% CL upper limits on Br(A® — yy) for the 10 most relevant categories. Note that except for the #,,, and 3¢ signal regions, all categories show a weakening

of the limit around 151.5 GeV.
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Fig. 4. Statistical combination of the relevant channels. Note that a non-zero
branching ratio of A® — yy is preferred at both ~127 GeV (3.65) and ~151 GeV
(30). Note that the central value of around 0.6% at 151.5 GeV is compatible
with all 95% CL limits in Fig. 3.

~151.5 GeV. The latter has a significance of 3¢ and shows the data con-
sistency with the assumption that the (hypothetical) ~151.5 GeV Higgs
is the neutral component of a triplet with Y =0.'?

Furthermore, the excess in the 125 GeV-130 GeV range, with a sig-
nificance of 3.60 at ~#127 GeV, could be due to a triplet as well or point
towards the enhanced associated production of the SM Higgs, since at
125 GeV the significance is still 1.86. However, the closeness to the SM
Higgs makes it more prompt to systematic error and it is not consistent
with the predictions of the multi-lepton anomalies. Finally, note that, in
principle, the background would be lower if it were refitted in the pres-
ence of one or more additional resonances. This would, particularly for
our two-peak structures with a deficit in events between them, further
increase the significance.

In Fig. 5, we show the 1o and 20 preferred regions for Br(A® —
yy) in green in the a vs my+ — myo plane for myo = 151.5 GeV and
vy =4.1 GeV (top) and v, =2.7 GeV (bottom), corresponding to the

12 Note that while not all channels are in perfect agreement with each other,
this is expected from statistics. There is also an excess in the yy +y signal region.
However, this channel is not included in our fit since it is insensitive to our
model. This means that the ASM predicts that this excess, which is anyway
much below the 2¢ level, is a statistical fluctuation.

world W-mass fit including/excluding the recent CDF measurement.
Also, shown in blue are the regions allowed by the SM Higgs to diphoton
(h — yy) [98,99] signal strength at 1o, 20 and 3¢. The h - Z Z* signal
strength restricts |a| < 0.25(0.38) at 10(20) level. See Appendix A for
details on h — yy, Z Z* constraints. Also shown are the regions (outside
the two vertical red lines) excluded fromthe H —» ZZ — 4¢,262q,2¢2v
search by CMS [100].13

Note that both Br(A? — yy) and Br(h — yy) are sensitive to the mass
splitting since this determines the tri-linear Higgs coupling which enters
the processes via the A* loop. The region between the two magenta lines
satisfies perturbative unitarity, and the one below the blue line leads to
a stable vacuum at the electroweak scale. Note that the part of the pre-
ferred region for Br(A? — yy) overlapping with the region providing a
stable vacuum entails a lower branching ratio than the central value.'*
Note that vacuum stability should not be treated on the same footing as
an observable. Since it is sensitive to the non-decoupling effect, it could
be restored by new physics without affecting low-energy phenomenol-

ogy.
4. Conclusions and outlook

The multi-lepton anomalies [35-37,39,471, in particular the differ-
ential 77 distributions [47], suggest the existence of a new scalar with a
mass between 145 GeV and 155 GeV with a sizable branching fraction to
W W. This is in agreement with the indications for a narrow resonance
in yy and Zy final states at 151 GeV we obtained in Ref. [44,105]).
However, no excess in Z Z — 4¢ is observed [48,49]. This motivates the
hypothesis that the ~151 GeV Higgs could be the neutral component of
an SU(2), triplet with Y =0, because it only couples to W bosons at
tree-level (in the absence of mixing) but not to the Z. Furthermore, this
field predicts a positive shift in my,.

For small mixing angles, the main production mechanism of A? at
the LHC is associated production together with the charged component
A% via the Drell-Yan process pp — W* — A°A=. In this article, we use
the sidebands of the model-independent ATLAS analysis [1] of the as-
sociated production of the SM Higgs in the di-photon channel, in order
to search for this process. Because the leading branching fractions of
A% only depend on its mass, and it must be quasi-degenerate with the

13 We use HiggsTools [101] to check possible exclusion of the model pa-
rameter space of our interest. We find that the resulting exclusion limits from
HiggsSignals [102] of HiggsTools are less stringent than the ones we ob-
tained by combining from the latest CMS and ATLAS measurements [98,99],
while HiggsBounds [103] of HiggsTools excludes the region with sizeable
a, e.g., |a| 2 0.15 for my =~ 150 GeV.

14 We cross-checked our results with VEVACTIOUS [104], finding differences of
at most 10% which would have a negligible impact on our results.
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Fig. 5. Preferred regions in the @ vs m,. — myo plane for my, = 151.5 GeV
and v, =4.1 GeV (top) and v, =2.7 GeV (bottom). The 1o and 2¢ regions for
Br(A® — yy) are shown in green, with the dashed black line denoting the central
value. The band between the two magenta lines satisfies perturbative unitarity,
and the one below the blue line leads to a stable vacuum. The blue regions are
allowed by the h — yy signal strength at 1o (1.02-1.15), 20 (0.96-1.22) and 3¢
(0.90-1.29) levels. The regions outside the two vertical red lines are excluded
from the H - ZZ — 4¢,2¢2q,2¢2v search.

neutral component (mps ~ myo & my), Br(A? — yy) is the only free
parameter of interest (for a given mass). Within the mass range 110
GeV-156 GeV, 10 out of the 22 signal regions of the ATLAS analysis [1]
give relevant constraints on Br(A? — yy). Furthermore, 9 of them show
a weakening of the 95% CL limit at %145 GeV to ~155 GeV. In fact,
combining all channels in a likelihood ratio test leads to the preference
of non-zero Br(A” — yy), with a significance of 3¢ for mp ~151.5 GeV
and a best-fit value of Br(A® — yy) = 0.66%. This shows that the strong
indications for the associated production of the ~151 GeV scalar are
consistent with the assumption that it is the neutral component of a
Higgs triplet.

Moreover, a similar excess (3.60) is obtained at 127 GeV, i.e. near
the SM Higgs boson mass. While it could in principle be due to a triplet
as well, it is not compatible with the mass range expected from the
multi-lepton anomalies. Furthermore, it could also originate (partially)
from the associated production of the SM Higgs. In this case, the sig-
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nificance reduces to 1.8¢. This option is particularly interesting since it
was already pointed out in Ref. [40] that there are hints for a non-zero
new physics contribution to 4 + W, which constitutes an overlapping
signal.'® Furthermore, the enhanced associated production of the SM
Higgs is expected in the A2HDMS [107], which was recently proposed
as a combined explanation of the multi-lepton anomalies, the hints for
new Higgses at 151.5 GeV and 95 GeV and the resonant #f excess at 400
GeV [108].

While in this article, we accumulated evidence that the (hypothet-
ical) #151.5 GeV Higgs is the neutral component of the triplet with
Y =0, this does not exclude a more complicated scalar sector, and addi-
tional production mechanisms are required to explain the multi-lepton
anomalies. To disentangle them, we are eagerly waiting for the analy-
sis of LHC run-3 data, and a comprehensive analysis of associated Higgs
production by CMS, in the spirit of Ref. [1], would be very welcome.
Furthermore, the Drell-Yan production of A*A¥ can lead to WW W -
like signatures, where an ~2¢ higher cross-section than expected in
the SM is observed [109,110]. Finally, we remark that the charged
component of the triplet could be examined with great precision at fu-
ture ete~ accelerators, such as the Circular Electron-Positron Collider
(CEPC) [111,112], the Compact Linear Collider (CLIC) [113], the Fu-
ture Circular Collider (FCC-ee) [114,115] and the International Linear
Collider (ILC) [116,117].
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Appendix A. Y = 0 Higgs triplet model

The most general scalar potential of the ASM model involving the
SM Higgs doublet @ and the Y =0 Higgs triplet A is given by

A 4
V=—ih0'0+ 22 (0f0)’ - )3 Tr (a74) (A1)
A
+ TA [Tr (ATA)]* + ADTAD + 4 & BT (ATA),
with ® and A parametrised as
h+
_ @
®= (é(v®+hg+i60)>’
A=1<UA+hg \/Ehz >’
2\ V2ry  —(uy+HQ
where hg , = (hqt A5 and vg ~ 246 GeV and v, are the respective
VEVs. Without loss of generality, all the scalar couplings in Eq. (A.1)

can be assumed to be real-valued. Consequently, the potential is C P-
conserving. Though the dimensionful coupling A can be negative, the

15 In our follow-up work. [106], we found that this excess disappears once the
new ATLAS result of yy + 7 is included and the background is refitted.
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sign can always be absorbed in the A field redefinition. For definiteness,
one can assume A > 0. Minimising the potential in Eq. (A.1), we find

Av 1 1
2 A 2 2
ﬂ¢=—T+ZU¢\A¢,+§A¢A0A,
Av?
2 o 12 1
——— + U5 App + S AU
Ma= 7y, T2 eltea™ g/l

These can be used to replace the mass terms ,ué and ,ui in the La-
grangian. The mass matrices for the CP-even neutral and charged Hig-
gses read

Aot A
)
) 3 (%AUA - 3) Vg
MO = Apv? Av? ’
Jopala — 2 )0 S/ A
@AYA T 3 )P0 2 4oy
A
Av, o
M2 = 2
+ | Ave AU(D B
2 4vp

in the interaction basis (hg‘i, hg’t). We diagonalize these mass matrices
by rotating the interaction bases to the physical bases:

h'\ _( cosa sina n
A% )7\ —sina cosa haz ’
*\ [ cosp sinp hy,
At )T\ =sinf cosp )\ hy )’

that the masses of the physical Higgs states are

Apl?
mi=%+tana(ﬁ¢AvA—§)v¢, (A.2)
a2 Av2
mio =— AL —4U:> —tana (A@AUA - %) Ve (A.3)
2 2
vy +4v
2 o T
s =A—, A.4
Mps 40, (A.4)

and the mixing angles are

40Uy (2Apava — A)

tan2a = 5 3 > (A.5)
2ApUgqUp — 2450, — Avg,
4vgpv
tan2f = —%. (A.6)
Vg — 4uA

Here, the mass state h is identified as the 125 GeV Higgs observed at
the LHC, and the state G* corresponding to the zero eigenvalue of Mf
is the charged Goldstone boson, while we do not mention the neutral
Goldstone G purely coming from the doublet Higgs.

Now, we can trade the trilinear and quartic couplings of the La-
grangian with the physical masses, the triplet VEV and the mixing angle
as follows.

2 .
l®:—2[cos2a m,21+s1n2a mio s
Yo
2
2 | 13
Ay == |sin®a m? +cos? a m? -—2 2.,
v? h Y
A ® A
dvgv
. 2 DYA 2
oA = sm2a<mh—m 0>+7m s>
2 [ A 2 2 A
A Uq)+41)A
_ 4o, 2
T2 2 TAES
U@+4UA

Therefore, we have four free parameters in the Higgs sector of our
model: mpo,mp+,a and vy.
From Eq. (A.3) and Eq. (A.4), we have

A0
20=AUA—%+tana(iq,AvA—é>v¢‘ (A7)

2
Mye =My >
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Therefore, as it turns out, A? and A* are nearly mass-degenerate for
small (or vanishing) « and v, . Though non-zero (or sufficiently large)
and v, break this mass-degeneracy and can, in principle, induce sizable
mass-splitting among them, the requirement of vacuum stability and
perturbative unitarity (spelt out later in this section) restricts the mass-
splitting to a few GeV.

Note that the Higgs triplet does not couple to the SM fermions at
the renormalizable level. Therefore, the Yukawa Lagrangian is the same
as that of the SM (before EW symmetry breaking), with the only dif-
ference arising from the mixing of the scalar states. The gauge-kinetic
Lagrangian for A is

LOTr[|D,A%, (A.8)

where D,A=0,A+ig [%akWﬂk, A] , g isthe SU(2); gauge coupling, ok
are the Pauli matrices, and the square bracket denotes the commutator.

W mass

Once the EW symmetry is broken, the Higgs triplet contributes to the
W -boson mass at the tree level

2

n, = %gz(ué+4UA2)= (mﬁy)2<1+ %) (A.9)
@

That is, it leads to a positive definite shift in my, as required by the

world W-mass fit. As such, the world average (including the CDF II

measurement) requires v, =4.1 + 1.2 GeV, while excluding the CDF II

measurement, one requires v, =2.7 +2.0 GeV.

Vacuum stability and perturbative unitarity

Requiring the potential to be bounded from below in all field direc-
tions, one gets the following conditions

Ap >0, A5, >0, 24pp + VApip >0,
while requiring that perturbative unitarity is respected in all 2 — 2

scalar scattering processes, one gets

[Apl <327, |Apl <327, |Agal < 167,

1640 + 55 1/ (6dg — 545)2 + 19242, | < 1281.

Note that the conditions |4, | < 327 and |Ag, | < 167 restricts the triplet-
like Higgs states A? and A* to be quasi-mass-degenerate.

SM Higgs signal strengths

The triplet-like Higgs states contribute to the SM Higgs decays
through the trilinear and quartic interactions. In particular, 2~ — yy and
h — ZZ* can provide nontrivial constraints on the model parameter
space. The h — yy signal strength is given by

A -v
fy, ~ | cosa + A — - (A.10)
2my,. 4mt2 4my,
—ﬂl/2 L +ﬁ1 L
VAN
where
A
Apa+a- =Sina { TAUA cos? f + (iq)AvA + %)sinzﬂ} (A11)
Ao o 25 A
+cosa TU‘DSIH P+ ApaUg COS ﬂ—istﬁ s (A.12)

and the loop functions are given by [118]
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Ao =—x[1 —xf(0)]1,
B2 (x)=2x[1+ (1 =) f ()],
BL(x) = —[2+3x +3x2 — x) f(x)].

Combining the most recent measurements of CMS [98] and AT-
CMS _ +0.09 ATLAS _ +0.10 ;
LAS [99], Hpyy = 1.127 g and Hyyy = 1047 g, respectively, we get
the inverse weighted average

exp _ +0.07

hyy = 1.087 6
The other SM Higgs signal strengths (bb, c¢, 77, gg, WW* and ZZ*)
are given by cos? a to a very good approximation. The PDG average [4]
of the h - ZZ* signal strength based on the LHC measurements [14,
48,49] gives

(A.13)

LHC — 1.02+0.08.

Wy (A14)

While the h — Z Z* signal strength simply puts a constraint on the mix-
ing angle a:

la] < 0.25(0.38) at 16(20) level, (A.15)

the h — yy signal strength puts non-trivial constraints on myo, mp+ —
mpo and a. Note that their dependence on mp. — m,o stems via the
coupling Ayp+a--

A® decays

The dominant tree-level decay rates f 7, WW®, ZZ® can be ob-
tained by rescaling the SM-like Higgs decays widths by g% 1 gIZ,VW and

g% - These couplings are given by
grpR— sina,

. 4vp
gww ® —sina+ — cosa,
v
877~ —sina,

if they are normalized to unity in the SM. The A? — yy decay rate is
given by

252,,3
a‘gym,,

N —yy)= ——=—
102473 m?,,

il

2
X

where the electromagnetic constant « is taken at the scale g2 = 0 since
the final state photons are real, and

2
4 . 12 4m;
ng”,N—g sina f —
A0
2
. 4v 4m
+ (—sina + —Acoso:)ﬂl W
U m2
A0
2
+ VNI e
2 2 ’
2m At "y,

with
A
ApOA+pA- =COSQ@ { TAUA cos? f + (zlq)AvA + %) sin2ﬂ}
A
—sina { T‘DUQ sin® B + AgpUg cOS% f — % sin2ﬂ} .
Data availability

The data used are extracted from the publicly available ATLAS pub-
lications.
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