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ABSTRACT: In this article, we examine the Standard Model extended by a Y = 0 real Higgs
triplet, the ASM. It contains a C P-even neutral Higgs (A®) and two charged Higgs bosons
(A*), which are quasi-degenerate in mass. We first study the theoretical constraints from
vacuum stability and perturbative unitarity and then calculate the Higgs decays, including
the loop-induced modes such as di-photons (yv) and Z7v. In the limit of a small mixing
between the SM Higgs and A, the latter decays dominantly to W and can have a sizable
branching ratio to di-photon. The model predicts a positive definite shift in the W mass,
which is compatible with the current global electroweak fit. At the Large Hadron Collider, it
leads to a (i) stau-like signature from pp — ATA™ — 777 v, (i7) multi-lepton final states
from pp = v* = ATA™ - WTW~ZZ and pp — W* = ATAL - WEZWTW ™~ as well
as (i7i) associated di-photon production from pp — W* — AT(AY — ~v). Concerning (i),
the reinterpretation of the recent supersymmetric tau partner search by ATLAS and CMS
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excludes ma+ < 110 GeV at 95% CL. From (i), some of the signal regions of multi-lepton
searches lead to bounds close to the predicted cross-section, but electroweak scale masses
are still allowed. For (iii), the recast of the associated di-photon searches by ATLAS and a
combined log-likelihood fit of signal and background to data find that out of the 25 signal
regions, 10 provide relevant limits on Br(A® — +v) at the per cent level. Interestingly, 6
signal regions show weaker than expected limits at around 152 GeV, leading to a preference
for a non-zero di-photon branching ratio of about (0.7+0.2)%.

KeEywoRrDS: Higgs Properties, Multi-Higgs Models, New Light Particles, Other Weak Scale
BSM Models
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1 Introduction

The Standard Model (SM) of particle physics is the currently accepted theory describing
the fundamental constituents of matter and their interactions. It has been tested with high
accuracy [1-3], and the discovery of the 125 GeV Brout-Englert-Higgs boson [4-7] at the Large
Hadron Collider (LHC) [8, 9] provided its last missing piece. Therefore, any observation of
new (fundamental) particles would prove the existence of physics beyond the SM (BSM). In
fact, the SM cannot be the ultimate fundamental theory of Nature as it fails to account for
several experimental observations, such as neutrino masses and mixing or the existence of
Dark Matter. Therefore, the SM must be extended by new particles and new interactions.

While one can account for Dark Matter and neutrino masses in many ways and at very
different energies, anomalies, i.e. deviations from the SM predictions, point towards new
physics at or below the TeV scale (see ref. [10] for a review). In fact, many of these anomalies
can be explained by extensions of the SM Higgs sector, whose minimality, i.e. the presence
of a single SU(2), doublet scalar that simultaneously gives mass to the electroweak (EW)
gauge bosons and all fermions, is not guaranteed by any guiding principle or symmetry.



Furthermore, while the measured properties of the 125 GeV Higgs are consistent with the SM
expectations [11-15], this does not exclude the existence of additional scalar bosons as long
as their role in electroweak symmetry breaking is minute. A plethora of models going beyond
the SM Higgs sector have been proposed in the literature, including the addition of SU(2)y,
singlets [16-18], doublets [19-25] and triplets [26-32], etc. While, in the past, the main focus
has been on singlet and doublet extensions that preserve the custodial symmetry at tree level
(i.e. p = 1), the larger-than-expected W mass measured by the CDF-II collaboration [33]
has led to a renaissance of scalar multiplet models [34-55]. In particular, the Higgs triplet
with hypercharge Y = 0 is the most minimal extension of the SM that leads to a positive
shift in the W mass at tree-level [36-44, 53, 56-70].

Though the intensified LHC searches for new particles, particularly new Higgses, have not
led to any discovery yet, several “multi-lepton anomalies” — statistically significant deviations
from the SM predictions in final states with multiple leptons, missing energy and possibly
(b-)jets [71-78] — have emerged; see refs. [10, 79] for a review. They are compatible with the
production of a ~ 270 GeV Higgs decaying into a pair of lighter Higgses (S and S’), which
dominantly decay to WW and bb, respectively. The opposite-sign di-lepton invariant mass
from the leptonic W decays is sensitive to the mass mg and fitting the invariant mass spectra,
ref. [72] found mg = 150 £ 5 GeV. In this context, it is important to note that the neutral
component of the Y = 0 triplet naturally has a dominant branching ratio to W bosons.

Refs. [80, 81], analyzing the sidebands of the SM Higgs boson searches by the ATLAS and
CMS collaborations [82-89], find that the data suggest the presence of a new narrow resonance
in the di-photon and Z~ spectra with a mass around 152 GeV produced in association with
leptons, (b-)jets and missing energy. The overall global significance of this resonant excess,
using the Fischer method, has surpassed the 50 mark within a simplified model.! Since
there is no excess in ZZ final states, it is therefore interesting to explore the phenomenology
of the Real Higgs Triplet model in this context. As such, refs. [91-93] showed that the
latest ATLAS analyses [90, 94] targeting associated productions of the SM Higgs in various
di-photon channels, are consistent with the Drell-Yan production of a =~ 152 GeV Higgs triplet
with a corresponding significance of around 4c¢.?

We take the above phenomenological motivations to perform a comprehensive study
of the Y = 0 Higgs triplet model [34, 56—63], which after spontaneous symmetry breaking
contains, in addition to the SM Higgs, a C P-even Higgs (A°) and two charged Higgs bosons
(A*). The outline of this article is as follows. We present in section 2 details of the model,
followed by the vacuum stability and perturbative unitarity constraints. The decay rates of
the triplet Higgses are discussed in section 3 and the phenomenology in section 4. Finally,
we summarise our findings in section 5. Further, we collect the relevant Feynman rules in
appendix A, and in appendix C, we discuss possible vacua configurations and the stability
of the neutral ones against the charge-breaking ones.

'This is obtained by adding the ATLAS excess in vy + 7 (= 30) [90] to the combination of ref. [81].

2Hints for the existence of a neutral scalar with a mass around 95GeV were presented by the CMS
collaboration [95-97], not excluded by the ATLAS experiment [98, 99] and consistent with a mild excess
reported by the LEP experiments [100]. As a possible explanation for these excesses, the scalar triplet with
Y = 0 was proposed in refs. [68, 101]. However, we will find here that the updated ATLAS stau search with
full run 2 luminosity excludes this possibility.



2 The ASM

The Higgs sector of the real Higgs triplet model, called the ASM, is composed of the SM
Higgs SU(2), doublet (®) with ¥ = 1/2 (in our convention)

h+
o = ® (2.1)
1 0 0N |’ ’
ﬁ(’l)ci)‘i‘hq)"i_'lG )

and the Higgs triplet (A) with Y = 0 transforming in the adjoint representation of SU(2)r,

1 {va+hy V2]
V2hy —(va+8%))°

= 2.2
; (22)
where h% A are real scalar fields, hy , = (hg A)5, and ve and va are the respective vacuum

expectation values (VEVs). With these conventions, the canonically normalised gauge-kinetic
part of the Lagrangian involving the triplet is

LD Tr[(D,A)(DFA)], (2.3)

where D,A = 0,A +ig {%O’kW[f, A}, with g being the SU(2), gauge coupling, o* the Pauli
matrices, and the square bracket denotes the commutator.

After EW symmetry breaking, the SU(2); doublet Higgs contributes to both W and
Z boson masses at the tree level, preserving the so-called custodial symmetry, i.e. p = 1.
However, the Higgs triplet only contributes to the W-boson mass (at the tree level), thereby
breaking the custodial symmetry maximally such that

e = " ST AA) Ay (2.4)
= ey~ TG Rl S T '

where ¢’ is the U(1)y gauge coupling, 6,, is the Weinberg angle, and v ~ vy ~ 246 GeV.
Note that the electroweak precision data require p to be close to unity at the sub-percent
level, allowing us to expand in va/vg in the last step.

At the phenomenological level, the WW-boson mass is usually calculated in the so-called
“GF scheme” input scheme using the Z-boson mass, the fine-structure constant «, and the
Fermi constant Gr from muon decay, resulting in

2
2 (1w T A, 2.5
i (12 ) = 2 an (2.5)

Here, my and myz are renormalised masses in the on-shell scheme, and Ar = Ao — %Ap +
Arpem represents radiative corrections to «, the p parameter, and the remaining partWof the
gauge boson two-point functions as well as the vertex and box diagram corrections to the
light fermion scattering process [102]. Combining the expressions above, we have

AT em

my __Amaem
\/iGFmQZ

miy = 5 [1+/1 (1+ Ar(mZ)) |- (2.6)




Taking into account that the triplet Higgs contribution to Ar at one-loop is suppressed on
account of its small mixing with the SM Higgs and its degenerate masses (see later), the
only relevant contribution to Ar appears through p at tree-level. Thus, to first-order in va,
eq. (2.6) implies a shift in piree: 0p = prree — 1, which translates to a shift in myy [69, 102]

myy cos? 0,

Amyy ~ Sp . (2.7)

2 cos?6, —sin246,,
2.1 Masses and couplings

The most general scalar potential of the ASM model is

V=— 1200+ %‘I’ (@%)2 — ATy (ATA) + %A [Tr (ATA)r

+ ADTAD + \pp ®TOTY (ATA) . (2.8)

Without loss of generality, all couplings can be assumed to be real. Consequently, the
potential is CP-conserving. Note that in the limit A — 0, the potential possesses a global
O(4)s x O(3)a symmetry and the discrete Zy o (A — —A) symmetry. Therefore, a non-zero
A leads to a soft breaking of this symmetry such that small values of it are natural in the
sense 't Hooft defined it [103].

Minimizing the potential in eq. (2.8), we find the conditions

Av 1 1
,u?p —_A + fvc%)@ + *)@AUQA, (2.9)
2 4 2
Avs 1 1
2 P 2 2
= — —vi A Y 2.1
HA N + Ve oA T 1 AUAS (2.10)

which can be used to replace u% and p3 such that the mass matrices for the (CP-even)
neutral and charged Higgses read

by 2
M2 — ER (Aoava = %) vo 2.1
U A AAv2 Av? ’ ( ) 1)
()‘CPAUA - j) Vo D) A+ 41,2)
AUA A’Uq,
2 2
ML= (A% A2 | (2.12)
2 LN

in the interaction basis (hg’i, h%i). We diagonalize these mass matrices by rotating the
interaction states to the physical basis where the mass matrices are diagonal. These mass

h'\ [ cosa sina RS, (2.13)
A\ —sina cosa hOA ’ '

G* [ cosB sinf h%
(Ai> - (— sin 3 cosﬁ) (hi) ’ (2.14)

eigenstates are given by



with the eigenvalues

ApV2 A
mi = @21)(1, + tan « ()\@,AUA — 2) VU, (2.15)
mio = Aavi A—v% — tan «v ()\ UA — A) v (2.16)
A0 — 92 N PAVA 9 () .
2 4 2
iy = ath 4 210
mé. =0, (2.18)

and the mixing angles

dvgua (2Apava — A)

tan 2a = 2.19
ansa 2Xpv30A — 22203 — Av3 (2.19)
4 2
tan28 = —% (equivalently, tan g = UA) . (2.20)
vg — 4vi Vo

Note that the mass eigenstate h is identified as the 125 GeV Higgs observed at the LHC, and
the zero eigenvalue of the charged Higgs mass matrix corresponds to the would-be Goldstone
boson. Note that we did not explicitly write down the neutral Goldstone G°, which comes
purely from the doublet Higgs and thus has the same properties as in the SM.

From eq. (2.16) and eq. (2.17), we have
)\Avi

A
+ tan « <)\<I>A'UA — 2> (I (2.21)

Therefore, A and A* are nearly mass-degenerate for o ~ 0 and va ~ 0. Even though a and

2 2
mA:t - on == AUA —

v break this mass-degeneracy and sufficiently large values could induce sizable mass-splitting
among them, the requirement of vacuum stability and perturbative unitarity (see section 2.2)
together with the experimental limit on the p parameter restrict the mass-splitting to at
most a few GeV.? However, such a small mass-splitting is of little consequence as far as
the LHC phenomenology or electroweak precision observables — in particular, the oblique
parameters — are concerned [39, 105, 106]. Therefore, we take mao ~ ma+ ~ mp further
in this work unless stated otherwise.

We can trade all trilinear and quartic couplings of the Lagrangian in eq. (2.8) for the
physical Higgs masses (my ~ 125GeV, mpao, maz+), the VEVs (v ~ 246 GeV, va) and
the mixing angle («):

2
Ao = — [cos2 a mj +sina mQAO] , (2.22)
Uy
2 .2 2 2 2 v% 2
)\A:g Sin Oémh+COS aon—mmAi 5 (223)
ApA = ! sin 2« <m,21 — mio) + Mmzi , (2.24)
2’U<1>UA U(% + 4U2A
= . 2.25
v(% + 4112A Max ( )

3Note that EW radiative corrections, driven by the EW gauge bosons, induce a mass-splitting ma+ — mao
of 160-170 MeV [104].



Therefore, the Higgs sector has only four free parameters: mao, ma+, a and va. To get a
better analytic understanding of these equations, we expand them in va /ve = va /v to obtain

2
Ap = ) {0052 a m,% + sin? a mQAi} ) (2.26)
2
AA = e [SinQ « m% + cos® o mQAo - mii} ) (2.27)
A
[N SR 2 2 2 2.2
TN sin 2« (on - mAi> + 2 Ak, (2.28)
4
v

Further expanding in the mixing angle «, one finds

2m?
Ao = —L 2.30
*= 3 (2.30)
2
Ao == [mAo — mAs] (2.31)
VA
o' 2
Noa = oo (mo —mis) + 5mis, (2.32)
4UA 2
A="2 . 2.33
L2 A (2.33)

Note that the Higgs triplet field (A) does not couple to the SM fermions at the Lagrangian
level. Therefore, the Yukawa Lagrangian is the same as that of the SM (before EW symmetry
breaking),

Ly = —QrYa ®dr — QLY. ®ur — LY, Per (2.34)

with the only difference arising from the mixing of the scalar states. The resulting Feynman
rules concerning their gauge, Yukawa, and self-interactions are given in appendix A.

2.2 Vacuum stability and perturbative unitarity

While writing eq. (2.1) and eq. (2.2), we have implicitly assumed that the EW symmetry
is spontaneously broken at some electrically neutral point in the field space and that the
corresponding vacuum is the global minimum of the potential. Although the conditions in
eq. (2.9) and eq. (2.10) ensure that the desired EW vacuum corresponds to an extremum
of the potential in eq. (2.8), one still needs to check that this extremum is indeed stable,
i.e. not a saddle-point or a local maximum. As we show in appendix C, the absence of
tachyonic modes in the Higgs sector, i.e. m% > 0, mQAO > 0 and mQAi > 0, suffices to ensure
that the desired EW vacuum corresponds to the global minimum of the potential. Further
discussions on the possible vacua configurations and stability of the neutral ones against
the charge-breaking ones are deferred till appendix C.

A necessary condition for the stability of the vacuum is that the potential is bounded
from below in all directions in field space. At large field values, the potential in eq. (2.8)



is dominated by the quadratic terms

A 2 A 2
Va(®,A) :Z‘I’ (o7@) +TA [T (ATA)]" + AgadiaTr (ATA) (2.35)
i DA 2
— 2 2 4 4 |D|
= (9P 188) | pp (W) 7
4 B
=1 A, (2.36)
o2 p 224 , o
where z = (|A|2> >0and A = <A(3A A ) The requirement Vy(®, A) > 0, thus, implies

that A has to be a copositive matrix. Applying the copositivity conditions to A (see
ref. [107]), we find

A >0, Aa >0, 2Xsa +VAaAa > 0. (2.37)

These conditions are sufficient and necessary to ensure that the potential is bounded from
below in all directions in field space at the tree level.* The constraint A > 0 implies that
mio —mAs > sin® a (mi, — m}), see eq. (2.27). This, therefore, fixes the hierarchy of the
triplet-like Higgs spectra for mao > mp: mao > max+.

The model parameter space can also be constrained by requiring perturbative unitarity
in scattering processes. This sets limits on interactions in 2 — 2 scalar scattering processes.’

The partial-wave decomposition of the scattering amplitude M,_,; reads as

My =TT =16ir > (2) + 1)al’(s) Pj(cos 0), (2.38)
i

where a; denotes the j-th partial-wave amplitude, 6 is the polar angle between the ¢ and f
directions, and P; is the Legendre polynomial of degree j. In the high energy (massless) limit,
the most dominant contribution comes from the j = 0 partial-wave (s-wave) at tree-level®

fi g 2.39
aO 167 fi ( . )
The S-matrix unitarity for the scattering processes requires |(ap)| < 1, |Re(ag)| < 3, and

0 < Im(ag) < 1. However, in practice, it suffices to require |(ag)| < 1 or |Re(ag)| < 3, which,
in turn, implies that the eigenvalues x; of the scattering submatrices: |z;| < km, where k = 16
or 8 depending on whether we demand the former or the latter. This is largely a matter
of choice [115], and we choose the former.

1n this work, we do not attempt to find the possible quantum modifications to these constraints.

50n account of the equivalence theorem [108, 109], we can use unphysical scalar states instead of longitudinal
components of the gauge bosons in the high energy limit. Compared to 2 — 2 scattering processes, 2 — 3 partial-
wave amplitudes can be neglected as the latter scales as the inverse of the energy scale. Further, the amplitudes
containing trilinear vertices are generally suppressed by factors accruing from the intermediate propagators.

5While the loop corrections to 2 — 2 scattering amplitudes might affect the allowed parameter space, the
difference is expected to be marginal. We checked numerically using Vevacious [110, 111], SPheno [112, 113]
and BSMArt [114] that the inclusion of the one-loop effective potential and meta stability, indeed, has only a
marginal effect on vacuum stability and perturbative unitarity.



In the following, we present the resulting submatrices structured in terms of net electric
charge in the initial/final states, with their entries corresponding to the quartic couplings
that mediate the scalar-scalar scattering processes

M? = diag (A; %A AM) : (2.40)
Ml - dla’g <)\¢’7A(I>A7 )\37)\¢'A) >\A7)‘CDA> ) (241)
2 2 2
0 _ 1: Ao
M(a) _dla'g )\@Av)‘@AvACI>A7?7)‘<I>A ) (242)
hos 2 B 2 By
M= | 2 B e |, o
Asa Aa Asa 3Aa Asa
V2 2vE 2 4 2
e AdA Ad AapaA 3da

where the submatrices, respectively, correspond to scattering processes with initial and

final states (shghd, Jshihi, hh), (hyhg, hAhg, GOhg, h§hi, WARK, GOhY), (hdha,
hihg, hhQ, h§ GO BAG) and (hghg, hiha, Jsh§h%, hARY, 1 GOGY); v/2 accounts for

identical particle statistics. Now, requiring the moduli of the eigenvalues of the submatrices
in eq. (2.40)-eq. (2.43) to be <rkm, we get

[Ao| < 2k, IAa| < 2k, (2.44)

Aon| < K, 66X + BAA £ 1/ (6XAd — BAA)Z 4+ 192)02 | < 8k. 2.45
DA

These conditions ensure that perturbative unitarity is respected in all 2 — 2 scalar scattering
processes and put non-trivial constraints on the parameter space. In particular, the conditions
IAa| < 2k and [Apa| < k7 restricts the mass-splitting ma+ — mao to a few GeV, see
eq. (2.27) and eq. (2.28).

3 Higgs production and decays

3.1 Production

The SM-like Higgs h is dominantly produced via gluon-gluon fusion (ggF) and vector-boson
fusion (VBF) processes, and the cross-sections are obtained in the ASM by multiplying the

2
corresponding SM cross-sections (48.58 pb [116] and 3.78 pb [117]) by cos? a and (g{}VW)

Ve cOs o + 4up sin a 4o .
gl = A ~ cosa+ —= sina, (3.1)
v v

respectively.” The triplet-like neutral Higgs A is also produced via ggF and VBF processes
by mixing with the SM Higgs. The cross-sections are obtained from SM Higgs cross-sections

"As occasioned by the EW precision data, va < v; therefore, vy ~ v. In what follows, we neglect the
corrections in ve /v while writing analytical expressions for the decay widths.
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Figure 1. Example Feynman diagrams showing the production of the triplet-like Higgs at the LHC:
Drell-Yan (left and middle) and ggF (right).

2
by a rescaling with sin®a and (gVAVOW)

0 —vg Sin a + 4va cos « . 4u
gaw = A ~ —sina + —= cosa, (3.2)
v v

respectively.®
In the ASM, an additional production mechanism is relevant: the Drell-Yan (DY)
production of Higgs pairs via v*/Z* and W**

qf = W = A°AF qqg— /2" — ATA.

Figure 1 shows the dominant Feynman diagrams for the production of the triplet-like Higgs
states.” figure 2 shows the Drell-Yan production cross-sections for the triplet-like Higgs
states at the 13 TeV LHC, including the higher-order corrections via k factor, as a function of
their common mass. The SM-like Higgs h is also DY-produced in the ASM. However, the
corresponding cross-sections are suppressed by the square of the small mixing angles o and S.

3.2 Decays of the SM-like Higgs

The properties of the SM-like Higgs boson h have been studied in detail at the LHC [11-
15,128, 129]. These data, particularly on h — vy and h — ZZ*, provide nontrivial constraints
on New Physics (NP) impacting the SM Higgs. It is customary to define the corresponding
signal strengths for a decay mode h — XY, normalised to the SM value

T FSM
/LXY _ Oh % h—XY h,tOt (3 3)
— ~SM SM .
oy, DB xy Thtot

8The triplet-like Higgs states are also pair-produced via VBF processes. Likewise, the charged Higgs states
are also pair-produced via the t/u-channel photon-photon fusion processes. However, such processes are
sub-dominant and can be safely neglected.

We obtain the leading-order Drell-Yan production cross-sections by using the UFO modules gen-
erated from SARAH [118, 119] and Feynrules [120-122] in MadGraph5_aMC_v3.5.3 [123, 124] with the
NNPDF23_nlo_as_0118_qged parton distribution function [125]. The higher-order corrections can be included via
a k factor, which at the next-to-leading order (NLO) in QCD matched with next-to-next-to-leading-logarithmic
(NNLL) threshold resummation is a2 1.15 for the mass range of our interest [126, 127]. Further, refs. [126, 127]
showed that the NLO+NNLL differential k-factors for heavy lepton kinematics are substantially flat, suggesting
that naive scaling by an overall k-factor is a very good approximation.
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Figure 2. Drell-Yan production cross-sections for the triplet-like Higgses, including the NLO+NNLL
QCD corrections and uncertainties of refs. [126, 127], at the 13 TeV LHC. Here, we disregarded small
corrections due to the mixing angles o and .

where oy, / O'}SLM ~ cos? « is the production cross-section of h normalised to its SM value and

Fh tot = 4.07MeV is the total decay width in the SM. For vy and Zv, the partial widths
are given by [130]

(SM) _ a%}Mggm% SM 2 (3 4)
h=7y 7 102473m2, 17l '

3
(SM) _ QEMYgIM B m72z ‘gSM 2 (3.5)
h=27 7 204874m3, m2 | 1PhZ] '

where the fine-structure constant oy should be taken at the scale ¢ = 0 (since the photons
are on-shell), and

2 4m?
1/2 1 W

ghw ZNfo,B/ ( ) + W( m? )’
h h

4m? 4m? A _ 4m?2
1 2 f h 1 My RA+A-V 0 AE
Gy = ZNfo 91 7P (mi)www'%( h )+ Ax 6”( v

my 2m my
9}%% _Xf: Czi\;c Qf (ISf —2Qsin @ )ﬁé/f (i:gc’ i;;) —1-527 <4$§V, 4;:2?/) ,
Inzy sz: ciive Qs (Tsy — 2Qy s 0w ) o677 (422?’ ﬁ;) + gwwB, (%V 4:;3)
- (s 2o ts) Mg, (e ).

,10,



Here Q¢ and I3y are the electric charge and the third component of the electroweak isospin
of the SM fermion f,' running in the loop, respectively, N7 is the number of colours (3
for quarks and 1 for leptons). We also defined

1 1
>\hA+A— =sina {QAAUA COS2 ﬁ + ()\qDAUA + 2A> sin2 ﬁ}
]. .2 2 1 .
+ cos a 5/\¢,Uq> sin” B 4+ ApAvp cOs” 8 — EAsm 28 ¢ ; (3.6)

0,1/2,1
Y747
normalised to its SM value is

the functions [ are collected in appendix B, and the Higgs coupling to fermions

g?}; = cosq, (3.7)

The other SM Higgs signal strengths (bb, ¢¢, 77, gg, and Z7Z*) are given by cos? o, and the
one for WW* is given by cos? a(gfy)2.

These expressions must be compared to the measurements of CMS and ATLAS for the
h — vy, h - Zv and h — ZZ* signal strengths using the full run 2 data at the 13 TeV
LHC. Combining their most recent h — <7 measurements: M%\/IS = 1.12700% [82] and

,u/%TLAS = 1.04:“8:(1)8 [83], we get the weighted average
piHC = 1087008 (3.8)

On the other hand, the collaborations themselves performed a combined analysis of their
h — Z~ measurements [131, 132] in ref. [133] and reported

P =2240.7. (3.9)

Note that this measured value is in mild tension (=~ 1.90) with the SM expectation. The PDG
average [1] of the h — ZZ* signal strength based on the LHC measurements [13, 129, 134] gives

IS =1.02 +£0.08. (3.10)
While the h — ZZ* signal strength puts a constraint on the mixing angle
la| < 0.25(0.38)[0.49] at 1o(20)[30] level, (3.11)

the h — v and h — Z~ signal strengths impose non-trivial constraints on mao, ma+ —mao
and a. Note that their dependence on ma+ — mpo stems from the hATA~ coupling,
see eq. (3.6). Figures 3 and 4 show their dependence on o and mpa+ — mao plane for
mpao = 152GeV and va = 3.4 GeV (left) and va = 2.3 GeV (right).!! As we see, a > 0 is
favored by the u — vy measurements for mao = 152 GeV. The same follows for mao > my.
The reverse that a < 0 is favoured by the y — v measurements is largely true for mao < my,

%Tn our notation, Isy = 42 (0) for the left(right)-handed fermions in weak isodoublets (isosinglets).

2

HUnderstandably, the chosen values for mao and va might seem arbitrary at this point. However, as we
see later in section 4.1, these values for va are preferred by the W-mass world average, including/excluding
the CDF-II measurement. Further, we find later in section 4.3 that ATLAS di-photon data strongly prefer a

Higgs triplet with mao = 152 GeV.
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Figure 3. h — v signal strength in the a vs. ma+ —mao plane for mao = 152 GeV and va = 3.4 GeV
(left) and va = 2.3 GeV (right).

Figure 4. h — Z~ signal strength in the a vs. ma+ —mao plane for mao = 152 GeV and va = 3.4 GeV
(left) and va = 2.3 GeV (right).

(corresponding plot not shown for brevity). As expected, a positive correlation between
H~y and pz, in the a vs. ma+ — mao plane can be seen. That is the parameter space
predicting a larger-than-expected ., predicts a larger-than-expected pz,, and vice-versa.
However, since the latter is beset with quite a large error, it is not difficult to simultaneously
accommodate both measurements.

3.3 Decays of the triplet-like Higgses A? and A*
The triplet-like Higgs states A and A* have two dominant classes of decays:

(i) AP decays into two SM particles (on-shell or off-shell), either at tree-level to ff, WW*),
ZZ™), hh™) | or at the loop level to gg, vy, Zv. Likewise AT decays to ff/, W) Z(),
RIW () The asterisk signals a possible off-shellness.

(ii) Even though kinematically suppressed due to the small mass splitting, A? and A* could
decay into one another and an off-shell W-boson, often referred to as cascade decays.

- 12 —



The tree-level decay rates for the triplet-like Higgs A° are given by

/2
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and the loop-induced decays, with at least one massless gauge boson in the final state,
are given by
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where a; is the strong coupling constant,

3 12 [ 4Amg
nggg:ZZ ﬁ/ ( AO)?

q
4m7 Am? A A 4m2
2 A0 1/2 f A° o1 My ATA-AOUSM ,0 A
AT ZNCQf 9s? (mQAO> oW <m2Ao ) i 2m3 4 " Ao )]

4m?2 4m Am2., 4m?
A9 p1/2 f i My =My
Qf (Igf QQfSIIl 0 )gffﬁm <m2AO’ mZ) gWWﬁny( ) 2 )

2N
IAOZy = Z

7 cos by,

. 2cos? 0, AAOA+A-DV 4mZ . Am3.
- (SIDZﬁ—F 2ﬁ> Bny 2A ) é )

c0os 20, 2mAi MAo0 My

with
1 2 1 .2
AAOA+A- = COS X 5/\AUA cos” B+ | Aoava + 5A sin® 3

—sin« {;)\qﬂhp sin? 8 + Apave cos? B — %A sin 25} ,
g?; = —sina;

and all the loop functions or form factors used in the Higgs decays are collected in section B.

Finally, for masses slightly below the ¢t threshold, A? can decay into one on-shell and
one off-shell top quarks, A? — tt* — tbW. As in the MSSM or 2HDM, the below-threshold
branching ratios can be significant only very close to the ¢t threshold. Therefore, this decay
is negligible in the mass region of our interest and thus not considered further for brevity.

While we provide the leading order decay rates here, QCD corrections can be sizable. To
estimate them, we use the higher-order corrections reported in the CERN Yellow Report 3 [117]
for h — bb, cé, 77, WW, ZZ and appropriately apply them to AY decays for our numerical
estimation.

The dominant decay rates for the triplet-like charged Higgs A* are given by [135-139]

N.m3, . sin? 8 m2  m?2
F(Ai%ff/)zmgﬁff< N

8mvg mAi A+

o ~ 4 .9 2 2
T(A* — 17D/ — WEbh) = ST Mas st t( g mW)

1 3 12
128730y, mi. miy.

1/2
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16mma+ mQAi ’ mQAi

4 2 2\ 2
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my,my M+ Maz

9g% )2 | 7 10 40 m? m2
T(AT S W*Z*) = atwrz (L Tgn2gn 4 antey, | B (v Mz
( )= 58 n7 cos? bomas \ 12 g S0 fw oz s bw m2. m, )

P(at oWt g) = W Nbsweg (M mhy
256m3m = mi.s mis )’

P(A% s aE) = TAx 2 o (e mi
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992mAi m2  m?
D(AT - pWH) = 2227 \3 o M Mw
( ) 12873 “AFRWT mis mis )’

2 2 2
F(Ai N AOWi*) _ 9g=ma+ )‘2AOAiW¥G (on myy ) ’

o800 T
where
2
AptWwFz = — (22}A cos? Oy, cos B — ve sin® 0y, sin B) ,
2 cos 0y,
AAEpWT = —g (2sin avcos 3 + cos asin f3) .

Having provided all the decay rate expressions, a brief discussion on their dependence
on the free model parameters is in order. Note that, for the mass range of our interest, any
of the heavy SM particles can be off-shell. However, for brevity, we omit the asterisk sign
signaling this hereinafter. The tree-level decays of A? depend on three parameters, namely
mao, va and o, while those of AT depend on ma+ and va only, except for AT — RIW*
which also depends on a. The cascade and loop-induced decays depend additionally on the
mass-splitting ma+ — mao. As discussed in section 2.2, the requirement of vacuum stability
and perturbative unitarity, together with the EW precision data, restricts the mass-splitting
to a few GeV. Therefore, on account of this small mass-splitting, the cascade decays are
generally suppressed. Further, the dependence of the tree-level decays on va drops out as
long as va ~ O(1) GeV. Consequently, for the va-range favoured by W-mass measurements
(see section 4.1), the tree-level decays are reasonably independent of va. However, the
loop-induced decays crucially depend on va.

In figure 5, we show the variation of the dominant branching ratios of the triplet-like
Higgs A, including the corresponding uncertainties, as a function of its mass mao (left) and
the mixing angle « (right). The uncertainties are estimated by propagating the errors on the
77, bb, WW* and ZZ* decays of a hypothetical SM-like Higgs with mass mao reported in
the CERN Yellow Report [117]. For definiteness, we take vao = 3.4 GeV. Further, we take
o = 0.1 for the left plot and mao = 152 GeV for the right one. While A° exclusively decays
into WW for o = 0, the other modes become relevant for o # 0. In particular, for a > 0, the
bb mode dominates over the rest for mao up to close to the WW kinematic threshold, beyond
which the gauge-boson modes WW and ZZ become the primary ones. While for o < 0
(corresponding plot not shown for brevity), the bb and WW modes are relevant, with the
latter dominating over the former much before the WW threshold. However, the WIWW mode
vanishes for tan o ~ MTA; see the right plot. Before moving further, a brief comment on the
A% — hh decay is in order. Though this mode is not suppressed by a, it is suppressed by the
kinematic phase space for mao < 2my, thus not relevant for the mass range of our interest.

Figures 6 and 7 show Br(A® — v7) and Br(A° — Z~) in the a vs. ma+ — mpo plane
for mao = 152GeV and va = 3.4GeV (left) and va = 2.3 GeV (right). As we see, in the
vicinity of degenerate mass-spectrum for the triple-like Higgs states, both the A? — v and
A% — Zv branching ratios are ~0(0.1)%-0(1)%.

In figure 8, the dominant branching ratios of the charged Higgs AT, including the
corresponding uncertainties, are shown as a function of its mass ma+. Once again, the
uncertainties are estimated by propagating the errors on the 77, c¢, tt and ZZ* decays of
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Figure 5. Dominant branching ratios of A°, including the uncertainties estimated from ref. [117],
with o = 0.1 for the left plot, and mao = 152 GeV for the right one.

Figure 6. Br(A° — 7v) as a function of a vs. ma+ — mao for mao = 152 GeV and va = 3.4 GeV
(left) and va = 2.3 GeV (right).

Figure 7. Br(A° — Zv) as a function of a vs. ma+ — mao for mao = 152 GeV and va = 3.4 GeV
(left) and va = 2.3 GeV (right).
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Figure 8. Dominant branching ratios of A*, including the uncertainties estimated from ref. [117], as
a function of its mass. Note that the dependence on va drops out.

a hypothetical SM-like Higgs with mass ma+ reported in the CERN Yellow Report [117].
For definiteness, we take va = 3.4 GeV and a = 0. For low ma+, the most dominant decay
mode is 7v. While for intermediate ma+, which is also the mass range of our interest, the
W Z mode dominates over the rest, with the tb mode dominating for high max.

Finally, a brief comment on the AT — hW* decay is in order. As mentioned earlier,
among all decays of A%, only the hW* mode depends on . This decay is suppressed
by a as well as the kinematic phase space through the coupling Ap+,+, and thus not
shown in the plot. In fact, it vanishes for tana ~ “4. That said, this can be relevant for
sizable a and mpao > my,.

4 Phenomenology

4.1 W mass

The W mass my = 80.4335(94) GeV as measured by the CDF II collaboration [33] is
significantly larger than the ATLAS measurement my = 80.360(16) [140] as well as the
LHCDb measurement myy = 80.354(32) [141]. Combining these measurements with those
from the DO experiment [141-144] at the Tevatron, and the ALEPH, DELPHI, L3 and
OPAL experiments at the LEP [145], the LHC-TeV MW Working Group [146] has obtained
a world average

my® = 80394.6 £ 11.5 MeV. (4.1)

Comparing this with the SM prediction of m{} = 80.3499(56) GeV [147], the discrepancy
of 44.7MeV amounts to 3.50. Since there is a tension between the most precise CDF-II
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Figure 9. Representative Feynman diagrams for the Drell-Yan production of the triplet-like Higgses
and their decays to SM particles leading to multi-lepton final states at the LHC.

measurement and the rest, removing the former increases the compatibility within the myy
fit and leads to a lower average of

e (/e CPF I _ 80369.2 + 13.3 MeV, (4.2)

is obtained. Therefore, the world average, including the CDF-II measurement, requires
va = 3.4+ 1.0GeV, while excluding CDF-II, one finds vy = 2.3 + 1.7GeV.'? In the rest
of this work, we fix vo = 3.4GeV or 2.3 GeV.

4.2 Multi-lepton signature from DY production

Drell-Yan production of the triplet-like Higgs bosons, pp — A°A* and pp — AT A, with
their decays A" — WTW~,ZZ,bb, 777~ and AT — W=*Z,tb,c5, 7 v lead to final states
with multiple charged leptons. Two representative Feynman diagrams for these processes
are shown in figure 9.

As discussed in section 3.3, low-mass triplet-like charged Higgs A* dominantly decays
to Tv; see figure 8. Consequently, their pair production and subsequent decays, as shown in
figure 10, leads to a final state with a pair of 7-leptons and missing transverse momentum,
which is the identical collider signature as supersymmetric partners of 7-leptons (7) promptly
decaying into a 7 and a (massless) neutralino. This has been searched for by CMS and
ATLAS collaborations [149-152].

Using the full run 2 dataset at the 13 TeV LHC, CMS [151] has obtained 95% confidence
level (CL) upper limits on the cross-section as a function of the 7 mass. On the contrary,

2There is a recent update on the measurement of my by ATLAS which finds a slightly heavier mw =
80.3665(159) GeV [140] compared to their previous analysis [140] based on the same dataset. However, the
said combination did not consider the updated ATLAS measurement. Furthermore, after this combination
was performed, CMS published a new measurement mw = 80360.2 £ 9.9 GeV [148], which agrees well with
the world average excluding the CDF-II measurement. Including these updates might significantly reduce
the world average and thus would imply a slightly lower value for va. However, the specific value for va is
immaterial for our analysis as long as va ~ O(1) GeV.
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Figure 10. Pair production and subsequent decays of AT leading to the stau-like 77vv final state.
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Figure 11. Expected and observed 95% CL upper limits on the cross-section o(pp - ATA™ — 771V)
taken from CMS [151]. The red line and band indicate the model prediction for the signal cross-section,
including the NLO4+NNLL QCD corrections and uncertainties.

ATLAS [152] observed a stronger limit than expected; however, they do not provide upper
limits on the cross-section. We thus use the CMS result in ref. [151] to constrain the
triplet-like charged Higgs A®.

The CMS expected and observed 95% CL upper limits on the signal cross-section
o(pp — ATA™ — 77vv), taken from ref. [151], are shown in figure 11. The inner green
and outer yellow bands around the dotted line indicate the 68% and 95% CL regions. The
red line and the thin-shaded band indicate the model prediction for the signal cross-section,
including the NLO4+NNLL QCD corrections and uncertainties. The QCD corrections are
taken from refs. [126, 127], and the uncertainties are estimated by propagating the ones on
the cross-section and branching ratios reported in refs. [126, 127] and ref. [117], respectively.
This excludes A* with masses below 110 GeV at 95% CL.

For higher masses of the triplet-like Higgses, i.e. = 120 GeV, the decays to WW and ZW
become relevant. The most relevant signatures stem from the subsequent decays to leptons,
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which, compared to hadronic final states, have a considerably smaller SM background and,
thus, superior constraining power. Since there is no dedicated search for this signature of
our model,!3 ref. [65] used several SM measurements implemented in the Contur toolkit,
and find that the four-lepton search by ATLAS [160] is the most constraining one. They
excluded A° with mass in the 180-200 GeV range for small Apa; while for sizeable Aga,
the constraints are easily avoided. Here, we will make use of the model-independent multi-
lepton search by ATLAS [156], which entails inclusive event selection and thus covers a large
phase space of signatures. This search considers 22 signal regions (SRs) and analyses them
model-independently by putting limits on the visible cross-sections.

The three and four charged-lepton events are categorised into several orthogonal SRs
based on the number of leptons, the presence/absence of a lepton pair presumably originating
from a Z-boson decay (on-Z/off-Z lepton pair') and the missing transverse momentum:

(i) 3¢ on-Z E¥ss < 50 GeV,
(i) 3¢ on-Z E¥s > 50 GeV,
(iii) 3¢ off-Z ERss < 50 GeV,
(iv) 3¢ off-Z E¥ss > 50 GeV,

(v) 4¢ on-Z Emss < 50 GeV,
(vi) 4¢ on-Z EWss > 50 GeV,
(vit) 40 off-Z,

with each 3¢(4¢) SRs further divided into four (two) bins of the invariant mass of the leptons:
0 GeV-200 GeV, 200 GeV-400 GeV, 400 GeV-600 GeV and > 600 GeV (0 GeV—400 GeV and
> 400 GeV), thereby resulting in 22 SRs in total.

We recast this search to constrain the ASM by simulating the processes pp — W** —
A°A* and pp — v*/Z* — ATAT with A" = WHW~,ZZ and AT — W*Z, th, ¢85, TV
for ma between 120 GeV and 200 GeV using the UFO modules generated from SARAH [118,
119]'® in MadGraph5_aMC_v3.5.3 [124, 161] with the NNPDF23_nlo_as_0118_ged parton
distribution function [125]. The simulated parton-level events are then passed through the
regular chain of tools, namely Pythia 8.3 [162] and Delphes 3.5.0 [163], to simulate the

13Geveral multi-lepton searches have been performed using the full run 2 data by CMS and ATLAS, see
e.g. refs. [153-159]. However, most of these searches probe specific models and, like for instance ref. [158]
and ref. [155] consider events with high lepton invariant masses and/or high missing transverse momenta.
Being tuned for specific models, these searches exploit very distinctive event features, such as resonances in
invariant-mass distributions and high missing transverse momenta, and are thus not expected to be sensitive
in probing the ASM.

1A pair of same-flavour and oppositely charged leptons with di-lepton invariant mass within the 10 GeV
window of the Z-boson mass is referred to as on-Z lepton pair. A lepton that does not form an on-Z lepton
pair with any other lepton in the event is called off-Z.

'5We also build the UFO model files at NLO using FeynRules [120-122]. While it is desirable to perform the
simulations at NLO, in order to reduce the computational resources needed for our analysis, we perform them
at LO and then naively scale the production cross-section to account for the NLO+NNLL QCD corrections as
discussed in section 3.
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effect of subsequent decays of the unstable particles, radiations, showering, fragmentation
and hadronisation, various detector effects, and particle-level object reconstruction.

For the selection of various objects, viz. photons, leptons (electrons and muons) and jets
(including 7-tagged and b-tagged jets), we meticulously follow the said ATLAS search [156].
In particular, we appropriately tune the Delphes card for the ATLAS detector to take into
account various object reconstruction, isolation and selection requirements and jet tagging
efficiencies. We use the anti-kp algorithm [164] implemented in FastJet 3.3.4 [165] to
reconstruct jets. The missing transverse momentum (with magnitude EXS%) is estimated
from the momentum imbalance in the transverse direction associated with all reconstructed
objects in an event. Finally, we apply the event selections and categorise the selected events
according to the signal regions in refs. [156].

While the branching ratio of the dominant AT modes depends only on its mass, the
partial widths of A" — WW, ZZ,bb, 77 depend on « in addition (see section 3.3). While A°
exclusively decays to WW for a ~ 0, the bb and ZZ modes become relevant for non-zero a.
In fact, for a = tan~!(4va /ve), the rate to WW can even be zero, as can be seen in figure 5.
However, in this case, the decay to ZZ, which also leads to a sizable number of leptons, can
be sizable. We will therefore consider the two limiting cases of Br(A? — WW) = 1 and
Br(AY — WW) = 0, where in the latter case non-zero Br(A® — ZZ) is considered. We then
interpolate the two limiting cases as a function of the triplet mass.

Results

In figure 12, we show the upper limits on the visible signal cross-section observed by AT-
LAS [156] and the ASM model predictions for the SRs which give the most relevant constraints.
The dashed and solid lines, respectively, indicate the expected and observed limits. The inner
green and outer yellow bands around the dashed lines indicate the regions containing 68%
and 95% of the distribution of limits expected under the background-only hypothesis. The
red-shaded bands indicate the ASM model predictions for the corresponding signal cross-
section, with the upper (lower) line of each band corresponding to a 100%(0%) branching
ratio for A® — WWW. One can see that while the predicted effect is, in many cases, close to
the observed limits, the ASM cannot be excluded with this model-independent multi-lepton
search by ATLAS. However, run 3 and high-luminosity data [166] will be able to test the
ASM in the mass region below 200 GeV.

4.3 Associated production of the triplet-like Higgs and resonant di-photon
signatures: vy + X

Drell-Yan production of the triplet-like Higgs states via an off-shell W-boson, i.e. pp — W* —
A°A* with A® — v leads to final states with a photon pair (di-photon) and additional
particles and/or missing transverse momentum from the decay of A*. This vy 4 X signature
is shown in figure 13. The mass of A” can be reconstructed from the di-photon invariant
mass (m.~) distribution.

In the ASM model, A — vy has a branching ratio of ~0(0.1)%-O(1)% (see figure 6
and the relevant discussion in section 3.3). Though this decay rate is much lower than the
ones for several other channels such as WW, ZZ, bb, 77 (see figure 5), the sensitivity of
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Figure 12. The black solid (dashed) lines show the observed (expected) 95% CL upper limits from
ATLAS on the visible cross-section for different signal regions considered in ref. [156] and the green
(yellow) band the expected 1o (20) range. Our model prediction is shown as a red band, where the
upper (lower) line of the band is obtained by simulating the processes pp — ATAT and pp — ATA?
with Br(A? — WW) = 100% (0%) and A* decays according to the branching ratios shown in figure 8.

the di-photon final state is enhanced by the clearness of the corresponding detector signal
as well as the smaller SM background.

An analysis of vy + X has been performed by ATLAS, targeting the SM Higgs [94].
This search considers 22 SRs categorized by X, the objects produced in association with the
di-photon; see table 3 of ref. [94] for the definitions of the SR. In addition, ATLAS has released
a search for non-resonant di-Higgs production, which includes vy + 7 [90] not covered in the
previous analysis. Both these searches provide m, distributions in the 105 GeV-160 GeV
range, thereby covering part of the mass range of our interest for the ASM.
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Figure 13. The Drell-Yan production of A? and A* followed by their prompt decays A® — v and
At = zy (vy € WZ,tb, cs, Tv) leading to vy + X final states.

Because the ATLAS analyses performed a model-independent analysis of the associated
production of the SM Higgs, no channels were combined, and the hypothesis of a BSM Higgs
was not considered. However, the sidebands can be used to perform a search for BSM Higgses;
within the ASM, all signal regions are correlated so that they can be combined.

For this, we simulate the process pp — W** — (A" — ) (AT — W Z, tb,cs, Tv) for
50 values of ma in the 105 GeV—-157 GeV range. As we did for the multi-lepton search in
section 4.2, we use the same set of tools to recast this search. Once again, we appropriately tune
the delphes card for the ATLAS detector to take into account various object reconstruction,
isolation and selection requirements. Following that, we apply the event selections and
categorise the selected vy + X events into several SRs as in refs. [90, 94].

Effects in the relevant SRs

Given the dominant decay modes of AT (W Z, tb and 7v) and their subsequent decays to
leptons, quarks and neutrinos, we expect that the SRs targeting leptons (¢), taus (7), multiple
jets () and E:’Piss are the most sensitives ones. Those targeting top quarks are expected to
become relevant for larger ma. Among the three SRs related to top quarks, the one targeting
hadronically decaying top quarks is not sensitive to the signal of our model for the mass range
of our interest because it is targeting hadronically decaying top quarks from #¢ production.'®

Before proceeding, a few comments on SRs are in order. The 1¢ SR has been considered
by both the ref. [94] and ref. [90]. Since the latter applies a b-jet veto, this SR is nearly
uncorrelated with the ¢b SR considered in ref. [94]. This leads us to use the 1¢ SR of ref. [90].
Furthermore, for both the 1¢ and 17,,q SRs of ref. [90], they use a BDT to further categorise
the events into three categories based on the BDT score. Since the corresponding weight files
are not available yet, it would be a highly non-trivial task to appropriately implement the
same BDTs for a little too gain in sensitivity. Therefore, instead of implementing the BDTs,
we take a conservative approach to adding the event yields of all three BDT categories to
recover the yields that would have resulted after the event selections (and before the BDTs).
Concerning the 3¢ SR, since ATLAS has observed no event, we treat the entire m,, range

' ATLAS uses a boosted decision tree (BDT) for top-quark reconstruction and requires a tight cut of 0.9 on
the BDT score. The corresponding signal in the ASM model consisting of a bottom quark and an (off-shell)
top quark being quite different, the resulting efficiency is expected to be very small, thus rendering this SR
irrelevant for the mass range of our interest.

— 23 —



Target Signal region Detector level selections Correlation
High jet activity [94]  4j Njet > 4, | Mjet| < 2.5 —
TOp [94] b Np=e,u > 17 Mp-jet >1 —
tlep Np=e,u = 1, Njet = Mb-jet = 1 —
20 ee, JupL or eji <26% (10)
Lepton [90, 94] 3¢ Np—ey > 3
Ny=e = 1, nqg = 0, npjet = 0
10 oh I Thad ! T < 26% (2¢
ET" > 35GeV (only for e-channel) % (20)
Ng—eyy = 0, Ny = 1, npjer = 0,
Tau [90] 1Thad E%;S“> 35 GeVTh d e —
Emiss > 100 GeV  ERSS > 100 GeV 29% (Emiss > 200 GeV)
Emiss [94] Emiss > 200GeV  EFSS > 200 GeV 29% (ERs > 100 GeV)

Emiss > 300 GeV

ERmiss > 300 GeV

Table 1. The signal regions of the ATLAS analyses [90, 94] which are sensitive to the Drell-Yan
production of the scalar triplet within our mass range of interest. ng, 1, M-jet, Nr,,, denotes the
number of leptons, jets, b-tagged jets and 7-tagged jets, respectively; and njc¢ stands for the jet rapidity.
Also, correlations (>5%) among overlapping SRs are quoted.

as a single bin. Similarly, we do not show the EX > 300GeV SR since very few events
have been observed and it is correlated to the other MET categories.!” Finally, while scaling
by an overall k-factor of 1.15 at the cross-section level accounts for the NLO4+NNLL QCD
correction in the production of the triplet Higgs states, additional correction accrues from
enhanced selection efficiencies. This is particularly important for the SRs targeting high jet
activity because of gluon radiation. To estimate this, we simulate the corresponding signal
at NLO and find an additional correction factor 1.2 for the 45 SR.

After simulating the effect in all signal regions given by ATLAS, taking into account
the consideration above, it turns out that the 10 SRs listed in table 1 are relevant in the
ASM model for the mass range of our interest. This means that the other SRs lead to
such weak constraints on Br(A®? — ) that disregarding them in a combined analysis has
virtually no impact on the result.

Background (re)fitting

To signals arising from BSM production, as in our case, the background consists of two
components: resonant and continuum. The resonant component arises from the SM Higgs
boson production and thus manifests itself as a narrow peak in the m., spectrum. The
continuum component, depending on the SRs, arises from the production of two initial/final-
state photons, the misidentification of jets and the production of EW bosons and top quarks.
The continuum backgrounds are estimated from data by fitting the m,, spectrum in the
mass range 105 GeV-160 GeV with an analytic function with free parameters. Note that
those estimated by ATLAS in refs. [90, 94] are obtained assuming there is only a single

1"We checked that for our best-fit point for 152 GeV, ~ 2 events are predicted while ~1 NP event is observed,
showing the consistency.
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resonance at 125 GeV, i.e. the SM Higgs. On the contrary, in the ASM model, there is
another resonance at mpo, i.e. the triplet-like Higgs, albeit with different signal strength.
This resonance manifests itself as a narrow peak in the m., spectrum, much like the one at
125 GeV. Consequently, we need to (re)estimate the continuum background from a (re)fit
to the data. ATLAS follows the procedure spurious-signal test [167] to select a background
function for a given SR from a number of candidate functions such as power-law functions,
Bernstein polynomials, and exponential functions (of a polynomial), to ensure small potential
bias in the extracted signal yield compared to the experimental precision. However, for the
sake of simplicity, we use the following common function for all SRs (except the 3¢ SR, for
which the yields are too small to fit a distribution):

Vs Vs ’ '

where ag, a; and b are the free parameters which are independent across SRs, /s = 13 TeV
is the LHC run 2 centre-of-mass energy. This function is fitted with the data subtracted
by the resonances — SM Higgs at 125 GeV and triplet-like Higgs at mao — to estimate
the (re)fitted continuum background.

Statistical model

The data are interpreted as briefly described below. A likelihood function is built from
the number of observed and (re)fitted ASM signal-plus-background events. Assuming the
bins in the m,, spectrum for a given SR as independent number-counting experiments, the
likelihood is modelled as

Lsr(p) = H Poiss (ni\usi + bi) (4.4)

where 7 runs over the 22 bins in the m,, spectrum in the 105 GeV-160 GeV range and p
represents the parameter of interest or signal strength: A® — ~~ branching ratio, Br(A? — ~+)
in our case (this choice to be justified shortly). Here, as is typically done for number-counting
experiments, the Poisson distribution is used to compare the measured data n with the
modelled expectation comprising of a signal yield s and a background yield b. Then, the
global likelihood L£(u) for the yy+ X measurements is obtained as the product of the likelihood
functions for the relevant SRs. Finally, the profile likelihood ratio test statistics [168] is given by

L(p)
A(p) = —2log Z ()
where [i refers to the value of p that maximises the likelihood. This test statistics asymp-
totically follows a x? distribution such that approximate 68% and 95% CL (1o and 20)
intervals can be easily constructed by requiring A(u) = 1 and A(u) = 4, respectively. Note
that we allow for an unphysical negative p to take into account the effect of downward
fluctuations of the background.
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Results

In figures 14 and 15, we show the fit to the di-photon invariant mass distributions for the
relevant signal regions listed in table 1. The data and continuum backgrounds taken from
the ATLAS analyses are shown in black (points with error bars) and blue, respectively.
Also shown are the 125 GeV SM Higgs signals (magenta) and 152 GeV ASM triplet Higgs
signals with Br(A® — ~v) = 0.7% (green). For brevity, we do not show the (re)fitted
continuum backgrounds; the (re)fitted ASM signal-plus-backgrounds are shown in red. Note
that the ASM benchmark chosen here is occasioned by our findings later in this section
that there is a strong preference for Br(A® — 4v) ~ 0.7% at 152 GeV when all relevant
SRs are statistically combined.

Now, we put upper limits on the parameter of interest, Br(A? — ~v). While this is
trivially calculable, as discussed in section 3.3, it crucially depends on the triplet mass mao,
the mixing angle «, the mass-splitting ma+ — mao (through the AYA*AT coupling) and the
triplet VEV va. Hence, rather than varying these parameters, we subsume them within a
single observable Br(A® — ), which is of great interest as far as the LHC search program
for additional Higgs is concerned. 95% CL upper limits on Br(A? — ~+) as a function of the
triplet Higgs mass mao for various SRs are shown in figure 16. For brevity, we only show the
SRs that are most constraining, i.e. provide relevant bounds on BrA? — ~-.

We then proceed to find the preferred ranges for Br(A® — vv) as a function of mpo for
the relevant SRs. The obtained best-fit values, along with the 1o and 20 ranges, are shown
in figures 17 and 18. For reasons mentioned earlier, here, we do not show the corresponding
plots for 3¢ and E%ﬁss > 300 GeV SRs. Interestingly, all relevant SRs display a preference
for a non-zero A? — v decay rate around 152 GeV.

Finally, we combine the 10 relevant SRs, including their correlations, to obtain the
combined preferred ranges for Br(AY — vv) as a function of ma, as shown in figure 19.'
We see a strong preference for a non-zero Br(AY — ~7) in the 150 GeV-155GeV range.
This is most pronounced at 152 GeV with Br(A? — ~v) =~ 0.7%, and the corresponding
significance amounts to 3.9¢.

For the sake of phenomenological interest, we have subsumed the free parameters of the
ASM model — the triplet mass mao, the mixing angle «, the mass-splitting ma+ — mao and
the triplet VEV va — into a single observable Br[A? — ~~]. Before closing this section, we
closely look at how the preferred di-photon decay rate can be obtained. For a given mao and
va, Br(AY — v7) depends on a and ma+ — mao. In figure 20, we show the preferred regions
in the a vs. ma+ — mpo plane for mao = 152 GeV and two values of va: 3.4 GeV (left) and
2.3 GeV (right), corresponding to the best-fit values obtained from the world W-mass fit
with and without including the CDF-II measurement. The band between the two orange
lines satisfies perturbative unitarity, and the region below the blue line leads to a stable
vacuum at the EW scale. The green regions are allowed by the SM Higgs to di-photon
signal strength [82, 83] at 1o (1.02-1.15), 20 (0.96-1.22) and 30 (0.90-1.29) levels. The lo
(0.50-0.90%), 20 (0.31-1.11%) and 30 (0.14-1.35%) regions for Br(A® — ~v) are shown in
violet. We see that the 1o region (and also part of the 20 region) preferred by the ATLAS

miss

18Note that there are moderate correlations among some SRs, in particular, among the EF* ones. However,
we checked that removing the EX55 > 300 GeV SR from the fit has a very small impact on the final result.
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Figure 14. Di-photon invariant mass distributions for the relevant signal regions. The data and
corresponding uncertainties (indicated by black points and vertical bars) are shown together with the
continuum background (blue line) from the ATLAS analyses and the total ASM events (red line).
The latter is comprised of the (re)fitted background (not shown for brevity), the SM Higgs signal at
125 GeV (magenta line) and the ASM triplet Higgs signal at 152 GeV (green line).
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Figure 15. Di-photon invariant mass distributions for the relevant signal regions (continued). The

description is the same as of figure 14.
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Figure 16. 95% CL upper limits on Br(A? — ~v) as a function of mao for various SRs.

vy + X searches are not in accordance with the vacuum stability and perturbative unitarity
constraints. This demonstrates that while we have growing evidence for a 152 GeV triplet-like
Higgs produced in association with leptons (including 7-leptons), quarks (including b-quarks)
and neutrinos, the ASM should be superseded by BSM models with additional fields at or
above the EW scale so as to restore the stability of the vacuum and perturbativity of the theory.

4.4 Higgs to Z~ search in the £7£~~ final state

Similar to the di-photon mode, AY can have a branching ratio of about O(0.1)%-O(1)% (see
figure 7 and the relevant discussion in section 3.3). Experimentally, the final state resulting
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Figure 20. Preferred regions in the o vs. ma+ — mao plane for mao = 152 GeV and two values of
va: 3.4GeV (left) and 2.3 GeV (right). The band between the two orange lines satisfies perturbative
unitarity, and the region below the blue line leads to a stable vacuum at the EW scale. The green
regions are allowed by the SM Higgs to di-photon signal strength at 1o, 20 and 3¢ levels. The 1o, 20
and 3o regions for Br(AY — ~v) preferred by the ATLAS v + X data are shown in violet.

from the leptonic decay of Z (Z — £T¢~ with £ = e, 1) is the most accessible since the leptons
are highly distinctive. CMS has recently performed such a pertinent search with the full
run 2 data in ref. [132]. This search categorises the events into three broad mutually exclusive
SRs: Lepton-tagged, Dijet, and Untagged, further categorising the latter two into 3 and 4
SRs. We meticulously recast this search in the context of the ASM and find that only the
Lepton-tagged SR is relevant. In figure 21, we show the preferred ranges for Br(A? — Zv) as
a function of mao. Though the current bounds are not competitive with di-photon searches,
they are expected to become relevant with high-luminosity LHC data [166].

5 Summary and outlook

Though the ongoing LHC search program for new particles has not led to any discovery yet,
it has, nonetheless, unveiled several hints for new particles in the form of “anomalies” [10].
This includes the multi-lepton anomalies [73, 79] which points towards the existence of a
new Higgs with a mass of 150 +5 GeV which dominantly decays to WW [72]. Furthermore,
the re-analyses of the sidebands of the ATLAS and CMS Higgs boson searches indicate the
presence of a new narrow resonance with a mass around 152 GeV produced in association
with leptons, quarks, and neutrinos [80, 81].

In this context, it has been shown that the 7y + X excesses are consistent with the
Drell-Yan production of a 152 GeV Higgs from a scalar triplet with Y = 0, with a significance
of =40 [68, 92], which predicts a positive-definite shift in the W mass, in agreement with
the global fit. Furthermore, its neutral component decays dominantly to WW, as suggested
by the multi-lepton anomalies.
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Figure 21. Preferred ranges for Br(A° — Zv) as a function of mao. Green corresponds to 1o and
yellow to 20, and the best fit is shown as a solid black line.

Motivated by this, we have detailed the Y = 0 Higgs triplet model and its phenomenology
in this work. In particular, we have studied the tree-level perturbative unitarity and bounded-
from-below constraints on the scalar potential. Further, we have discussed various possible
vacua configurations and the stability of the neutral ones against the charge-breaking ones,
which is discussed in appendix C. We showed that the absence of tachyonic modes in the Higgs
sector suffices to ensure that the desired EW vacuum corresponds to the global minimum
of the potential. Combined, these constraints delineate the theoretically allowed parameter
space within the perturbative regime and, together with the constraints from the p parameter,
drive the triplet-like neutral and charged Higgs states to be quasi-mass-degenerate.

We have discussed the production and decays of the Higgs states, including the h — 7,
h — Zv and h — ZZ* decays, which put non-trivial constraints on the model parameter
space. Furthermore, we have detailed their phenomenology at the LHC based on three
types of final states: stau-like signature, multi-lepton and v + X final states. The findings
are summarised below.

(i) Low-mass (<120 GeV) triplet-like charged Higgs dominantly decays to 7v. Therefore,
the process pp — ATA™ leads to final states involving a pair of 7-leptons and missing
transverse momentum, which is akin to the collider signature of stau. Our reinterpreta-
tion of the corresponding CMS search [151] excludes triplet-like charged Higgs with a
mass below 110 GeV at 95% CL.

(74) For triplet-like Higgs bosons with higher masses (2 120 GeV) the dominant decays modes
are AT — W*Z, tb and A - WHtW—, ZZ. Therefore, their Drell-Yan production can
lead to final states with multiple charged leptons from the leptonic decays of W and
Z. To probe the ASM, we recast a recent model-independent analysis of ATLAS [156]
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involving three and four leptons in the final state. Our analysis shows that for some
SRs, the predicted effect is close to the observed limit of ATLAS, but A SM cannot be
excluded from this search. However, run 3 and high-luminosity LHC data will be able
to test the signatures of the ASM in multi-lepton final states.

(7i7) The associated production of the triplet-like Higgses and their prompt decays to di-
photon lead to vy + X final states. We have performed two such pertinent searches
by ATLAS. We have performed a (re)fit to the data to determine the continuum
background and a likelihood-based statistical interpretation to find that, out of the
25 signal regions considered, 10 of them put stringent limits on the triplet-like Higgs,
particularly on its di-photon branching ratio Br(A® — 7). Interestingly, several signal
regions show a weakening of the limits around 152 GeV. When all relevant SRs are
statistically combined a branching ratio of about 0.7+0.2% is preferred. While such
a sizable branching ratio to di-photons is easily achievable in the ASM, part of this
model parameter space consistent with the di-photon signal strength of the SM Higgs
is in tension with the vacuum stability and perturbative unitarity.

The last point, i.e. the preferred range for the di-photon decay rate is in tension with
the vacuum stability and perturbative unitarity, demonstrates that while we have growing
evidence for a 152 GeV Higgs produced in association with leptons, quarks and neutrinos,
the ASM is not expected to be the final theory superseding the SM. In fact, with additional
fields at or above the EW scale, the problem of the large di-photon rate in unstable field
configurations can be solved in (at least) three non-exclusive ways. Additional field(s) can

(7) modify the (effective) scalar potential such that the vacuum stability is restored at
larger field values,

(i) lead to loop contributions to A? — v,

(7i7) allow for a larger VEV of the triplet by cancelling its effect in the p parameter as in the
Georgi-Machacek model [169], thereby enlarging the region with the stable EW vacuum.

(1) and (i7) are possible, e.g. by introducing additional charged Higgs bosons; an interesting
UV-realisation of this is the A2HDMS: the ASM extended with a second Higgs doublet and
a singlet [78]. In addition to explaining the di-photon excess in associated production [93]
this model can address the significant tensions in differential top quark distributions [170] as
shown in ref. [77] and lead to baryogenesis via a two-step phase transition [171].

A Feynman rules for the ASM

Here, we provide the Feynman rules for vertices involving the triplet fields. All momenta
are considered to be incoming. We take the positively charged components of the triplets as
particles and the negatively charged ones as antiparticles. Consequently, particle flow arrows

— 33 —



point in the direction of particle momentum, while they point opposite to the momentum
direction for antiparticles. We use the shorthand notations sg = sin 8 and cg = cos 3.
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_%i[cg (Ara +2530aa) + 52 (23 0ea + Aos? )]
AO . \\A_‘—
h A
V —%z’[cz (2025)\¢A + )\q>s25) + 52 (C%)\A + 28%A¢A)}
h, \IA+
AO A
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A_/ \\N

B Loop functions

In this appendix, we collect all the loop functions or form factors used in the Higgs decays in
section 3.2 and section 3.3. The ones relevant for the loop-induced Higgs decays are

(@) =zl -z f(x)],
2 (z) =22 [14 (1 - 2)f(2)],
D () = —[2+ 3z + 32(2 — 2) f(2)],

cos 20,

0 —
/BZ'y(xay) - cos O, Il($,y),

Byl y) = Li(x,y) — Lz, y),

ﬁév(x,y) = cos by, H (1 + i) tan? 6, — (5 + i) } I (z,y) + 4(3 — tan? 0,,) L (z, y) | ,
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with the functions f(x), j(x), Ii(x,y) and Is(x,y) defined as

j(z) = ! l—x{logif\/‘/g—m] x <1
T SU2 2 1‘2
L(z,y) = st T [f (@) — f)] + —— Li(2) - §(y)],

and the ones relevant for the tree-level Higgs decays are

Blz,y) = (1—z—y)* —dwzy,
Brp(w,y) = [(z+y)(1—z—y) —day] x\/B(z,y),

ﬁs(x):(x—1)<2_;logz>+ 1—5x [ , 2z—1 L1 }’

Vidr—1 \/430—1_ al Viar—1
By (z) = (1—4z+122?) x +/B(z, z),

3(1-8z+202%) ;3x—1 (1—2x)

3
/ . - _ 2\ _21_ 2
By (z) = i1 cos 20T o (2 13z +47x ) 2(1 6x+4z")logz,
2 —1 -1 5
ﬁt(ac,y):y—3(él:z:y—i-?:ar:—4y)logM%—(31:2—431:—3y2—i-1)10g:C — =
x r—y r—y 2

1 3
+ 9Czy(?mf?’—ffy—2flry2+4y2)+y (4— 2@/) ,

G(z,y) = 1;1; [2(1+3:)39 (—1+$2) y+6(—14+2)y>—6(1+z—1)y\/—B(z,y)

_ l—z+ _ 1—2x—
X {tan 1 (_B(%ZJ +tan ! <—/B(377?ZJ/)> }—3<1+(x—y)2—2y)ylog:r],

I SRR U S et 2 DR O b it 0 | GO P
"~ dax/—B(z,y) {t ( _5(1"@)“ ( _B(%y))}{ 32+ (9y +7)

1
—5(1—y)2x—|—(1—y)3}+m{(—1+m)(2+2x2+6y2—4:U—9y—|—39;vy)

—3y(1 —32% 49> — 4z — 2y +6xy) logx},

C Stability and charge-breaking minima

The scalar potential in eq. (2.8), in principle, can have several stationary points — both electric
charge-conserving and charge-breaking. In this section, we discuss all possible stationary
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N2 | (%) = %vq, (A =0 (AT)=0
N3 (@ =0 (A% =wvpa (AF)=0

CB1 | (@Y
CB2 | (@Y

v (A% =y (AT) =1
v (A =0 (AT)=u

Table 2. Possible stationary points in the ASM model.

points and obtain the necessary conditions for the desired EW vacuum to be the global
minimum of the model by calculating the differences in the potential depths between the
desired EW vacuum and others, some of which might not be phenomenologically viable. It
might be argued that absolute stability of the vacuum is not a necessary requirement since the
vacuum could be meta-stable, i.e. have, a lifetime longer than the age of the Universe. While
the latter is certainly an interesting possibility, it would require a detailed calculation of the
tunnelling time of the vacuum into the global minimum, which is beyond the scope of this work.
Therefore, we restrict to the stronger requirement that the vacuum is at the global minimum.

Concerning the gauge choice, note that we can always absorb three real scalar component
fields via a suitable gauge choice (such as a rotation in field space). For definiteness, we
choose the SM unitary gauge, wherein the doublet is reduced to a neutral, real component.
As a consequence, the doublet VEV is, without loss of generality, always real and neutral.
Further, the triplet being real (see eq. (2.2) and the text thereafter), the corresponding
VEVs are also real.

The ASM can have several stationary points as listed in table 2. Of these, three are
charge-conserving minima: N, No and Nj, referred to as normal minima, wherein the
neutral components of the scalar fields get VEVs. On the contrary, there are two possible
charge-breaking (CB) minima. Such a scenario exists when electric charge-carrying VEVs
appear after spontaneous symmetry breaking. The occurrence of CB vacuum results in a
non-zero photon mass, which is incompatible with electromagnetic observations.

N1 stationary point

The N1 stationary point corresponds to the vacuum structure where both ®° and A° get VEVs:

@) = <0> A=y (”OA _2A> , ()

This vacuum structure has been detailed in section 2.

N2 stationary point

The N2 stationary point corresponds to the vacuum structure where only ®° gets VEV:

1 0 1/00
(®)n2 = 7 <v¢> (B2 =3 (0 0> : (C.2)
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The minimization condition for this vacuum configuration is

pa = Z’U@)\cp. (C.3)

To get the correct electroweak symmetry breaking for this vacuum configuration, we need
vg = 246 GeV. Also, to get N2 extremum, we require A = 0, thereby restoring the global
O(4)g x O(3)a symmetry of the potential in eq. (2.8). The consequence is the degenerate
mass spectrum for the triplet scalars: mao = ma+. The scalar masses are given by,

by 2
mi = (I)Tv(b, (C4)
ApAv?
mAo = mas = “o — . (C.5)

2
N3 stationary point

The N3 stationary point corresponds to the vacuum structure where only A° gets VEV:

@ = (8) A= (“OA 0A> , ()

As the absence of a doublet VEV would imply massless fermions, this extremum is in
disagreement with observations. Therefore, we do not discuss this further.

CB1 stationary point
In the CB1 case, both the neutral and charged components of the triplet scalar, A? and

A* get VEVs:
. 1 0 . 1 Vo U1
<(I)> - \/5 (U) ’ <A> - 9 (Ul _UO) . (C7>

This configuration is the most generic CB vacuum. The minimization condition for this
vacuum configuration is

y V7 g 2
Ko = Z)\dv Ty T Aoa (C.8)
2 2 2
2 _ (% 4 Yt v
,UA—<4+2>)\A+2>\<I>A (C.9)
A=0. (C.10)

C B2 stationary point
In the CB2 case, only the charged component of the triplet scalar, AT gets VEV:

1 /(0 1[0 v
(®) == <v> (A) =3 (Ul 0) . (C.11)

The minimization condition for this vacuum configuration is

2
v

1 = S et Ui Ao (C.12)
’U2 ’U2

M2A = EIAA + ?)@A- (C.13)
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Condition for global minima

In this section, we will examine the stability of the normal minima, in particular, the N1
stationary point, which we assume to be the desired global minimum of the model. To this
end, assuming that N1 or N2 coexists with the CB minima in some region of the model
parameter space, we calculate the differences in potential depth between the co-existing
minima. For NI to be the global minimum, it is crucial that the potential depth at N1
is lower than those of the co-existing minima.

To calculate the difference in potential depth between two co-existing minima, we follow
the bilinear formalism detailed in refs. [107, 172, 173], see refs. [174—176] for recent works.
Note that the potential V in eq. (2.8) is the sum of three homogeneous functions of order
2, 3 and 4 in the fields ® and A:

V=VotVs+ Vi (C.14)

Consequently, up to V3, V can be expressed as a quadratic polynomial on the vector X
constructed from the bilinears 21 = |®|?, x5 = |A°2/2 and 23 = |AT|?/2. Therefore, we have

1
V=M'X+Ad'A® + - XTAX, (C.15)
N—— N—— 2
Va V3 —
Vi
where

) —ud 22 Apa 20an
w3 —203 Maa Aa 2Aa

At any stationary point SP, the potential V' must follow the minimisation conditions, i.e.
gT‘; = 0 with ¢; denoting real scalar degree of freedoms of the model. Thus, we have

aVv
6,

where the latter follows from Euler’s homogeneous function theorem. Therefore, the value
of V evaluated at SP is

=0 =2(Va)sp +3(V3)sp +4(Va)sp =0, (C.17)
Sp

1 1
Vsp = §(V2)SP + Z(W)SP- (C.18)

Now, we define the gradient of V5 + V4 along X: V/ = M + AX and compute the product of
V! evaluated at a stationary point with X evaluated at a different stationary point:

1
Xgp1Véps = 2Vsp1 — 5 (Va)spr+ Xgp1AXspa, (C.19)
1
XSpaVip1 = 2Vspa — §(V3)sz + XgpaAXspr . (C.20)
Finally, subtracting these two equations, we get
1 1
Vsp2 — Vsp1 = 9 (Xg:PQVS/’Pl - X§P1V§P2> + 1 ((Va)sp2 — (V3)sp1) - (C.21)
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In what follows, we present the bilinear vector X for all possible stationary points and the
differences in potential depth between the co-existing minima using eq. (C.21).

. v2 . v3 { v2 ) v?
Xvi=z|vi]|, Xme=z|0]|, Xem=z|vi|, Xe=z|0],
2 2 21 5 2\ 2
0 0 vy Y2
(C.22)
(’UQA + 202 + 41)%)1)(% + 4@21}2 9
Vepr — Vvt = MA+, (C.23)
8(4v% +v3) A
41}%7}% + UQA (v% + 41)2) 9
Ve e m2 C.24
”2A 2
Vo — VN1 = 7mha (C.25)
02 + 02
Vept — Vs = A ; 2m2Ao, (C.26)
”% 2
VCBQ _ VN2 — ?mAO7 (027)

where myp, mao and ma+ in eq. (C.23), eq. (C.24) and eq. (C.25) are the physical masses
evaluated at the N1 stationary point, whereas those in eq. (C.26) and (C.27) are evaluated at
the Ny stationary point. Therefore, as it turns out, the desired EW vacuum N is indeed the
global minimum of the model for vo > 0 as long as the scalars are not tachyonic, i.e. m% > 0,
mQAO > 0 and mQAi > 0. While for vp = 0, the normal minimum N, is the global minimum.
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