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ABSTRACT: We study the connection between collider and dark matter phenomenology in the
singlet extension of the Georgi-Machacek model. In this framework, the singlet scalar serves
as a suitable thermal dark matter (DM) candidate. Our focus lies on the region v, < 1GeV,
where v, is the common vacuum expectation value of the neutral components of the scalar
triplets of the model. Setting bounds on the model parameters from theoretical, electroweak
precision and LHC experimental constraints, we find that the BSM Higgs sector is highly
constrained. Allowed values for the masses of the custodial fiveplets, triplets and singlet
are restricted to the range 140 GeV < Mo < 350 GeV, 150 GeV < Mpo < 270 GeV and
145 GeV < My < 300 GeV. The extended scalar sector provides new channels for DM
annihilation into BSM scalars that allow to satisfy the observed relic density constraint while
being consistent with direct DM detection limits. The allowed region of the parameter space
of the model can be explored in the upcoming DM detection experiments, both direct and
indirect. In particular, the possible high values of BR(HY — 77) can lead to an indirect DM
signal within the reach of CTA. The same feature also provides the possibility of exploring
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the model at the High-Luminosity run of the LHC. In a simple cut-based analysis, we find
that a signal of about 4 significance can be achieved in final states with at least two photons

for one of our benchmark points.
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1 Introduction

There are compelling motivations for considering models of new physics, as the Standard
Model (SM) is inadequate to explain a few of the major observations in nature, such as,
the observed non-zero neutrino masses and their mixings, the measured relic abundance
of the dark matter (DM), and the observed matter-antimatter asymmetry of the universe.
Furthermore, since the discovery of the 125 GeV SM scalar at the LHC [1, 2], it is yet unknown
if the electroweak symmetry breaking (EWSB) is achieved by a single or multiple scalar
fields. Several extensions have been studied in the literature to address this key question,
among which the Georgi-Machacek (GM) model [3] is one of the most interesting extensions
of the SM with two SU(2), triplet scalar multiplets.

The scalar sector of the GM model consists of one real triplet with ¥ = 0 and one complex
triplet with Y = 2 in addition to the SM Higgs doublet. The model preserves custodial
symmetry (CS) at the tree level, but hypercharge interactions induce CS violation at one loop,
thus leading to a correction to the p parameter [4]. These corrections are moderate because of
the underlying tree-level CS. The model also predicts a larger Higgs-to-vector-boson coupling
than in the SM, thus favouring a larger Higgs-to-diphoton rate. The scalar sector consists
of ten physical degrees of freedom: a fiveplet, a triplet and two CP-even singlets under
the CS. The Higgs and BSM phenomenology of this model have extensively been studied
in [4-23]. One simplified version of the GM potential with a Z; symmetry that excludes the



two dimension-3 operators, has been studied in [4, 5, 9, 12, 14, 24]. The model also offers the
possibility of generating naturally light Majorana masses for the neutrinos through the seesaw
mechanism [10]. However, this minimal version of the model is inadequate to provide a viable
stable DM candidate. This drawback of the model can be overcome by incorporating an
additional isospin singlet scalar field, which transforms as S — —S under a Z symmetry [16].

Amongst the various extensions of the SM that can incorporate DM, models containing
a SM gauge singlet scalar field are the simplest extensions. The singlet scalar extension can
easily accommodate a viable WIMP DM candidate [25-27], owing to its quartic interaction
with the SM Higgs field. The minimal model, containing only a singlet, is however severely
constrained by the precise determination of the DM relic density and the non-observation
of DM through direct detection, since both depend directly on the coupling of DM to the
SM-like Higgs boson [28]. Adding new particles (scalars, fermions or vector bosons) allows
one to alleviate these constraints by disconnecting the processes that are responsible for
elastic scattering on nuclei through Higgs exchange from the ones that contribute to DM
annihilation in the early Universe. In particular, a more elaborate scalar sector, such as
the BSM scalars present in the GM model makes it easier to satisfy current constraints by
providing new final states for DM annihilation.

In this article, we consider the most general scalar potential of the GM model [7, 10,
13, 15, 16] extended by a real singlet scalar [16], which will be our DM candidate. We
refer to this model as GM-S model henceforth. We focus on the decoupling limit [10, 15]
of the GM-S model, which can be realised for a very small triplet vev. In this limit, the
coupling strengths of the observed Higgs boson resemble their SM values. We revisit the
validity of the model with respect to theoretical constraints, precision measurements of the
oblique parameters, measurements of the SM Higgs to diphoton rate and the recent results
from searches for neutral and doubly charged scalars at the LHC. We show that theoretical
bounds, in particular the perturbative unitarity condition for this decoupling limit force the
masses of the BSM scalars to be of the order of the weak scale. The measured values of
electroweak precision observables (EWPO) further constrain large mass splitting between
the fiveplet and triplet states. The diphoton rate of the SM-like Higgs boson restricts the
splitting between the fiveplet mass and one of the dimension-full parameters of the potential,
while searches for a doubly charged Higgs decaying into a pair of W+ bosons require the
mass splitting between the fiveplet and the triplet to be larger than roughly 30 GeV. Finally,
searches for a BSM resonance decaying into diphoton states impose a lower limit on the
triplet vev for the mass scales under consideration.

Taking into account the updated constraints on the parameter space of the GM-S model
in the decoupling limit, we determine the parameter space that satisfies DM constraints
from relic density and direct detection. As expected, we find that annihilation channels into
any of the BSM Higgs play an important role in DM formation once we impose the direct
detection constraints. Including the contributions of all final states leading to photons, we
show that indirect detection limits from FermiLAT do not constrain the model. The CTA
experiment, however, has the potential to probe part of the parameter space. Finally, we
show that the same large decay rate into diphotons, that can lead to a signal at CTA, may
also be exploited in searches at the High-Luminosity run of the LHC (HL-LHC). Searches
in multi-lepton channels, on the other hand, are more challenging.



The structure of this paper is as follows: section 2 gives a brief review of the GM-S model.
Theoretical and experimental constraints on the parameter space are discussed in section 3.
The dark matter phenomenology is investigated in section 4, and the prospects for discovering
the BSM scalars at the HL-LHC in section 5. A summary and conclusions are given in
section 6. The appendix gives expressions for the partial decay widths of all the BSM scalars.

2 The model

The GM-S model we consider here is the original Georgi-Machacek (GM) model [3] extended
by a real scalar field S [16]. The original GM model consists of an extended scalar sector
which, in addition to the SM scalar doublet ®, contains two scalar triplets & = (¢+,£0,67)7
and x = (xTT,x,x"T. The triplet ¢ has hypercharge Y = 0 while x has hypercharge
Y = 2. The neutral fields of both the doublet and the triplets acquire vevs (¢%) = v,/V/2,
(€%) = ve and (x°) = vy. The vev (¢?) breaks the electroweak symmetry spontaneously,
along with contributions from &% and Y.

The scalar potential is symmetric under a global SU(2)1, x SU(2)p transformation which,
after electroweak symmetry breaking, breaks down to a custodial symmetry SU(2)c. At
the tree level CS is guaranteed by demanding

(€%) = () = vy (2.1)

In order to make the global SU(2);, x SU(2)r symmetry explicit in the potential, we
follow the convention of [15], and write the scalar fields in terms of a bi-doublet ® and
a bi-triplet X as follows:

- N e
Q= [_¢_ ¢01 , X ==X 60 X+ : (22)
x =& X°

As mentioned before in the GM-S model, in addition to the triplet fields & and y, the
model is further extended by a real scalar field S [16], which serves as the DM candidate.
The stability of the DM is ensured by imposing a Z symmetry, under which the DM is odd
and all the other particles are even. Note that, the neutral scalar states from the X field,
€% and x°, cannot be considered as DM candidates due to the lack of a discrete symmetry
which can stabilize it. The general gauge-invariant tree-level scalar potential with ®, X
and S obeying CS has the form [5, 15]:

V(®,X,8) = /;%Tr of®] + ’fTr [XTX] 4 M (T [qﬂcb})g
+ AT [@F0] Tr [ XX | + Ay Tr [XTx XTX] (2.3)
+ M (Tr [XTXDQ —AsTr [qﬁ T%Tﬂ Tr [XT taXtﬂ
-y [ofreart| (UXUY) - Moy [ XTe x| (UXUY)

ab a

V),



where 7* = ¢%/2 with ¢® being the Pauli matrices; t® are generators of the adjoint rep-
resentation and the matrix

19 L
f f.
0 1 0

is used to rotate the bi-triplet into a cartesian basis [7]. In eq. (2.3), V() contains the
terms involving the field S and has the form

2
V(S) = %52 + A0 ST (@10) 4 2 S Tr [ XX ] 4+ AgS™. (2.5)

In addition to the couplings \; in eq. (2.3) that represent the quartic interaction of the
®, X fields and the interaction between ® and X, the interaction terms with couplings
My and Ms govern the tri-linear interactions between ® and X and the self-interactions
of the X fields, respectively.

The field x, being a complex triplet with hypercharge Y = 2, also interacts with the
lepton doublets L through the Yukawa Lagrangian

L, =Y, LTyxL + h.c.. (2.6)

Note that the above term together with the tri-linear My term in eq. (2.3) violates lepton
number and hence can generate the Majorana masses of the light neutrinos. The light neutrino
mass matrix can be expressed in terms of the Yukawa coupling Y, and the vev v, as follows

M, =Y,vy = Upying Mﬁl UIJ;MNS ) (2.7)

where Upyins is the diagonalization matrix for the light neutrinos, and M,‘/i = diag(my, ma, ms)
are the neutrino masses.

2.1 The scalar spectrum

To obtain the scalar spectrum in the physical mass basis, one needs to impose the minimisation

conditions
oV 3
Buy = U 15 4+ A\ 03 + 3 (202 — As) v} — 5 Mivg| =0, (2.8)
v _ 3u3uy 4+ 3 (200 — A5) v3vy + 12 (A3 + 3M\g) v — §M1v2 — 18Myv? = 0. (2.9)
vy X PX Xy ¢ X

Both the doublet and triplet vevs are responsible for the W/Z-boson mass generation,

2,2 2
2 oag2 2 _gv g 2 2
My = M cos” by = £ = (v3 +802), (2.10)
where v = 246 GeV and g is the coupling constant of the SU(2);, gauge group. Based upon

the transformation properties under the custodial SU(2)¢c symmetry, the physical scalar



states can be categorised into a fiveplet, a triplet and two CP-even singlets. The fiveplet
scalars are expressed in the form:

1 2 o0r [T o,
Hy 't =x", H5+=ﬁ(x+—§+), Hg?:\/géﬂ’ —\/gxow (211)

where €97 and x" represent the real components of £° and x, respectively. Similarly, the
triplet scalar states can be expressed as

1 , ,
Hf = —spo¢ + ECH (§+ + X+) , HY =—sg " +cgx™, (2.12)

with ¢%% and x%* being the imaginary components of ¢° and \°, respectively. The mixing
angle corresponding to H3i and HY states can be written as

2v/2
CHECOSHH:%, sy =sinfy = V20, ) (2.13)
v v
Using the minimization conditions in egs. (2.8), (2.9), we obtain
M 3
2 1 9 2 2
MH5 = @’U + 12M2UX + 5)\51}(;3 + 8)\3’UX, (214)
and
Ml )\5 2
M3 = — 4+ 2|2 2.15
Hs <4UX + 2 ) v ( )

Mp, and My, are the masses of the fiveplet and the triplet fields. The mass of the gauge
singlet field S is given by

M3 = p% + 273 + 6Xp07 . (2.16)

The neutral components of the SU(2);, doublet and triplets mix, leading to two CP-even
SU(2)¢ singlets (h, H),

/
h=cad™ —soHY

/
H = 50¢"" + coHY

) 1 2
H :\f 0r \f O 2.18
1 35 + 3X ( )

The mixing angle o and the mass eigenvalues are obtained by diagonalisation of the 2 x 2

(2.17)

where HY is defined as

mass-squared matrix corresponding to these scalars. This matrix reads

M3, M3
M2 = [ 11 12] (2.19)
Miy M3,
with
M%l - 8>\1U§>7
V3
9 Mqu% 2
M2, = — 6Mavy + 8(A3 + 3M)v2 . (2.20)

4vy



The mixing angle a between h and H, and the respective mass eigenvalues are given by

2M3,
tan2a = —o 12 (2.21)
M, = M,
1
My = 5 [ M+ My M, = MG )2+ a(M5)2). 2.2

where we assume M%I > M}% In our subsequent analysis, we consider h as the 125 GeV
SM-like Higgs boson while H is a heavier BSM scalar.

The dimensionless couplings in the scalar potential, A1, 5, can be expressed in terms
of the physical parameters My, , Mpy,, My, My and « as follows:

M= gaa (Mjch + Mfss)

Ay = W;CH [?SQQ(M,% — M%)+ 3sgen(2My, — 1\7?)1 :

Ag = 7}215% (3 2M7 - 3ME,) + M, — M?],

A= 6U218H [2MFc2 + 2MRs2 + 3M? — 2M3, + Geky (M, — 1\715)] :

Ns = — 5 (ME — M},), (2.23)

where sy and cy are defined in eq (2.13) and

M2 = \[8 My, M?=3v2syvMs. (2.24)
H

A few observations about the behaviour of various quantities in the limit of a small v,,
a case we will discuss in detail in the next section, are in order. For a small v, leading
to the limit sy — 0 (see eq. (2.13)) in order to assure that ]\A/.I'I2 remains finite we need
to assume that M; — 0. Moreover, in this limit, it follows from eq. (2.24) that a finite
value for M implies a very large value of Ms, eventually leading to very large couplings
and violation of perturbativity. Note that, in the sy — 0 limit, the quartic couplings A2 4
diverge unless s, is set to 0. This then implies complete decoupling of the scalar H from
the SM Higgs state h in this limit.

2.2 The case of small v,

A number of studies have focused on relatively high triplet vev v, > 1GeV [12, 17, 20, 21, 29—
35]. The main objective of this paper is to analyse the Higgs and DM phenomenology for a
low value of the triplet vev, v, < 1GeV For a small v,, the decoupling limit characterised
by vy, — 0 (sg — 0) along with s, — 0 can be realised. For a small vy, the expression
of the fiveplet mass simplifies to

3
M3, ~ )\51) + M2+ M2, (2.25)

5

With the additional condition sina = 0, required to get rid of the divergence in the A
couplings (eq. (2.23)) for sy — 0, we obtain for the singlet masses

— 1
M¥ ~ M} — 5M?, M? ~ 8\jv2. (2.26)



Substituting As from eq. (2.23) and My from eq. (2.26) into eq. (2.25), we obtain
M ~3Mp, —2MF . (2.27)

In order to allow for a departure from v, = 0 (sy = 0), we introduce M, a free parameter
of mass dimension one. Then we can write M7 and M? as

1 — ~ 1
M = (3ME, — M, +3s3M°), M} = 5 (3ME, — M, +M?).  (2.28)
All the dimensionless couplings can then be rewritten as [10]
M? M% + M% — M? M%_ — M?
AL = 292 > Ao = . 25 ) A3 = - b) )
8v=cyy 4v v
2 2 2 . 772 2 2 2
4 = 202 ) 5 — 02 . ( : )

It is evident from eqs. (2.29) that with this parametrization all the v, dependence drops
out and there are no apparent divergences in the \’s for v, — 0. It is also important
to highlight that the off-diagonal element of the CP-even neutral mixing matrix M?3, is
identically zero in this parameterization (see egs. (2.20)) and consequently sin o = 0 (instead
of sina < 1).

In the following, we fix mj; = 125 GeV and sina = 0 and take

Uy, MH37 MH57 M, M7 (230)

as free parameters. The value of My is then fixed by eqgs. (2.28) and (2.13). The singlet
scalar sector is characterised by free parameters Mg, As, Ap, As. In this work, we consider the
DM to be relatively heavy, so that invisible decays of h and H are kinematically forbidden.
Moreover Hs and Hj states do not couple to DM pairs via cubic interaction as it violates
the CS. Hence Mg, A4, A\p, Ag do not have any impact on collider searches and are only
relevant for discussions of DM, only the parameters vy, Mpy,, Mpy,, M, M have direct
influence on the collider searches.

Before concluding this section, we note that, for small values of v,, which is the focus of
this study, the couplings of h to fermions are equal to those of the SM while its couplings
to gauge bosons (V = W*, Z) receive a small correction, Chyy = cgCPM, [15, 36]. The
heavy CP-even neutral scalar H does not couple to fermions as sina = 0 and H, g couples
only to vv. Their couplings to gauge bosons are suppressed by a factor sy (see section 3 or
appendix). The couplings of the CP-odd neutral scalar HY to fermions are also suppressed
by a factor sy. Explicit expressions for the trilinear couplings of the neutral scalars can
be found in section 3.3. We refer the reader to [10, 15, 36] for a detailed description of all
the couplings of the SM and BSM scalars of this model with SM fermions, gauge bosons,
as well as with other BSM scalars.

3 Existing theoretical and experimental constraints

In this section, we assess the parameter space of the GM-S model that is consistent with
existing theoretical constraints and experimental constraints from colliders. To this end,
we perform a flat random scan over the free parameters { My, M., M, M, vy, g, \o, As }
within the ranges specified in table 1. About 4 x 10% data points are sampled in this scan
and confronted against the constraints detailed below.



Parameter Scanned range
Mp, [GeV] [102, 103
My, [GeV] [102, 103
M [GeV] [10%, 10?]
M [GeV] [10%, 109]
vy [GeV] [1074, 10°]
Aas Ab, As (1074, 10Y]
Mg [GeV] [10%, 10?]

Table 1. Ranges of the input parameters that we use in our numerical scan together with sin o = 0.

Before proceeding, a comment is in order regarding the subset of parameters considered.
As discussed in the previous section, A; 5 are expressed in terms of the physical scalar
masses My, My,, Mp,, M, M and v,; together with the quartic couplings Aab,s they are
subject to the condition of perturbative unitarity and potential being bounded from below.
Hence, the entire subset {Mp,, My, M, M, vy, A, \p, As} is needed to check these and other
theoretical constraints. In contrast, the DM mass Mg is relevant only for DM production
and detection and therefore ignored in this section. The DM-related constraints, which will
affect Mg, Mg, \p, Ag, will be discussed in section 4.

3.1 Theoretical constraints and constraints from oblique parameters

Perturbative unitarity

By the perturbative unitarity of the 2 — 2 scalar field scattering amplitudes, the scalar
couplings in eq. (2.29) can be constrained. We take into account the following constraints
on the quartic couplings of this model [16]

87 > 1201 + 14Xs + 22X £ /(1201 — 14X — 22)? + 1440}

)

8m > ’4/\1 —2X3+4M\ £ \/(4)\1 + 2A3 — 4)\4)2 + 4)\%

i

8w >|16A3 + 84|,

87 >[4z + 8\,

81 >[4y — s,

87 >|4M + 2Xs),

81 >[4y + 4A5],

8 >|4\|,

81 >[4\,

As 1 (477 N IN2(TAz + 11Ny — ) + 9AZ (3N — 7) — 18)\2)\a/\b> |
6 2(TA3 + 110y — m)(3A] — ) — X2

Ae 1 (_4 IA2(TAz + 11\ + 7) + 9AZ(3N\y + 7) — 18)\2/\a)\b>

2(7TA3 + 110g + m)(3A1 + ) — 9A3

6
The condition [4A2 — As| < 87 restricts the triplet mass to My, < 870 GeV. The conditions

|[4Xa + 2X5| < 87 and |42 + 45| < 87 do not allow arbitrary mass squared splitting between

(3.1)



M, and M2 as |M%_ — M2| /v < 47. [4\; + 8A4| < 87 leads to |MZ, + M°|/v? < 27. As
we will present later the conditions in eq. (3.1) jointly put stronger constraints on Mp,.
Note that, the range of Mpy, given in table 1 together with the constraint ]M?{B +

M2|/ v? < 27 dictates that large values of M > O(100) GeV will get discarded. Since sy is
also small, sy < O(1072), the term 3S%M2 in eq. (2.28) is negligible. The condition M% > 0
therefore implies My, < v/3Mpy,, which will be visible in the allowed points that satisfy
the theory constraints. We note that out of the 4 x 10° data points that were sampled in
the scan, about 3 x 10% points satisfy this condition.
Potential bounded from below
In order to ensure the potential is bounded from below, we implemented the conditions
computed in refs. [15, 16] which are as follows,

A1 >0,

. —1Ag for A3 >0,
4 —\3 for A3 <0,

s —2¢/\ (%)\3 T )\4) for A5 > 0, A3 >0,

A2 >0 L (OAs — 20/A1 (Chg + M) for As > 0, A < 0,
w,(C))\g, — 24/ (C)\g + )\4) for \s < 0,\3 € R

Aa > —2¢/ A1 )s,

1
. { ~2,/(BAs + M) As for A3 > 0,

—24/ ()\3 + )\4) Ag for A3 <0,

As > 0, (3.2)

where ¢ and w satisfies the following range,

1 11
For a given value of ¢, we can write w € [w_,w], where [15]
1 2 1 2
w20 = 21—y £ 22 -5 (3+8)], (3.4)
with
3 1
B=\/2 (g _ 3) e 0,1 (3.5)

Absence of deeper custodial symmetry-breaking minima

To ensure no deeper custodial symmetry-breaking minima in our chosen parameter space,
we passed the allowed parameters from perturbative unitarity and bounded from the below
condition through Vevacious [37] to check the global minima condition.
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Figure 1. Points that satisfy theoretical constraints, such as perturbative unitarity, potential bounded
from below and absence of deeper custodial symmetry breaking minima, mentioned in section 3.1:
(a) in the plane My, vs. My, with the value of My shown in color and (b) in the My, vs. My, — M
plane with My, — M shown in color.

Mass of CP-even BSM scalar

As we have discussed before, the positivity condition for the mass of the CP-even BSM scalar,
My, discards the region where v/3Mp, < My,. Among the SM and BSM Higgs states h, H,
we demand that H is heavier than the SM Higgs so that it does not have any influence in the
measurement of h — vy rate. We choose My value sufficiently larger than the SM Higgs mass,
My > 130GeV. Since sy is almost negligible and the allowed value of M can at most be
O(10%) GeV, this in turn allows for 3Mg, — Mz > O(10%) GeV?, see egs. (2.27) and (2.28).
The viable parameter space satisfying all the theoretical constraints in different planes
is shown in figure 1. In figure 1(a), we show the allowed points in the My, vs. My, plane.
The color code following eq. (2.28) indicates Mp. As can be seen, for our chosen scenario
with a small v, and sina = 0, TeV scale fiveplet and triplet scalar states are ruled out. All
the perturbative unitarity conditions from eq. (3.1) jointly exclude My, > 280 GeV and
M, > 435 GeV while the mass of the singlet scalar, H, is restricted to Mg < 330 GeV. The
conditions on the potential to be bounded from below do not set additional limit on the
parameters which pass the perturbative unitarity conditions. The condition on My > 130 GeV
largely excludes points in the lower right corner of the My, vs. My, plane as mentioned
above. In figure 1(b) we show the allowed values for the differences My, — M and My, — M.
The values of M and M are constrained to M < 435GeV and M < 250 GeV. Moreover
|Mp, — M?|/v* < 4r follows for the perturbativity constraint on the A3 coupling. After
including the theory constraint with a small v, < 1GeV and sina = 0, it is evident that the
independent parameters My, Mpy,, M and M are strongly constrained. The triplet vev v,
and the mass of DM Mg, and couplings A, s are allowed over the full range considered.

Oblique parameters

The S parameter contributions in the GM model, relative to the SM are computed in [36].
They involve corrections to the SM diagrams contributions to the neutral bosons self-energy
such as the Zh loop contribution that is proportional to v, /v together with new contributions

,10,
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Figure 2. (a) Variation of x? w.r.t. the oblique parameters, S (red line) and T (green line). (b) Points
in the S vs. My, plane that satisfy the constraint from oblique parameters as well as previously
mentioned theoretical constraints. The color bar shows the value of Mp,. In deriving the constraints,
we assume U = 0.

to the Z boson self-energy that involve loops of two scalars H Hs, Hs H3 and HSEH;F with
couplings of electroweak strength. Finally, new contributions involving two scalars, hHs, or
loops of one gauge boson and a scalar ZH, ZHs, W H o+ are all suppressed by a factor v, /v.
From the global electroweak fit [38] we have the measurements for S,7T parameters

Sexp = 0.05 £ 0.08, Texp = 0.09 £ 0.07, (3.6)

for the SM Higgs mass M), = 125GeV, U = 0, and correlation psr = +0.92. We compute
the x? according to

o1 [(S=Sup) | (T=Tup)’ 2057 (S = Sexp) (T = Tuxy)

X = , (3.7)
(1 o p%T) (ASQXP)2 (AT@XP)Q ASGXPATeXP

where ASexp and ATy, are the 1o experimental uncertainties. As hypercharge interactions
break the custodial symmetry at one-loop level, the T" parameter in the GM model has
divergent value [4]. Therefore following ref. [36] we marginalise over the T parameter and set

ATexp
ASexp

T = Texp + psT(S — Sexp) (3.8)

In figure 2(a), we show the x? distribution taking into account current experimental limits.
In figure 2(b), we show the allowed values of My, and My, satisfying x> < 4 and the
corresponding values of S. We expect the oblique parameters to constrain the mass difference
between two scalars and in particular My, — Mp,. Indeed we find that almost all points that
pass theoretical bound are also consistent with the measurements of the oblique parameters.
Only points where the mass difference is large are excluded, they are found in the region
Mp, ~ 100GeV and Mg, > 260GeV. A summary of the different constraints that we
consider in this work will be presented in figure 9.
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3.2 Constraints on I'(H;)/M; for scalars

Before checking the current experimental limits on BSM scalars, we impose a constraint
on the total I'(H;)/M; ratio for the neutral and charged scalars, where I'(H;) represent the
total decay width of the BSM scalar H; and M; represents its mass. Mainly tri-linear scalar
couplings lead to large I'(H;)/M; for the neutral scalars HY and H in two ways: the first one is
when scalars decay to two other scalars H; — H;H; and the second one is when the tri-linear
scalar couplings becomes large leading to an enhanced loop-induced partial with for H; — V'~
with V' = v, Z states. This can happen when for a fixed value of M, v, becomes small.
The partial decay width of a CP-even neutral scalar H; decaying into 2v/Z~ is [17]

3 273
D(H, - V) = I [1—MV] SP2, (3.9)

32wy m?.

7

where S is the form factor and V = v, Z. Here ny is a symmetry factor that accounts

for identical particles in the final state, with 7, = 2 and nz = nw = 1. For the CP-even

scalars h, H, and H?, the form factor is'

Olem . ) )
SHoyy = o |BIWFL(Tw) + > Nep Q3B Fyjo(rs) + > BHQIFy (1) | (3.10)
f S

2mv

where N .y = 3 for quarks and 1 for leptons, @; is the electric charge of particle j in units
of e, and the sums run over all fermions and scalars that can propagate in the loop for
the parent scalar H;. In this model, the charged scalars are s = {Hf,H;,H;J’,Hg*}
and we only keep the top quark contribution to the fermion loop, f = t. The coupling
coeflicients B]Hi are defined as,

C e? _ Cy 7V  CH,ssv
5W - %7 /3?1 = _Hmzi};cv /sz = %Tn}s’ (3'11>
for a propagating W boson, fermion f, and scalar s, respectively. In the case of the W
boson and fermion loops, these factors BVI{,' ' are equal to the usual ratios EII/{V' 't of the scalar
coupling to WW or ff normahzed to the corresponding SM Higgs coupling as described in
refs. [15, 17]. Note that 8 H5 — 0 because the Hj states are fermiophobic.
The loop factors are given in terms of the usual functions for particles of spin 0, 1/2
and 1 [39],

Fl(Tw) =243mw + 3Tw(2 — Tw)f(Tw),
Frp(rp) = =276 [1 + (L = 7¢) f(74)],
Fo(7s) = 7s[1 = 75 f(75)], (3.12)

42 /2
where 7; = 4m7/m¥, and

fr) = [sin_1 (ﬁ)} ) if 7> 1, (3.13)
~1 [1og (Z%) - m} ifr <1,

'For the CP-odd scalar HY, there is no dependency on tri-linear scalar couplings as only fermions mediate
the loop decay. Therefore the BR for HS — V'~ is negligible as compared to the one for HS — ZH/WiH;[.
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with n+ = 1 £ /1 —7. The relevant vertex factors Cj;, that enter the calculation of
T'(H,HY — ~v) are as follows:

1
Coirn = s (8N + 3\ + As)vduy + 16(6X2 + As)v + 4Myo? — 6M03]

1 SUiUX 9 9 9 9 321}52 9 9 GUiM 2
= 70 [ v (Mp, — M=+ Mp, +3M") + 2 (M, + Mj, ) — 120, |’
CH;H;H = CH;JFHS”H = \/g [8()\3 + )\4)UX + 2M2]
4/3v — 3M?
— ‘/; X (M3 — M? + M}, + ) + V3 , (3.14)

v 6vy

21
Cots -0 = \[ = [2()\3 — 2X5)v5vy — 8505 + AMv2 + SMQU;}
1603 M?(v? — 8v2)
— /2 [AME o+ X (M? - M) + ——— X
\/;1)2 l 37X v2 5 4y,

(M3 — M?) M2
CH;-HB_HQ = \/6 (2)\31)X — Mg) = \/6 <2UX 51)2 - 12UX )

(M3 — M?) M2
Cp+p-— g = —2V6 (2A3vy — Mz) = —2v6 <2“x 2 120, )

In figure 3(a) and figure 3(b) we show the variation of T'(H;)/M; for H and HY respectively
for the parameters consistent with all previously mentioned constraints. As evident from the
plots, the widths of H and HY can be huge which is due to the involvement of the tri-linear
scalar couplings which contain a term M?/ vy. To ensure all the BSM scalars have natural
widths we demand I'(H;)/M; < 0.5 and the resulting points are shown in figure 3(c). Note
that I'(H;)/M; for the charged scalars and HY naturally satisfy I'(H;)/M; < 1. It indicates
that not all values of v, are allowed for all points in the plane of My, vs. Mp,. Note that
the two-body decays H — HitHF T, HEHF, HOHY are open for My > 2My,. The region
Mp, > 250 GeV and My, = [100,150] GeV is not allowed for any value of vy, < 1 GeV mainly
because of such two body decays. There exists a small orange triangular shape starting
around My, ~ [100,140] GeV and My, ~ [170,250] GeV, where the two body decays are
open but nevertheless I'(H;) /M; < 0.5 is satisfied for v, > 0.05 GeV. We note that, in this
region M < 50 GeV. Towards smaller My, , My, all values of v, satisfy I'(H;)/M; < 0.5 as a
suitable values of M is available in this region which can regulate the ratio M?2/ vy. Whereas
for My, > 300GeV only M > 100GeV is favoured by the previous constraints? (mainly
perturbative unitarity bound). Therefore, a value of v, larger than 0.01 GeV is required to
control the width. Further in this region T'(Hf — 2v)/Mpy, o« M3 as My, ~ M.

3.3 Experimental constraints

Existing experimental constraints come from measurements of the properties of the SM-like
Higgs boson, in particular the h — =~ rate and searches for additional scalar states in a
variety of channels. Among the BSM Higgs searches, we will consider H, ?i — WEWT as
well as HY, H — v7. We will not include searches for the pseudoscalar H{ — v since this

2The correlation between M and My, (Mp,) is shown in figure 9.
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Figure 3. Allowed points (a) in the My, vs. My plane with T'y; /My in the color bar, (b) in the
Mp, vs. My, plane with I'g, /Mg, in the color bar, and (c) in the Mg, vs. My, plane with v, in
the color bar. In the latter, we impose the constraint I'(H;)/M; < 0.5 for all the scalars. All points
satisfy the constraints discussed in sections 3.1 and 3.2.

process does not depend on the tri-linear scalar coupling and, therefore, always features a
small branching ratio. The contributions coming from the ¢t — H. gr b and B physics observables
like BY — utp~, b — sy are also suppressed because of small v, [36] and hence do not
provide any constraints on our parameter space. For definiteness note that the experimental
constraints discussed below will be applied step-by-step in a cumulative manner to determine
the model’s final, allowed parameter space.

3.3.1 Higgs-to-diphoton measurements (h — ~v7)

Higgs-to-diphoton rate is well measured by the ATLAS [40] and CMS [41] searches for h — 7.
Charged scalars in this model give rise to additional contributions to h — 7y decay and
hence can alter the predicted rate for this channel compared to its SM-predicted value. The
signal strength of the SM Higgs for channel h — ~+ is given by,

on BR(h—=7Y)  Shyy

= ~ , 3.15
Hh—~yy O.}?‘M BRSM(h =) %{Iy ( )
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Figure 4. (a) Allowed mass splitting between My, and M after imposing the constraint from h — ~~y
and all theoretical constraints, with Ax? shown in color. (b) Allowed points in the My, vs. My,
plane with v, in the color bar.

where o}, and O'EM is the production cross section of h through ggF and VBF channel in the
GM and SM model respectively. For v, < 1GeV, the ratio ah/agM ~ 1. In the above S}, is
defined in eq. (3.10) and the couplings Cjji [17] relevant for S, are:

Ca
CH;H;h T2 {(4>\2 - )\5)”2 + 8(8A1 + )\5)%1))2( + 4M1v¢vx}

1
v2(v? — 81))2()1/2

12

2ME, 0% + 802 (M — 2M,)]

2(v? — 81))2()1/2

CH;th - CH;+H5——;L = (42 + As)vy = ST (M?JS — M?),
(U2 _ 8112)1/2
Chw+w- = yChzz = o Xx—. (3.16)
Sw

The decay of h to HH, H;'H:;, H;'Hg,HgH'Hg_ channels is kinematically forbidden for
the parameters favoured by the theoretical constraints, so the only decays of h are into
SM final states.

We perform a y? analysis to obtain the parameter space consistent with the recent
h — ~~ signal strength measurement by ATLAS [40] and CMS [41],

paTLAS = 1.04708,. poms = 1.12 4 0.09. (3.17)

The x? from multiple independent measurements can be computed as,

2 Z i — P
X = - — - (3.18)
oo 4 (0f — a7 ) (i — )

where p; and O’ii are the experimental mean values and uncertainties for CMS and ATLAS
measurements, and /i is the predicted value. We impose the condition Ay? = x? — x2. < 4.

In figure 4(a), we show the allowed points satisfying theoretical, oblique parameter and
h — ~~ rate constraints in the Mg, vs. AM plane where the color bar corresponds to
the different values of Ax?2. Tt is evident from the figure that mass splitting between My,
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Figure 5. (a) Variation of branching ratios of H5ii decays to different channels w.r.t. the mass
difference between the fiveplet and triplet states for a specific benchmark point. (b) Allowed points in
the My, vs. My, plane after applying the limit from the ATLAS search for H gti decay to same-sign
gauge bosons [42] as well as all previously discussed theoretical constraints, constraints from the
measurement of oblique parameters, constraints on the decay width of the BSM scalars, and the
measured rate h — y7y.

and M cannot be arbitrarily large. The vertex factors C’H; H h and C’H5++ H-"h depend
crucially on AM and large values of AM will lead to an enhanced diphoton rate and hence
in disagreement with the measured rate.

Figure 4(b) shows the variation of vy in the My, vs. My, plane. As can be seen from
the figure, the measured diphoton rate discards the points v, < 4.8 x 1073 GeV. As discussed
above M2 /v, is restricted due to I'/M; < 0.5. Therefore, lower M is required for lower v, .
Although v, ~ 10~* GeV satisfy I'/M; < 0.5, the required M for that is so small that the
difference between My, and M is large and hence the measured I'(h — ) rate is disturbed.
The combined effect of I'/M < 0.5 and I'(h — ~7) rate set lower limit on v,.

3.3.2 Hgti — W*W+ search

The CMS [43] and ATLAS searches [42, 44] investigated the presence of H** decaying into
same-sign gauge bosons leading to the multi-lepton final state. In the GM model, the scalar
H 5ii can lead to such signature and hence its production cross section is constrained by the
non-observation of such a signal at the LHC. The CMS [43] search targets the production of
H gci via vector boson fusion (VBF) channel, however, the H, 5+ TW=W ™ coupling depends on
vy such that the H gci production rate via VBF for v, < 1GeV is suppressed. Hence this
CMS search does not set strong limit on our chosen parameter space.

The ATLAS collaboration has searched for pair production of H ;i via the Drell-Yan
process pp — H, SiiH 7, which is sensitive to the parameter space considered in our work.
The current ATLAS search [42] constrains the doubly charged Higgs mass in the range of
200 GeV to 350 GeV assuming 100% branching ratio for H5jEjE — WEW*. To reinterpret
this constraint for our scenario, where the branching ratio of H** — W*W¥ can vary,
we calculate o(pp — HETHIT) x BR2HIT — WHW*) and compare with the observed
limit. Similar multi-leptonic final state can also arise from pp — HFTHIE(— WTHY)
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followed by the decay Hgﬁ — ¢*v. However, for the range of v, that has survived previous
constraints, i.e. vy, > 4.8 x 1073 GeV, Bl——{(Hg—L — (*v) is suppressed and hence this secondary
contribution is negligible in our case.

As an understanding of the variation BR(]’::";EjE — WEWH*) is crucial to study the
ATLAS limit, in figure 5(a), we present the branching ratio of the H, gci of mass 300 GeV
w.r.t. AM = My, — Mp, for M = 335GeV and v, = 0.036 GeV. We choose this benchmark
for illustrative purpose, as it corresponds to a point that is allowed by all theoretical
and experimental constraints imposed in the following sections. For this value of v,, the
leptonic decay mode H g[i — 1% is suppressed® and hence only decay channels containing
at least one gauge boson are shown. The expressions for the partial decay widths for
HEE — 11+, WEWE HY H , W*Hy /W+"HF are given in appendix A. The partial decay
widths T(HF® — WEWE) ~ 02, D(HFT — (50F) ~ (Y, /vy)? and T(HF* — WEHY) are
independent of v,. Thereby for sufficiently large v, the branching ratio H = wEwE
will be significantly large. As can be seen from figure 5(a), for AM = 0GeV, the decay
H, gci — WEW* is 100%. With the increase of AM, M, is decreasing thus opening the decay
modes W**H. 3i / WngE. This channel governs the decay of H, 5ii beyond AM ~ 30 GeV for
this benchmark point. For the shown mass range, the other decay mode H gﬁi — H;Hgt is
not open kinematically. For AM < My, the decays H, gﬁi — Wng[ is forbidden, however
the decay Hgti — Wi*H;[ is still open. As we shift towards a smaller mass difference
AM ~ 20 GeV, the branching ratio BR(H gti — WEW™) increases, eventually for smaller
mass differences Hgti — W*W# becomes the leading decay mode, thereby we expect a
strong constraint for a small AM. This is clearly evident from figure 5(b), where we show all
the points in the My, vs. Mp, plane that satisfy theoretical constraints as well as constraints
from oblique parameters measurement, from the measured h — 7 rate and from ATLAS
same-sign diboson search. The values of v, are shown in the color-bar. As expected, the
parameter space around My, ~ Mpg, is ruled out, as in this region H, gci — WEW* has
almost 100% branching ratio. Note that there is no constraint from the ATLAS search for
My, < 200GeV, as this range has not been covered in [42].

As stated above, BR(HF* — W*W®) depends on My, My, and v,. In the My, vs.
My, plane, the ATLAS limit will be satisfied when BR(H:% — W*W™*) is suppressed.
This happens in the region where H, gti — I/VngE / Wi*ch is open provided v, is not too
large. Note that for v, > 4.8 x 1073 GeV, chi — (*¢* is suppressed and hence chi
dominantly decays to W*W* with ~ 100% branching ratio. Therefore the region where
AM — 0 is excluded by the ATLAS search.

3.3.3 Hg — =~ search

The ATLAS experiment has searched for spin-0 BSM resonances in the diphoton final state
using 139/fb data at /s = 13TeV [45]. In our model, the neutral BSM scalars (HY, H)
decay to diphoton final states and hence this model can be constrained using this ATLAS
diphoton search. In this subsection, we discuss the limit for HY — v and, in the following
one, the limit for H — 7.

3From eq. (2.7), it can be seen that for v, = 0.1 GeV, we need Y, ~ 107! to satisfy light neutrino mass.
Consequently, the partial decay width for H Sii — IF1F process which is proportional to (Y, /vy )? is suppressed
for small Y, .
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Figure 6. (a) Branching ratio of HY to different channels for the benchmark point of figure 5(a).
(b) Allowed points in the BR(HY — ~7) vs v, plane consistent with all previous theoretical and
experimental constraints.

Before turning to the implementation of the ATLAS analysis, we discuss the variation of
BR(HY — ~v) in the available parameter space. Among the SM fermions, HY only interacts
with neutrino via Yukawa coupling, which is suppressed unless v, < 10~ GeV. So, the
preferred tree-level decays are HY — VV,W*HF, ZH) or W+ HF , W*HF™ when the two-
body tree-level processes are not kinematically open, and among the loop-level decays, vy and
Z~ are preferred. The partial decay width of HY — 77y can be calculated following eq. (3.9) for
H; = HY. The relevant vertex factors that enter the calculation of I'(HY — ~7) are as follows:

21
Copt o = \/; - [Q(Ag — 2X5)v50y — 8505 + AMv2 + 3M2v§5}

02
21 ) 160y o, M*(v?—8u2)
:\/;1)2 [4MH3UX+M(M —MH5)+T ,

(M?%_ — M?) M2
CH;—HgHg = \/6(2)\3’UX — Mz) = \/6 <2’UX 5U2 - 12,0X )

(M%_ — M?) M2
CH;_+H5__H5? = *2\/6 (2)\3UX — Mz) = —2\/6 <2UX 51_]2 - 12'UX )

CHQWJrW- = \/gsévvx. (3.19)

Note in particular that the contributions from the W bosons are suppressed while the
charged Higgses contributions can be strongly enhanced for small v, due to the presence of
M?/ v, in the respective vertex factors. As a result, the partial decay widths of both H, 9 4y
and HY — «Z are inversely proportional to 0)2(. Hence, for a small v,, the branching ratio
for HY — 47, Z~ can be significantly enhanced. We provide the analytic expressions for the
partial decay widths for all final states in appendix A and in eq. (3.9). For the numerical
analysis, we have implemented the model in micrOMEGASs6.0 [46] using Feynrules [47] and
we use the code to compute all tree-level and loop-induced decays of the scalars. When
there are no tree-level two-body processes we also include 3-body processes. In figure 6(a),
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Figure 7. (a) Efficiency for diphoton selection cuts as a function of the mass Mx of the diphoton
resonance, following the search X — ~v [45]. (b) Observed and expected limit on the diphoton
cross section.

we show the variation of the relevant branching ratios for our chosen benchmark point. As
expected, for smaller v,, H 2 dominantly decays to loop-induced processes, such as, vy and
~Z. Thus the BSM resonance search decaying into diphotons final state at the LHC can
constrain the model significantly.

In figure 6(b), we show the dependency of BR(HY — 77) on the vev v, and the mass of
the fiveplet My, for all the points that satisfy the previously mentioned constraints. Note
that since the theory constraints require My, < v3Mp,, the decay mode HY — H3 HF
is kinematically forbidden. The figure indicates that for a smaller v, < O(0.1) GeV and
for the specified variation of the parameter M, the branching ratio of HY — v is always
larger than 40% irrespective of the My, value. Since over a large range of parameters, BSM
Higgs decaying into diphoton has a significantly large branching ratio, hence we expect to
receive tight constraint from ATLAS diphoton resonance search X — ~v [45]. Following
this ATLAS search, we implement the following set of cuts on our signal sample. In the
ATLAS search, for the associate production mode, the experimental collaboration considered
pp — VX process, where V is W+ /Z. In our case, our main production mode is somewhat
different pp — H QH gt, which will lead to a different cut-efficiency. Hence, we first validate
our selection cuts with the same sample that have been considered in the ATLAS search, and
later calculate the final cut-efficiency taking into account the relevant channels.

Acceptance cuts:
e ¢1: number of photons N7 > 2,
e ¢y Cc]+ {p}l’2 > 25 GeV, |n2| < 2.37, isolation? for M2}
o c3: o+ { Reject event with 1.37 < 72| < 1.52 }

o ca: 3+ {py /M(my2) > 0.3, pf/M(v17v2) > 0.25 }, where M (y172) is the invariant
mass of the two leading photons.

4For isolation we demand scalar sum of pr of all the stable particles (except neutrinos) found within a
AR = 0.4 cone around the photon direction, is required to be less than 0.05 pr + 6 GeV.
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Mx > 400GeV | Mx < 400 GeV

6% < T'x/Mx 10% obs. limit | 10% extrapolated exp. limit
2% < T'x/Mx < 6% | 6% obs. limit 6% extrapolated exp. limit
1% < Tx/Mx < 2% | 2% obs. limit 2% extrapolated exp. limit
I'x/Mx <1% NWA obs. limit | NWA obs. limit

Table 2. Selection of the ATLAS limit depending on the mass and decay width of the diphoton
resonance.

In figure 7(a), we show the efficiency (A,) for diphoton selection cuts w.r.t. the mass of
the diphoton resonance My (X = HY). The red line is extracted from the ATLAS analysis
for associated production with a vector boson pp — VX and for a total width I' = 4 MeV.
The black line corresponds to pp — VHY(— 2v) for ['(HY) = 4MeV, which we compute. The
efficiency for the mode {V, HE} X is shown by the blue-dashed line assuming T'(HY) = 4 MeV.
The efficiency for this mode is different than that for VX for two reasons. First, the photon
pr for {V, H, Si}X is larger than that for V.X. This occurs because larger momentum of H. g
for {V, H¥} X than VX. Another reason for the difference in A, between the two processes is
coming from the isolation requirement of two photons. For the process VX, from W*/Z there
are one lepton/jet pair, which can fall within a AR = 0.4 cone around the photon direction.
For {V, H, gE}X , H 5i — W*Z with subsequent decay of the gauge bosons to leptons/jet pairs,
there are more number of particles in the final state. Hence demanding the same isolation
criterion somewhat reduces the cut-efficiency. We note that HY can also be produced in
association with H3, HY via pp — HO{H, H)}. For this channel A, depends on Mg, as
well. However, contribution of this channel to the total production rate of HY is less than 10%.
Hence, there is no notable variation of efficiency with My,. Further, HY can be pair produced
via off shell Higgs, pp — h — HYH? but this cross section is suppressed compared to other
channels. We do not include these sub-dominant channels while calculating the cut efficiency
but for the production cross section we consider contribution of all possible channels.

In figure 7(b), we show the expected and observed upper limits at 95% CL on the fiducial
cross-section times branching ratio to two photons for a spin-0 resonance as a function of its
mass My for different values of I'x /Mx = (10,6,2)% [45]. The expected limits are shown
by black solid lines and the observed limits by the coloured solid lines. The observed limit
varies w.r.t. the width of the diphoton resonance, being much weaker for higher values of
I'x/Mx. For I'x/Mx = (10,6,2)%, the observed limit for a mass lighter than 400 GeV
is not given in the ATLAS paper [45], thus we extrapolate the corresponding expected
limit and consider that as observed limit. The various coloured circle upto Mx = 400 GeV
indicates extrapolated data of the expected limits for I'x /Mx = (10,6,2)%. The purple
points indicate the interpolated data of the observed upper limits at 95% CL for the narrow
width approximation (NWA) and the black line under purple points is the corresponding
ATLAS data. If I'x /Mx < 1% we consider the NWA limit, else we follow table 2.

Figure 8(a) shows the parameter space in the My, vs. My, plane that passes the diphoton
limit for HY — 2v. We calculate the fiducial production cross-section times branching ratio
to diphoton mode for HY and compare with the observed 95% CL limit by the ATLAS search.
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Figure 8. (a) Allowed points after imposing the limit on HY — ~v with v, in the color bar.
(b) Allowed points after imposing in addition the limit on H — 4+ with My in the color bar.

The leading production channel is pp — H gHgE which depends mostly on My, while the
BR(HY — 2v) depends on My, My,, and M?/v,. We note that, pp — HYH? mode has a
very small cross-section and therefore does not have any large impact. If HY — VV/V H. g/ *
is either kinematically closed, or suppressed due to a small v,, the leading decay modes are
HY — 2~/Z~ which depends on M?/ vy. Note that M is already constrained by the SM Higgs
diphoton rate and the allowed value of M is O(100) GeV. For the values of M? /v, favoured
by the previous bounds, H. g — V'V mode is suppressed. The total width is determined by
the HY) — 2v/Z~ modes which varies as ~ 1/1))2(,
the observed limit on the cross section is stronger for a narrow resonance (see figure 7(b)),

as also has been emphasized before. As

larger v, for which H, 9 has smaller width is excluded. Contrary to that, lower vy passes
the ATLAS limit for which the width of HY is larger and has a weaker limit. We find
that v, ~ O(1) GeV is significantly constrained over a large mass range, except 300 GeV
< Mp, < 400 GeV, represented by the red points.

3.3.4 H — ~~ search

We perform a similar analysis for the singlet scalar in the channel H — 2. The dominant
production channels for H is pp - H H;E ¥ and the main decays are to 2v/Z~ via loop. The
corresponding vertex factor is proportional to M?/ vy. The decay H — WEWT is suppressed
by kinematics and/or because the coupling depends on vy, which is < 1GeV, see eq. (A.4).
We obtain the fiducial cross section after calculating the cut efficiency (A,) with the same set
of cuts as mentioned for the case of HY. Note that A, for this channel varies between 0.5 to
0.59, depending on My and Mpg,. To check the diphoton limit, we compare the fiducial cross
section for this model with the observed limit in a similar way as for HY. Figure 8(b) shows
allowed values of Mp,, My, and My that pass the diphoton limit for H — 2v. In figure 9,
we show the allowed parameter space by orange colour, which is consistent with H — 2 limit
as well as all previously discussed constraints. We consider all possible planes such as Mg, vs.
M, My vs. vy. From figure 9, it is evident that the points with v, > 0.05GeV are mostly
excluded because the width of H becomes very narrow, I'/My < 2%, which corresponds
to the stronger limit on the observed cross-section as can be seen from figure 7(b). For
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Figure 9. Allowed parameter space after theoretical constraints (grey points) and experimental
constraints from colliders (orange points) have been imposed.

vy < 0.05GeV, the width I'/Mpg becomes large I' /My ~ O(6 — 50)% and the experimental
constraint weakens significantly. Therefore only points where v, < 0.05GeV are allowed.
Finally when v, is even smaller then I'/Mp becomes very large, we have excluded those points
by the condition on the total width. We conclude this section with the observation that after
taking into account diphoton limit for H, the five-plet mass Mp, becomes more constrained
Mp, < 350 GeV, while the allowed value of M is in between 145 GeV and 300 GeV; My,
can vary in between 150 GeV and 270 GeV, and the vev v, < 0.05 GeV. Improvement in the
di-photon signal sensitivity by 3 to 4 order of magnitude by future LHC search can probe the
complete range of v, = [107%,1] GeV. Furthermore, as the H, gci — WEWH search sets an
upper bound on v,, tighter limits on same-sign gauge boson production can also shrink the
range of v,. To improve the constraint on v, for My, < 200 GeV, however, one would need to
extend the H, E)ii — WEWT search to the low mass region where H g:i — WEW** is open.
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Total number of points sampled 4 % 108
Constraints Number of points survived
cl: | Theory 418410
c2: | ¢l + Oblique parameters 418239
c3: | c2+T/M <05 307117
c4: | c3 + h — vy measurements 18476
ch: | ¢4 + H;r+ T = WEW* measurements | 16491
c6: | 5 + HY — vy measurements 3447
c7: | c6 + H — 7y measurements 1446

Table 3. Total number of points that satisfy different constraints.

4 Dark matter observables

4.1 The scalar singlet as cold dark matter

As mentioned before, in our discussions of the GM-S model the singlet scalar S serves as
the WIMP DM candidate due to the Zs symmetry which makes it stable. The observed
relic density of DM is obtained through the pair annihilation of S to bath particles in the
early universe. The evolution of the number density of DM, ng, in the early Universe is
governed by the Boltzmann equation, which reads [48],

dg—ts +3Hng = —(ov)(n} — n%®), (4.1)

where ng! is the equilibrium number density of S, (ov) is the thermal average cross section
for the annihilating DM particles and H is the Hubble parameter. The Boltzmann equation
can be written in terms of the co-moving number density, Y = ng/s, where s is the entropy
number density of the Universe,

dYs s(T)

B = ED S Y, (4.2)

where x = mg/T and the Hubble parameter and entropy density [48, 49],

T\ get(T) T2 272

v T $(T) = hegt(T)=—T" . (4.3)

Here, gefr, hesr are the effective degrees of freedom for the energy and entropy densities of the

Universe at temperature T', Y is the value of Yg when ng = ng', [48] and is given by:

H(T)

B @xQKg(x)

Yl = .
S dnt heg(T)

(4.4)

In the above, the internal degree of freedom g takes value unity for the case of S which is a
real scalar field. Solving eq. (4.2), the DM relic density can be obtained using the relation [50]

M
Qgh? = 2.755 x 10° (Gef/) Ys(Tuow) » (4.5)

where h is the reduced Hubble constant.
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Figure 10. Tree level Feynman diagrams for DM pair annihilation into SM/BSM particles where we
use notation Hz = HY, Hy” and Hs = HY, H  HI .

Vertex Vertex Factor
SSh —4Xvg
SSH —4)\b’UX
SShh —4),

SSHH —4)N

SSHgHg —4()\b0%{ + )\aS%{)
SSH5H5 —4)

Table 4. Couplings of DM with SM and BSM scalars where we use the notation Hs = HY, H; and
Hs=HY Hf HIT.

The precise determination of the observed relic density of DM has been achieved through
PLANCK measurements of the cosmic microwave background (CMB) [51],

Qh? = 0.120 £ 0.0012 (4.6)

All possible S pair annihilation channels that can contribute to (ov) in eq. (4.2) are
shown in figure 10. The SS — SM + SM annihilation channels depend only on A,, the
coupling of the singlet to the Higgs, see table 4. These channels are the same ones that
contribute to DM annihilation in the real singlet scalar model [28, 52, 53]. In the GM-S
model additional channels, such as SS — H3H3, H; Hs, HH contribute to DM annihilation.
All the couplings involving the BSM scalars depend on Ay, see table 4. The two couplings A,
and )\, are therefore the only parameters that govern the DM phenomenology in addition to
the mass parameters. Other than the quartic interaction governing SS — HsHs, HsHs, HH,
s-channel mediated process SS — H — HsHs, H3H3 can also give large contribution to the
annihilation cross-section, if kinematically accessible. This is a result of the enhancement of
couplings HHsHs and H HsHs3, for small values of v,, which can be seen from eq. (3.14).
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Figure 11. (a) Contours of Qgh? in the plane of A\, vs. A, for BP1. The black dashed and solid
lines superimposed on these indicate the contour corresponding to Qsh? = 0.12 for BP1 (BP2).
(b) Contours of k, the ratio of DM annihilation to SM vs. (SM+BSM) particles, in the A\, vs. A, plane
again for BP1. The dot-dashed line corresponds to scenarios where DM annihilates equally to SM
and BSM particles. The black dashed and solid lines superimposed on these indicate the contour
corresponding to Qgh? = 0.12 for BP1 (BP2).

We will first consider only two benchmark points to illustrate the impact of various
DM constraints on the parameters relevant for the discussion of DM, viz. A4, Ay and
Mg, leaving a complete exploration of the entire allowed parameter space of the model
to section 4.3. Recall from the discussions in section 4.3 and section 3, that the current
theoretical and experimental constraints restrict the mass of the new scalars in a relatively
narrow range, namely 140 GeV < My, < 350 GeV, 150 GeV < My, < 270 GeV and
145 GeV < My < 300 GeV. For our two benchmark points, we fix the value of Mg at
280 GeV and choose the other masses so as to cover the range of allowed masses for Mg, My,
and My mentioned above. The two benchmark points are thus defined as

e BP1: My, =300GeV, My, = 254 GeV, My = 227 GeV, vy, = 0.036 GeV,
M =335GeV, M = 43GeV and Mg = 280 GeV

o BP2: My, =190GeV, My, = 234 GeV, My = 253 GeV, vy, = 0.05GeV,
M =210GeV, M = 10GeV and Mg = 280 GeV

We use micrOMEGAS6.0 [46] to obtain the DM relic density according to eq. (4.5). To
that end, we generate the necessary CalcHEP [54, 55] files using Feynrules [47]. In figure 11(a),
we show contours of relic density Qgh? = 0.12 in the A\, vs. A, plane for the two benchmarks
BP1 and BP2. These are superimposed on the contours in shades of green of Qgh? for BP1.
The ones for BP2 are qualitatively similar. As expected for a typical WIMP candidate, Qgh?
decreases when the values of the coupling of the DM to SM (),) and/or to new scalars (\)
increase. The overabundant region corresponds to small values of both A, and Ap. When A,
is below ~ 1072, annihilation into SM final states dominates and the relic density is the same
for the two benchmarks since they both feature the same DM mass. When A\, drops below
~ 1072, annihilation into custodial multiplets dominates. The value of )\ corresponding to
Qgh? = 0.12 is larger for BP1 than for BP2 because for BP1 the final state HsHjs is not
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Figure 12. Feynman diagram for the elastic scattering of DM S on nucleons N via Higgs exchange.

kinematically accessible. The value of k, representing the ratio of DM annihilation to SM vs.
(SM+BSM) particles is illustrated in figure 11(b), again for BP1. Superimposed on it are the
contours of Qgh? = 0.12 for BP1 and BP2, indicated by the dashed and solid black curve.
For A\, ~ Ay, DM annihilates equally to SM and custodial multiplets as shown by the dashed
line corresponding to x = 0.5. The behaviour of x for BP2 is also qualitatively similar to that
for BP1. It is essential to highlight that sin « is identically zero in this analysis, for A\; > Ap,
the GM-S model mimics the behaviour of the real singlet scalar DM extension of SM.

4.2 Direct and indirect detection

Direct searches for DM through its scattering on nuclei pose severe constraints on WIMP
DM models. In the GM-S model, the elastic scattering of the DM S on nucleons occurs via
t-channel Higgs exchange as shown in figure 12. In the decoupling limit where sin o = 0, there
is no tree-level contribution from the ¢-channel exchange of the BSM Higgs bosons H. The spin
independent cross section, ogj, for the process SN — SN where N is a nucleon is given by

4
0S1 = ;MT|ASI|27 (4.7)

]\%i]\]{/ﬁv with My the nucleon mass and A°7 is the nucleon amplitude which

where p, =
depends on the DM interaction with nucleons and the nucleon form factors. To evaluate
the spin independent cross section we use micrOMEGAs6.0 [46]. For the two benchmark
points, we compare the predicted cross section with the current experimental data from
LUX-Zeplin(LZ) [56]. We also examine the future reach of XENONnT [57] and DARWIN [58].

In figures 13(a) and 13(b) we show how the relative contributions to the DM pair
annihilation into the channels SM SM, H3H3, HsH; and HH vary with A, for BP1 and
BP2 respectively. For each benchmark point, the value of A\, is fixed to the value that
leads to the observed relic density. In both cases, we observe that for A\, > 1072, the
dominant contributions arise from DM annihilation into the SM states. However, this region
is stringently constrained from current direct detection data from PANDAX-4T, XenonlT
and particularly LZ. The current limit from LZ sets an upper limit on A, ~ 0.007 (0.005)
for BP1(BP2). In the future, this upper limit can be lowered to A\, ~ 1.5 x 1073 with
XENONNT and to A\, ~ 5.5 x 104 with DARWIN [58]. For values of )\, below the current

— 26 —



1.0 T T T 1.0 T T
w x SMSM " f x SMSM
S s o A S o5k x o M
= ¢ e, A H.H; = * Ao H.H;
5 ) 3 A X
) b HH a sy ¥ HH
5 06F e 5 0.6 Al B
c c A
e} o A %
“oab - O ogal ax -
[ %) A
= = 'y
=) f LUX-ZEPLIN (LZ) ] o o o®e LUX-ZEPLIN (LZ)
T 0.2+ . B T 0.2+ . B
3} i? Darwin (] g< Darwin
o x’e' ) Xenon-nT o )6“ Xenon-nT

0.0 TR § = 3 L) Ll L 0.0 Lk D(\x\l\\lll)l L R WA

= 1077 10-7 10T 10" fline 1077 10-2 10T 10"

a A(1
(a) (b)

Figure 13. Relative contribution of DM pair annihilation into various final states vs A, for benchmark
points (a) BP1 and (b) BP2. The direct detection limits on A, from Lux-Zeplin (LZ) [56] as well as
future projections from DARWIN [58] and XENONnT [57] are also displayed. Note that all the points
satisfy the observed DM relic density.

LZ limit, the non-SM modes dominate over the SM, channels with H3H3 being the dominant
mode for BP1 and Hs;H5 for BP2.

Dark matter can also be detected indirectly by observing gamma rays originating from
DM annihilation in galaxies. In particular, DM annihilates to SM and BSM final states via
s-channel process mediated by the Higgses and via quartic interactions as shown in figure 10.
The photon spectra originating from all final states are computed with micrOMEGAs
and we use [59] to determine the indirect constraints extracted from Dwarf Spheroidal
Galaxies from the Fermi-LAT and MAGIC telescopes [60, 61]. We use [62] as implemented
in micrOMEGASs6.1 to compare the photon spectra with the expected sensitivity of CTA.

Figure 14 shows the associated photon energy spectra for different values of A\, for BP1
and BP2 satisfying the relic density constraint. For both benchmarks, there is a kinematic
edge at E ~ 227 GeV which follows from the fact that the dominant channel which leads to
photon final states is HH and HsHs for BP1 and BP2 respectively as can be seen in figure 15.
For the larger value of Ay, annihilation into BSM states dominates over SM annihilation
channels. This then leads to more high-energy photons above 100 GeV. The gamma-ray flux
of high-energy photons from 100 GeV to 100 TeV originating from the DM pair-annihilation
results in better sensitivity in CTA [63, 64]. Thus, for both BP1 and BP2, CTA sensitivity
increases due to the hard photon spectrum, resulting in probing the (ocv) well below the
typical WIMP DM annihilation (ov) ~ 3 x 10726 cm3sec™!. Figures 14(c) and 14(d) show
variation of (ov) varies with Ap. The limits from indirect detection searches from Fermi-LAT
and the projected reach of CTA at 95% CL (following ref. [62]) are shown as well. As can
be seen, the direct detection (DD) experiments severely constrain the lower values of \y.
The red points in figures 14(c) and 14(d) represent the points allowed both by DD and
Fermi-LAT, although we notice that Fermi-LAT constraints do not impose any stringent
restrictions for our parameter space. In blue dashed line, we show the future projection
for indirect detection searches with CTA. As can be seen, CTA will have the sensitivity to
probe both benchmark points for any value of .
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Figure 14. Upper row: photon spectrum for two different choices of A\, for (a) BP1 and (b) BP2.
Lower row: theoretical prediction for (ov) vs. A, for (¢) BP1 and (d) BP2. The dash-dot line shows
the region excluded by LZ. The current limit from FermiLAT (full) and the sensitivity of CTA (dash)
are also shown. Note that all the points satisfy the observed DM relic density.

Figures 15(a) and 15(c) show the relative contributions of DM annihilation channels
versus Mg. Dark matter masses below 200 GeV are severely constrained from direct detection
searches. For BP1, the dominant channel always corresponds to the heavier state that is
kinematically accessible: viz. HsHj3 for Mg ~ 280 GeV and HsHs for Mg ~ 300 GeV. For
BP2, H5Hj is the dominant channel followed by subdominant contributions from HsHs, HH
and SMSM for the entire mass range for Mg > 200 GeV. The annihilation cross-section
(ov) versus the dark matter mass are shown in figure 15(b) and 15(d) together with the
CTA sensitivity. For both BP1 and BP2, the predicted indirect detection cross-section from
the GM-S model is larger than the expected reach from CTA in most of the mass range.
The only region where the predicted cross-section is below the reach for CTA corresponds
to Mg < 227(200) GeV for BP1 (BP2). In this region, the pair production of new scalars is
not kinematically accessible at low velocities and the predicted (ov) which involves only the
SM final states drop significantly at Mg ~ 227 (200) GeV as can be seen in figure 15(b) 15(c)
for BP1 (BP2). Note that the subsequent dips in the indirect detection cross-section occur
around Mg ~ 250 and 300 GeV where H3H3 and HsHs modes open up for BP1.
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Figure 15. (a) Relative contribution of the DM pair annihilation and (b) CTA sensitivity for different
DM masses for benchmark BP1; (c¢) Relative contribution of the DM pair annihilation and (d) CTA
sensitivity for different DM masses for benchmark BP2. Note that all the points along the lines satisfy
the observed DM relic density.

4.3 DM global scan

For all the points that satisfy the theoretical and experimental constraints discussed in
previous sections which is about 1.4x10? allowed points, we have performed a global scan
over the four parameters {4, \p, Ag, Mg} relevant for DM production and detection, and
computed the DM observables of the GM-S model. The total number of points sampled is
about 3 x 10°. We ensure that the points satisfy the theoretical constraints discussed in
section 3.1. Moreover for these points H — SS is kinematically forbidden. Figure 16(a) shows
the variation of the relic density versus ’V—‘/\_—;‘a after imposing the direct detection constraint
from LZ. The red points denote the points satisfying thermal relic within 20 of the PLANCK
measurement. As discussed above, as %’; decreases, the relic density decreases leading to
a large region of the parameter space being underabundant due to the proliferation of the
relative contribution of the different BSM modes as shown in figure 16(b). In the following,
we keep only points for which Qgh? > 0.001 such that the singlet constitutes roughly, at least
1% of DM. As discussed above, see also figure 17, the DD constraint forces A\, to be small
and we find that in general \;/\y < 1. There are only a few points with A\, > A, which are
associated with TeV scale DM where the DD constraint is weaker.
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b
LZ, (b) relative contribution of different annihilation channels vs. Mg.

This implies that there is an important contribution from DM annihilation channels to
BSM states over the entire allowed parameter space. Figure 16(b) shows that the relative
contribution of DM annihilation to SM particles is always less than 30% for the entire DM
mass range, and is less than 10% for Mg < 200 GeV corresponding to the region where the
DD constraint is strongest. It also shows that HsHs channels are the dominant BSM modes
for Mg > 370 GeV while any of the three modes HH, H3H3 and HsHs can be dominant
when Mg < 340 GeV.

In figure 17, we show the impact of the spin-independent direct detection cross-section
on ), versus the DM mass Mg with ¢ = Qgh? /0.12 in the coloured palette. We can infer
that values of A\, > 1073 are excluded by LZ [56] for lower DM masses while the lower limit
Ao > 5 x 1072 applies at Mg = 1TeV. For lower values of \,, both DD and relic density
constraints are satisfied. Moreover some of the lower values of )\, remain well within the
ambit of future direct detection experiments such as XENONnT and DARWIN while a
fraction of the parameter space remains out of reach of future experiments. Note that as
Mg approaches the TeV scale, we find a large number of points where the relic density is
within the range measured by PLANCK (¢ ~ 1). Since we work in the decoupling limit
such that the BSM Higgs does not couple to SM fermions, A\, remains unconstrained from
direct detection searches.

Following the procedure described in the previous section, we also explored the sensitivity
of indirect detection experiments. As expected, we found that the current Fermi-LAT data
does not constrain the GM-S model since the typical annihilation cross-section ({ov) ~ 3 x
10~26cm? /s) is much below the Fermi-LAT limit for DM masses above 100 GeV. On the other
hand, CTA will have the potential to probe a fraction of the parameter space of the GM-S
model. Figure 18 shows the sensitivity of the DM pair annihilation cross-section at CTA
versus the dark matter mass Mg. The predicted cross-section is scaled by the square of the
DM fraction (¢?) and compared to the cross-section that can be reached by CTA including
all DM annihilation channels into photons. The values of Ay are shown in the color bar. The
sensitivity (¢2(ov)/{ov)cTa) can exceed 1 for the whole range of DM masses. Many points are
however beyond the reach of CTA, typically they correspond to underabundant DM (¢ < 1)
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Figure 17. Impact of the constraint from DD searches from LZ (pink solid line) and projected
reach of XENONnT [57] and DARWIN [58] shown by the red dashed and orange dash-dotted lines,
respectively. The colour pallet corresponds to the ratio of predicted dark matter relic abundance and
observed dark matter relic abundance.

found for the larger values of \y. In fact we found that in general, points where Qgh? &~ 0.12
were well within reach of CTA. The only exception is found in the region Mg ~ 200GeV
when the DM mass is close to either My, My, or My, due to threshold effects. In these
cases the annihilation channels into any pair of BSM scalars can contribute significantly
to the relic density, but they have a negligible contribution at the lower velocities relevant
for indirect detection. Therefore only SM final states are accessible and (ov) for Indirect
Detection (ID) is much suppressed. Note however that there is also a peak in the sensitivity
around Mg ~ 200GeV in figure 18(a), this corresponds to DM annihilating dominantly
into HH as shown by the red points in figure 18(b). For higher values of the dark matter
mass, the H3Hs and HsHs channels open up and again there can be a significant increase in
sensitivity although it never exceeds 4. We conclude that, while )\, is unconstrained from
direct detection data, future observations may constrain )\, substantially.

5 Future prospects at colliders

In this section, we briefly discuss the discovery prospect of the BSM Higgs HY at the high-
luminosity run of the LHC, focusing on the diphoton channel. As discussed in previous
sections, current theoretical and experimental constraints restrict the mass of the new scalars
in a relatively narrow range, namely 140 GeV < My, < 350 GeV, 150 GeV < My, < 270 GeV
and 145 GeV < My < 300 GeV. These are well within the range of the LHC, hence we
investigate in this section the prospects of searches for these new scalars at the HL-LHC. In
section 3, we have shown that current searches for H*+ — W*W* rule out the parameter
space where this decay channel is dominant. Hence, for the doubly charged Higgs, one would
need to investigate H gci — H;LWi and its cascade decays which lead to multi-leptons final
states. However, the leptons being soft, this channel is challenging. A potentially more
promising channel is the one with H; — v leading to a clean high py diphoton signature.
Although both H? and H can decay into diphotons, as an example in this work we will
consid er only HY — 7.
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Figure 18. Ratio of the rescaled predicted cross-section to the 95% reach of CTA as a function of
(a) Mg with Ay in the color palette and (b) (Mg — Mp)/Mg with the fraction of DM pair annihilation
into HH in the color palette.
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Figure 19. Production cross section (pair and associated) of BSM Higgs states as a function of My, for
My, = 254 GeV and v, = 0.036 GeV. Here, pp — HQ+all, represents pp — HO4+-{V, HE HF HY, H?}.
The right y-axis represents the number of events obtained for an integrated luminosity £ = 3000/fb.

Before proceeding further with a complete analysis of the diphoton projection for HL-
LHC, we show in figure 19 the production cross sections (and the number of events along the
right y-axis) as a function of My, for a number of processes involving at least one member
of the fiveplet. Here we fix My, = 254 GeV and v, = 0.036 GeV corresponding to one of
the benchmarks (BP1) considered in section 4 to study DM production and detection. Note
that all the processes shown are driven by DY so independent of v, ). The number of events
correspond to an integrated luminosity £ = 3000 fb~! for HL-LHC. In the following, we
analyse the diphoton signal from the process pp — H? + all, which includes production of
HY in association with V, H, ?,Hgi, HY, H?, with the dominant contribution coming from
pp — HYHZ.

We consider the two benchmark points defined in table 5. These are chosen among
the allowed points in figure 9, for BP1 My, is near the maximum value allowed while for
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My, [GeV] | Mp, [GeV] | vy [GeV] | M [GeV] | BR(HY — vv) | T'(H?) [GeV]
BP1 300 254 0.036 335 0.59 45.7
BP2 190 234 0.05 210 0.70 3.8

Table 5. Benchmark points along with respective branching ratio of the decay channel HY — ~+ and
total decay width of HY.
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Figure 20. Distribution of transverse momentum pJ' of the leading photon and invariant mass of
the leading and sub-leading photon M (y172) for signal and background.

o (pb) o (pb)
BPL | BP2 | GGF | VBF | Zh | Wh | tth | 4y + 20(20) | vy + jets
0.0167 | 0.0976 | 49.6 | 4.26 | 0.9 | 1.5 | 0.6 156.8 128.34

Table 6. Signal and background cross sections before applying selection cuts.

BP2 features a much lighter fiveplet. Both points have a rather large branching ratio into
two photons, Br(HY — vv) > 50%. Moreover, both points are consistent with the dark
matter constraints discussed in section 4.

The production process of HY at the HL-LHC is dominated by pp — HY H, 5i The cross-
section followed by HY — v, is ¢ = 0.0167 pb and 0.0976 pb for BP1 and BP2, respectively.
For the signal, we consider the two-photon final state arising from the decay of HY. For BP1
we also consider cascade decays of H, 5i state that give rise to multi-photon final states, namely

BP1:pp — HY + HE — 2y + WEHY(ZHY) - 2y 4+ WE+ ZH - 34)y+ X (5.1)
BP2:pp — HY + HE =27+ ZW — 2y + X

In the above decay chain for BP1, the branching ratios for HE — W*HY and HY — ZH
are nearly 100%, moreover the branching ratios for H — ~v and H — «Z reach together
almost 100%. For BP2, the primary decay mode of H, 5i is ZW with 100% branching ratio.

In the following, we implement a strong invariant mass cut around My, to select only
those events originating from H, g. Hence, an accurate reconstruction of the diphoton invariant
mass can enhance the signal sensitivity. The photons are hard which facilitates event selection
via a diphoton trigger [45].

We simulate signal and background events with MadGraph5amc@NLOv3.5.1 [65]. The
dominant background for diphoton is pp — 7. As our signal contains soft leptons and jets

— 33 —



in association with two or more photons, we consider other background processes such as
pp — vy + 21/2v/jets as well as SM Higgs production channels via gluon-fusion (GGF),
vector boson fusion (VBF) and Wh, Zh,tth, and its decay to diphoton final state. Note that
the background pp — vy + 2¢(2v) does not involve the contribution from pp — Zh — 20+ 2,
the latter is therefore generated separately. In table 6, we present the partonic cross-section
for the signal pp — HY + all, followed by HY decay to diphoton and for the SM background
processes. The process vy + 20(2v) includes pp — vy, pp — vy + 2¢ and pp — vy + 2v,
while vy + jets includes pp — v + 1jet and pp — vy + 2jets. At the parton level we
impose the following cuts, p%’e > 10GeV, p]T > 20GeV, || < 2.5,|n7| < 5. Note that,
for signal, the cross-section presented in table 6 includes HY — 7~ branching ratio, while
for backgrounds involving SM Higgs boson, we only show the production cross-section for
g9 — h,pp — Zh,Wh and tth. The background cross sections involving the SM Higgs state
are taken from [66] and have been multiplied with Br(h — vv) = 0.25%.

The parton level events are passed to PYTHIA8.306 [67] to simulate parton shower and
hadronization. In figure 20, we present the distributions of transverse momentum pJ! for the
leading photon and of the invariant mass of the leading and sub-leading photon M (7y;72). As
can be seen, the majority of the signal events populate the region p)' > 100 GeV whereas,
the SM backgrounds peak in the region pJ' < 100 GeV. Thus, we expect pr cuts on the
leading and sub-leading photon to reduce the background as discussed below. The M (v172)
distribution in figure 20 shows that the signal peaks at M (vy1y2) ~ Mp,. Therefore, a mass
window around Mp, is required to select the signal events. Note that for BP1, where H
can arise from the cascade decay of Hg—L, there is a small peak around My which is due
to H — 27, as can be seen from the solid green line in the right panel of figure 20. After
analysing the kinematics of the signal and background we consider the following sets of
cuts to evaluate the signal sensitivity.

e c1: NV >2

o c2: 1+ {py* >80,30 GeV, |p"2| < 2.37 }

e ¢3: cotisolation® for 1,2

e ¢4 c3+{ Reject event with 1.37 < |n712| < 1.52 }
o ¢5: ¢4+ |M(ny2) — Mp,| = £20 GeV

We present a detailed cut-flow table for the two benchmark points and the SM backgrounds
in table 7. As can be seen from this table, the signal cross-section is strongly suppressed for
BP1, the global cut-efficiency is 11%, while for BP2 the global cut-efficiency is much better,
56%. The reason is that the M (y1v2) distribution features a much narrower peak for BP2 than
for BP1, see figure 20, right panel. We find that after cuts o® = 1.8 x 1073(0.054) pb for BP1
(BP2). After implementing the selection cuts, the largest background comes from 2+ + 2¢/2v
followed by v + jets. We calculate the signal significance as S = N*/ \/ N + Nb + (N°b)2,
where N*® (N?) is the signal (background) events with £ = 3000/fb and b is the background

SFor isolation, we demand that the scalar sum of pr of all the stable particles (except neutrinos) found
within a AR = 0.4 cone around the photon direction is required to be less than 0.05 pr 4+ 6 GeV.
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e for signal e for backgrounds
BP1 | BP2 | GGF VBF Zh Wh tth 2y + 20/2v (+jets)
c1 | 0.99 | 0.99 1.0 1.0 1.0 1.0 1.0 1.0 (0.99)
co | 093072 | 0.18 0.36 0.29 0.29 0.49 0.07 (6.1073)
c3 | 0.69 | 0.62 | 0.17 0.33 0.26 0.25 0.30 0.05 (6.1073)
cy | 069 | 0.61 | 0.17 0.32 0.25 0.25 0.29 0.05 (6.1073)
cs | 011 | - |[1.110°| 107* |6.5.107°|8.8.107°| 107* 0.002 (107%)
cs | - | 056 ]23107°{3.0.107* | 2.0.107* | 3.0.107* | 3.4.107* | 7.8.1073 (1.5.107?)
Events with £ = 3000/fb, S = N*/\/N* + Nb + (NV4b)?*
BP1 BP2
N*® = 5711, N =1032684, S = 0.55 N*® = 164434, N = 3758548, S = 4.36

Table 7. Cut efficiency e for signal and background.

uncertainty considered to be 1%. As shown in table 7, S = 0.55 and S = 4.3 can be obtained
for BP1 and BP2, respectively.

We, therefore, conclude that the heavier HY could not be probed at the HL-LHC via the
two-photon channel while scenarios with lighter HY such as in BP2 offer better prospects.
Note that optimized cuts and advanced signal identification techniques should improve the
significance determined here.

6 Summary and conclusion

In this work, we studied the collider and dark matter phenomenology of the GM-S model, a
singlet extension of the Georgi-Machacek model, in its decoupling limit. In this limit, the
common vev of the Y = 0 and Y = 2 triplets, v, is very small. Based upon the transformation
properties under the custodial symmetry, the physical scalars can be categorized into a fiveplet
(HE*, HE and HY), a triplet (H5" and HY) and two CP-even singlets (H, h). In the decoupling
limit, the mixing between h and H is identically zero as imposed by perturbative unitarity of
the quartic couplings. We performed a comprehensive study by taking into account theoretical
constraints (arising from, e.g., perturbative unitarity), measurement of oblique parameters,
direct experimental searches/measurements at the LHC, such as, Higgs-to-diphoton rate
measurements at the LHC, searches for a doubly charged Higgs and for heavy resonances
decaying into diphotons at the 13 TeV LHC. We find that:

e Perturbative unitarity imposes an upper bound on the masses of the triplet and fiveplet,
Mp, < 280GeV, and My, < 435 GeV while oblique parameters measurements forbid a
large mass splitting between these two states.

e The charged scalars can give a significant contribution to the diphoton decay width of
neutral scalars. Agreement with LHC measurements of the h — 77 rate imposes that
Mp, — M < 30GeV, while requiring that the total widths of the BSM scalars satisty
['(H;)/M; < 0.5 leads to v, > 4.8 x 1073 GeV.

e In the allowed scenarios, the same-sign di-boson ATLAS search for doubly charged
Higgs constrains the region where My, ~ 200 — 300 GeV and Mg, ~ My,.
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e The ATLAS search for heavy spin-0 resonances decaying into diphoton final states from
Run 2 rules out My, (Mp,) < 150 (140) GeV. Moreover, it imposes a lower bound on
vy of v, > 0.05GeV.

For the scan points that satisfy these theoretical and collider constraints, we performed an
additional scan on the dark matter parameters, imposing constraints from the observed DM
relic density as well as direct and indirect DM detection experiments. Our major findings are:

e The quartic coupling A, is severely constrained from the direct detection limit by
LUX-ZEPLIN [56]. As a consequence, the dominant contribution to the DM relic
density comes from the annihilation channels SS — HH, HsHs, H3H3, which depend
on \p.

o The presence of new scalars that can be produced in DM pair annihilation, SS —
HsHs, HH, H3H3, improve the DM indirect detection prospects as the direct decay
HY, H — ~v can induce a harder photon spectra as compared to SM final state. This
significantly improves the prospect for CTA to probe the model.

Last but not the least, we chose two benchmark points corresponding to Mg, = 190 and
300 GeV and large BR(HY — ) and explored the detection prospects at the High-Luminosity
run of the LHC. For the lighter point, My, = 190 GeV, we found a significance of > 4o
in final states with at least two photons.

In conclusion, the GM-S model in the decoupling limit offers a rich phenomenology that
may be probed in near future direct and indirect detection experiments as well as at the
high-luminosity run of the LHC. Note finally, that we only considered DM masses > 100 GeV,
for which the observed SM-like Higgs boson cannot decay invisibly. The possibility of invisible
Higgs decays in the GM-S model is left for future work.
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A Partial decay widths of BSM scalars

In the following we present the general formulae for the partial decay widths of scalar
Hy [15, 36].
My
D(Hp — GE) = 21— (4 252 o + [1 = (@ = 2))?| 19" 2} ANV2(2F, 23)

8w
|2

\gr v [P M
D(Hp — ViVo) = S22 1] 9y — 2ky + 10kiky + K2 + k2| A2 (K, ko)
64m MZ MZ, [ ]
\gvin P M2 (Mg, ME )\ o, ( M2 M
D(H; — VHy) = A Lo _Ma )\l V. o2
(H 2) 167 My, M2 M2 M3 MZ,
|9H HoH. ’2 1/2
T(H; — HyHj) = S&ZHH2Hs] A2 %0 Al
(H;y — HoH3) 167 Mo, (X2, X3) (A.1)

In the above equations, V = W+, Z and H; corresponds to BSM scalars. The couplings
are ¢° = ¢gf’ = Y/, while the kinematic quantities are given by z; = miy, [Mu,, Mz,y) =
(1—2—9y)?—day, k; = M%_/M?{I, Xi = M(%i/MIQ{I. S is a symmetry factor which takes
values S = 1 (1/2) if final state particles are distinct (identical). Partial decay widths for

off-shell decays are as follows

(2—13k+47k?)

My, | 1—8k+20k? k-1 1-k
F(H]-)VV*>:S(5 3|9H1VV| HI[ 8k+20 3

647302 (4k—1)172 TP gEr T
1 2
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where the factor 0y and Gj; are given by,
ow = 3/2,
1 4
(7 - j sin? Ow + 2 sin? ew> ,

w

Oy =
d 12 9 27

1
Gij = 1 {2(—1 +kj — ki)y/ Nij

1
+()\ij — Qki) log k; + g(l — kl)

(1= ki) Nij
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T 4 arct
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5

In the above equation, k; = MZ?/M?_II, and \jj = —1+ 2k; +2k; — (k; — kj)Q. The vertex
factor involved in the above decay width formula in the limit s, = 0 are given by
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