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In this work, we consider an extension of the Standard Model with an inert Higgs doublet and a real
scalar singlet, in order to address problems around the origin of dark matter (DM). In this model, the
lightest among the CP-odd and CP-even neutral inert components plays the role of a DM candidate, where
the model parameters are subject to many theoretical and experimental constraints. These constraints
include vacuum stability, perturbativity, LEP negative searches, electroweak precision tests, Higgs
diphoton, Higgs invisible and Higgs undetermined decays, DM relic density, and DM direct detection
bounds. Using these constraints, we find that the allowed parameter space for these models is quite sizable
and could be explored in upcoming collider and astrophysical searches.
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I. INTRODUCTION

The greatest achievement of the Large Hadron Collider
(LHC) has been the discovery of the missing building block
of the Standard Model (SM), the Higgs boson [1,2]. This
discovery opened a new era in particle physics, where while
there has been no direct evidence of new physics beyond
the SM, yet, there are many reasons to believe that new
physics should be present at, or about, the TeV scale.

Even though the Higgs boson was successfully discov-
ered, many questions remain. One such question is under-
standing the nature of dark matter (DM) [3,4]. Though this is
one of the great problems in the SM there are no strong
clues to explain DM, even though it is needed to explain
astrophysical and cosmological observations. This has
motivated many people to consider extensions to the SM
where one or more scalar fields are added. In this way, DM
can be classified into thermal or nonthermal cases. In the
thermal case, DM particles are in both thermal and chemical
equilibrium with other particles in the thermal soup of a very
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early epoch of the Universe. As the Universe expands and
temperature decreases, the thermal DM candidate will freeze
out and become detectable through relic density measure-
ments. This is considered as the simplest scenario of DM
candidates, known as a weakly interacting massive particle
(WIMP) [5,6]. The WIMP scenario is the most studied in the
literature as it possesses many attractive properties and is
also relevant to many types of DM searches. A WIMP could
have a mass of the order of the electroweak weak scale,
mpum ~ 10 GeV-1 TeV, and has couplings to the SM fields
of the order of the electroweak couplings [7].

Several cosmological and astrophysical observations
during the last decades have provided strong evidence
for the existence of DM within the Universe. The amount of
the cold dark matter (CDM) has been precisely measured
by the Planck satellite mission as [8]

Qcpmh? = 0.120 £ 0.0010, (1)

where the CDM content is estimated to comprise roughly
26% of the overall energy within the Universe [9].

The phenomenology of DM has been investigated in
various extensions of the SM, the simplest one being the
inert Higgs-doublet model (IDM), which has two SU(2)
doublets in the scalar sector [10]. The IDM was examined
and constrained within the framework of LHC phenom-
enology, both in relation to the Higgs boson discovery
and DM constraints. Moreover, the model offered a rich
phenomenology related to various aspects of DM, see
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Refs. [5,10,11]. The IDM, though theoretically well moti-
vated as a minimal consistent DM explanation, failed to
adequately explain the existence of DM in the region of
intermediate mass (100-500) GeV. An extension of this
scenario is to consider a type of model with extensions of
the SM that may address the possible origin of DM. One
such model is the singlet-extended inert Higgs-doublet
model, where an inert Higgs doublet and a real scalar
singlet is added to the SM.

The IDM has a discrete Z, symmetry under which the
new inert scalar doublet is odd, whereas all the SM fields
are even [10]. More IDM phenomenology has been studied
in Ref. [11]. This discrete Z, symmetry has important
consequences, such as the absence of flavor changing
neutral currents at tree level [12], and the absence of
interactions with active fermions. This makes the lightest
scalar among neutral CP-even and CP-odd components
(H°/A) a good DM candidate. It has been shown that for
scalar DM, which is lighter than 50 GeV, the relic density is
too large with respect to the observed value Eq. (1) due to
the suppressed annihilation cross section into SM light
fermions, as implied by the null results from DM direct
detection (DD) experiments. This situation can be avoided
if there exist new mediators and other annihilation channels
as in [13]. In the IDM, the DM annihilation into WTW~ is
too large for the mass range 140 GeV < myo < 550 GeV,
which makes the relic density too small. There exist three
viable mass regions in the IDM:

(i) around mpo ~ my,/2, where the s-channel resonance

Higgs boson exchange plays a key role [14],
(i) around the W gauge boson mass, that is driven by
the annihilation into the three-body final state
WW* - Wff' [15], and
(iii)) myo ~TeV  with scalar
unity [16].

In this work, we extend the IDM by a real singlet, that
acquires a vacuum expectation value and mixes with the
SM Higgs doublet. This induced mixing modifies all
the interactions in the IDM, including the relevant one
to the DM annihilation. Such a scenario has been pre-
viously studied in [17,18], however, it deserves to be
reanalyzed due to the plethora of recent measurements
made after 2015; such as the bounds from DM SI direct
detection, the invisible, undetermined, and diphoton Higgs
decay channels, and the Higgs strength modifier, in
addition to the negative searches on heavy scalar reso-

couplings of order

responsible for DM stabilization, and which forbids terms
like S, S2, and dﬁ(l)iS in the Lagrangian. The absence of
such terms does not change the phenomenology and the
predictions of the model, but makes the parameter space
smaller.

We shall, furthermore, consider loop effects that are
important when studying Higgs boson self-couplings. This
requires the use of tools usually reserved for probing higher
energies, chiefly the renormalization group equations (RGEs)
[19]. Recall that RGEs provide a way by which partial
explorations of the physics implications at a high energy scale
are possible, as the theories at asymptotic energies may reveal
new symmetries or other interesting properties that may lead
to deeper insights into the physical content of the Universe. In
our model, there exist many additional scalar quartic inter-
actions that involve the SM and BSM fields. In these
situations, it is crucial to probe theoretical requirements like
perturbativity and vacuum stability at high scales [20].

Our paper is organized as follows: In Sec. II we present
our model, including the field content and the renormaliz-
able potential. In Sec. III we determine the theoretical and
experimental constraints for various model parameters,
such as unitarity, vacuum stability, perturbativity, electro-
weak precision tests, LHC constraints on the Higgs boson
and heavy scalar masses, the Higgs boson strength modi-
fier, the ratios R,, and R, ; and the DM DD constraints. The
DM relic density is given in Sec. IV. Section V contains the
numerical analysis and discussion. The RGEs are given in
Sec. VI. We conclude our paper in Sec. VIL

II. MODEL

In this model, we extend the SM by an additional
SU(2), scalar inert doublet ® and a real scalar singlet
S, assigned with a global Z, x Z), symmetry, where the
field quantum numbers and parities are shown in Table I.
The fact that the extra doublet is assumed to be odd under a
discrete Z, symmetry ensures the DM candidate’s stability.
The renormalizable potential has the form

1 1 ,

Vo =miH"H + m3®'® + 5m§S2 + gzl (HH)?
1 1

+ 6@(@@)2 + ﬁzss“ + L (H'H)(®T®D)

1 , 1
T30 STHH + 20,8 + 4y (O1H) (H'D)

nances. As such, we impose an additional global Z, 1 I (DTH)? + H 5
symmetry in the model here, aside from the one that is * 2{ s( ) +He @)
TABLE 1. Quantum numbers and parities of the field content.

Field H (0] S QL Uup dR LL fR Bﬂ WZ G;
SUQ)xU(1) (2,-1) @1 (10 (2.1/6) (1,-2/3) (1.1/3) (2,-1/2) (L1) (1,00  (3.00  (1,0)
(25.2) +4+) =1 ) = =D ) ) ) ) ) ()
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Here, H is the SM scalar doublet and the global
symmetry Z), forbids terms in the scalar potential (2) such
as S, $3, H'HS, and ®'®S. However, this global Z)
symmetry is spontaneously broken, together with the
electroweak symmetry, when the fields H and S acquire
vacuum expectation values (VEV) of

P Ht
= @:
" S+ +iy) ) 75 (HO +iA%) )’

S=uv,+s, (3)

where v = 246.22 GeV and v, denotes the singlet VEV.
The tadpole conditions can be used to eliminate the
parameters m? and m? in favor of the scalar VEVs. The
inert scalar masses are given by

1 1
mr. =mj3+ 5/131)2 + szuz,
1
m?_IO,AO = m?_li + 5 (}4 + 15)1)2, (4)

where the lightest among H® and A° plays the role of the
DM candidate.

The mass eigenstates 4 and H are linear combinations of
K and s and can be written as
h=ssina+h cosa, H=scosa—Nsina, (5)
where « is the mixing angle between h and H. The i’/ — s

mixing due to the presence of the term of @, in Eq. (2) leads
to the squared mass matrix

M2 = <%’1102

15 .2
w0 3AgU5

WV ) ’ (6)

which gives the eigenvalues and the mixing

1
m%z =5 (/111)2 +Ag0? F \/(lsvg —?)? + 360)%1)21)?),

6w vvy,
by = ﬂzl)% _ lluz . (7)
In this work, we denote h = hyy5 as the SM-like
observed Higgs boson and H as an additional scalar that
could be either heavier or lighter than the %,;5 SM-like one.
Then, in the case where the SM-like Higgs boson is the
lighter one, we have

1 1 1
My = 8/1102 +g/150% Fe (A0} = 210%)/ €2,
m?c2 + m2, s> m2s2 + m%c2 s
11:3%7 As =3 havz Ha’ 601:21)2:: (m%_mi)’ (8)
s

with sy = sin X and cy = cos X. For the case of a heavier SM-like Higgs boson we get

1
6 6
mis% + mycl

’
1)2

1 1
m%’H = 81102 +—/151)% +

/11:3 /15:3

The model parameters are subject to many theoretical
and experimental constraints, such as the vacuum stability,
the perturbativity, the LEP negative searches (the search for
e“et - HZ [21]), the electroweak precision tests, the
Higgs diphoton, the Higgs invisible and Higgs undeter-
mined decays, the DM relic density, and DM DD bounds,
which we shall apply in the next section.

III. THEORETICAL AND EXPERIMENTAL
CONSTRAINTS

This model is subject to many theoretical and experimental
constraints, as listed previously, where for each we find

2.2 2
mjcy + My S, Soa

(A’SU% - /1102)/6‘2(17

2

v? ’ 200,

(1) Unitarity constraints:

The perturbative unitarity must be preserved in all
the processes involving scalars and/or gauge bosons.
At very high energy scales, the gauge bosons could
be replaced by their Goldstone bosons, and therefore
it would be easier to estimate the scattering ampli-
tude matrix for only scalars of S;S, — S35,. This
can be understood as, at high energies, the dominant
contributions to these amplitudes are those mediated
by the quartic couplings [22]. Here, S;,34 can be
any scalar degree of freedom in Eq. (3). The
perturbative unitarity conditions are achieved only
if the eigenvalues of the scattering amplitude matrix

095039-3



KHOJALI, ABDALGABAR, AHRICHE, and CORNELL

PHYS. REV. D 106, 095039 (2022)

are smaller than |A;| < 8z [23]. Note that in any
model, some discrete symmetries like the electric
charge must be exact, while other symmetries like
CP could be either exact or spontaneously or
explicitly broken. In our model, both CP, the global
Z, symmetry, and the electric charge are exact
symmetries, and therefore the full scattering ampli-
tude matrix can be divided into submatrices accord-
ing to the symmetry of the initial/final state
S185/8358,.

According to the initial state 1S, symmetry,
whether it is CP even/odd, electrically neutral/
charged and Z, even/odd, we have six submatrices
that are defined in the basis:

(i) Neutral, CP even, and Z, even: {hh,ss, y°°, H'H,
APA° vty  HTH™}.

(ii) Neutral, CP even, and Z, odd: {hH,sH",y°A°,
xTH }.

(iii) Neutral, CP odd, and Z, even: {hy",sy", H°A°,
Yy HTH }.

Mooy A
o) Ay O
Ay @y A
Aas>0, and |34 @ A

i

S
[\S)
wl—

~
[\

where X = Min(X,0).
(iii) Electroweak precision tests:

(iv) Neutral, CP odd, and Z, odd: {hA°,sA° y'HO y* H=}.

(v) Charged and Z, even: {y*h,y s, y=°, HTHC,
H*A%}.

(vi) Charged and Z, odd: {y*H®,y*A°, H*h,H*s,H* }°}.

These submatrices are given in Appendix A.

Vacuum stability and perturbativity:

The quartic couplings of the scalar potential in
Eq. (2) are subject to a number of constraints that
ensure that the potential should be bounded from
below and that the couplings remain perturbative.
This can be guaranteed by the conditions

(i)

Aoss @12l 145, (10)

where A, = A3 + 44 £ A5. For the scalar potential to
be bounded from below, the coefficient of the
leading (quartic) term in any direction must be
positive. This can be achieved via the conditions

IR S R X
0 O [ [
i ik K 14
A A 3h 3 | >0, (11)
I N S VX
W 3 At
Both Bt 3k

The existence of an extra doublet, @, and the mixing with a scalar singlet induces new contributions on the oblique
parameters. While taking AU = 0 in our analysis, the oblique parameters, A7 and AS can be written as

AT = ——{F , F .
16752 mW{ (m Mo 1 )+ (m a0 1
+355[F (m7, myy) — F(m3, mj)

AS = (253

24z
+sallog(m; /mj) + G (miy, m3)

where sy = sin 6y, with 0y being the Weinberg mixing
angle, and the functions F, G, and G, are loop integral
functions which are given in Ref. [24].

(iv) LHC constraints on the Higgs boson:

Due to the fact that the Higgs couplings are
modified in our model with respect to the SM, in
addition to the existence of new particles, the Higgs
total decay width and branching ratios are modified.

= G (mj,, m))l},

) F(mHO’ AO)

= F(mjy.myy) + F(miy my)]},

—1)*G(m Hi,mzi,mz)—l—G( HO Ao’mz)‘HOg( Hoon/mHi)

(12)

Here, all couplings of the Higgs-gauge fields and
Higgs fermions are scaled by cg, where the Higgs
partial decay widths to the SM particles are scaled as
F(h - XSM‘)_(SM) = CéFSM(h e XSM)_(SM)' In addi-
tion to the SM final states, the Higgs boson may
decay into neutral inert scalars and into the new
scalar, if kinematically allowed. Thus, the Higgs
total decay width can be written as

095039-4
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)

Fh = FBSM -+ C/erzM, (13)
where IP™ = 4.2 MeV is the Higgs total decay
width in the SM; T'ggyv = iy + Dund: Tiny = (A —
H°H) +T'(h — A°A%) and Ty =T(h— HH)
represents the invisible and the undetermined Higgs
partial decay widths, respectively. These partial
widths are given by

22 m
['(h—SS)=0(m;,—2mg)="5_, [1-4—, (14
(h—SS) (my, ms)32”mh (14)
with §=H" A°, and ARHOHO p40A0 = (A3 + 44 £ 45)
C,U — wyvyS,. Considering the recent measurements
by ATLAS on the invisible [25] and undetermined [26]
channels, we have

By <011, and By <0.22.  (15)

As will be seen in Sec. V, the invisible Higgs
constraint becomes irrelevant due to the tension from
the combination between the constraints from the direct
detection dark matter cross section and the diphoton
Higgs decay. From the recent measurements, an upper
bound on the total Higgs boson decay width has been
established giveI';, < 14.4 MeV atthe 68% confidence
level (CL)[27], however, we will consider a more
conservative value by looking at the off-shell Higgs
boson production in the final state h — ZZ* — €,
I, =3.2779 MeV [28].

The Higgs strength modifier:

The signal strength modifier measures the exper-
imental quantity for the combined production and
decay, and is defined as the ratio of the measured
Higgs boson decay rate to its SM prediction. An
effective method of studying the coupling of the
Higgs boson is to study its deviation from the SM
expectations. One has to consider that for a given
search channel the signal strength modifier can be
approximated to identify the Higgs boson produc-
tion cross section times the decay branching ratios,
normalized to the SM one [29]. For the h —» XX
decay channel, it is necessary to use the narrow
width approximation

_ _olpp = h— XX)

_U(PP = h = XX)|sm

__ o(pp > h)xB(h > XX)
~a(pp = h)|sy x B(h = XX)|su

Hxx

(16)

As mentioned above, because of the Higgs mix-
ing, the couplings of the observed Higgs boson to
SM fermions and gauge bosons are modified with
respect to the SM, by cg. Therefore, the signal
strength modifier can be written as

(vi)

(1)

(ii)

Hxx = C/zg(l — Basm) (17)
where Bggy = By, (in the case of my > m;,/2)
and Bggy = By + Buna (in the  case  of
my < my/2).

As aresult, a substantial limit on the mixing angle
p can be derived from the measurement of yyy of the
hy,s Higgs boson. The limitations in Eq. (17)
complement those on the unusual Higgs boson
decays shown in Eq. (15). The total Higgs signal
strength modifier was reported by ATLAS and CMS
measurements at /s = 7 + 8 TeV to be pyy > 0.89
at a 95% CL [29], which indicate s[% <0.11 in the
absence of invisible and undetermined Higgs de-
cay (Bgsm = 0).

LHC constraints of the heavy scalar H:

For the heavy CP even scalar (for my > my)
decays into SM final states, di-Higgs or through
other invisible or undetermined channels, there are
different search types:

The search for a heavy CP even resonance in the
channels with a pair of leptons, jets, or gauge bosons
pp — h— ¢, jj, VV. In this search we consider the
recent measurements by ATLAS at 13 TeV with
139 b~ 'pp—>h—-12r [30], and pp > h— ZZ,
through the channels £Z¢¢ and £¢vv [31], as well
as the CMS analysis at 13 TeV with 137 fb~! pp —
h - WW [32].

The second search of type is via a resonant di-Higgs
production pp — h — HH, where here we consider
the recent ATLAS combination, which includes the
analyses at 13 TeV with 139 fb~! through the channels
HH — bbrr, HH — bbbb, and HH — bbyy [33].

(iii) The undetermined Higgs boson decay is different from

095039-5

the invisible one at colliders as the light scalar can be
seen at detectors via the decay to light fermions
H — ff. This decay does not match the known SM
channels, but the undetermined signal h» - HH —
f1f1f2f> can be probed.

In order to implement the first and second types of
searches, one has to estimate the cross sections at the
LHC at 13 TeV, as

a(pp = H — XX) = s30°M(pp — H)B(H — XX),
(18)
with X = #,j,V, h, and 6°M(pp — H) is estimated in
[34].
The partial SM decay widths in our model can be
written as
['(H - XX) = sjT°M(H — XX)

= $BM(H - XX)I$M,  (19)
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and the total decay width is given by

Fo(H) = ST + T(H — k) + T(H — AAY)
+TI'(H - H°H°) +T(H - H*H™), (20)
where the values of BM(H — XX) and I'$M are

given in [34]. The partial decay widths in Eq. (20)
are given by

/12 2
T(H = YY) =O(my —2my) LHY [y _ 4™

—- (21
32amy ms )

with Y =h, H°, A°, H* and ¢, = gy = qu = 1,
qp+- = 2, where the corresponding scalar triple cou-
plings Ayyy are given by

)*Hhh - ﬂ'lctzxsav + ﬂscasgvs +w (S?xv - 2cgsav + C?xvs - 26’&83’[)5),
Aope = (As + Ay + As) 540 + 0p05¢,,
Agaogo = (A3 + Ay = As) 8,0 + 0p05¢,,

lHH*H' = s(lvﬂ’:‘) + CaUsWs. (22)

(vii) The ratio R,, and R,z:
The decays of the SM Higgs boson into yV (V = y, Z) occurs via loops which are mediated by W bosons as well as
heavy charged fermion loops [35]. In the model under consideration, these decays are modified due to the extra
contribution of the inert charged scalar, which modifies the ratio R, = B(h — yV)/B™(h — yV) as

ﬂhHﬁ»H*/U AEV(THi) :
R :(I_BBSM)’1+ ’
vy 2m§_1i Cq AJIY (TW) + %qu;z(ft)

1 =282 Aypop-v AV (e, A 2

2 vZ 61652 477
Cy  2my.c, e AT (tw. Aw) + 3CW”A]/2(T,,/1,)

(23)

R;/Z = (1 _BBSM)’1 -

achieved by a proper choice of the couplings
Appopo gpopo, the mixing s,, and the mass my.
Unlike the IDM case, small DD cross sections
can be obtained only for very suppressed values
OfﬂL:/h +/14:|:/15

with Bggm = By — Buny and 7y = % and Ay = %. The
loop functions A”" (x), (i = 0,1,1/2) are given in [35].
(viii) DM direct detection constraints:

The DD of elastic nucleon-DM scattering has
provided the most rigorous constraints on DM mass
and interactions in a large number of conventional
DM models.

According to the Feynman diagram in Fig. 1, the N
DD cross section for the scattering of the DM
candidate (H°, for example) in this model off a
nucleon is given by [36]

o j’hHOHOC(I /IHHOHOS{I 2
det — -
dn(my +mpy)* [ mj, mi;

El

(24) h H

where my is the nucleon mass in the chiral limit,
Apopo grogo are the scalar triple couplings, and
gnnn 18 the effective Higgs-nucleon coupling. The
Higgs-nucleon coupling is estimated using a heavy
baryon chiral perturbation theory to be g,yy =~ H, H,
(1.07 +0.26) x 1073 [37]. Note though that lattice
calculations give smaller values [38]. From Eq. (24),
allowed values for the DD cross section can be

FIG. 1. Feynman diagram of the DD cross section for the
scattering of the DM candidate, H,, off a nucleon.

095039-6
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IV. DARK MATTER RELIC DENSITY

According to the WIMP scenario, the DM relic abun-
dance can be estimated by solving the so-called Zel’dovich-
Okun-Pikelner-Lee-Weinberg equation (ZOPLW) [39] that
describes the DM number density 70 evolution;

dnHO
dt

+3Hnyo = —(ov)(n?

= (m)?). (25)

H°

x 20997 i im )

where (ov) is the thermally averaged annihilation cross
section of the DM particles times their relative velocity, H is
the Hubble expansion parameter, and n;qo is the DM
equilibrium number density. In cases where next-to-DM
particles (here the CP-odd inert A®) masses are close to the
DM mass, the co-annihilation effect becomes important and
needs to be included in Eq. (25). In order to do, the thermally
averaged annihilation cross section (ov) should be replaced
by an effective one at the temperature 7 = myo/x;

92 K (x50 (5, m2, m2) (v5) (s)

nmyo J

(Vo (X)) = 810

with i, j = H°, A%, K, the modified Bessel functions,
(vo);;(s) is the annihilation cross section of the process
ij > SM at the cm. energy +/s; and A(x,y,z)=

Va2 + 32+ 22 =2(xy + xz + y2).
To solve numerically the ZOPLW equation and estimate
the freeze-out and relic density, we use MadDM [40],
|

S Ko ’

(26)

0

where we use FeynRules [41] to generate the required
UFO files.

V. NUMERICAL ANALYSIS AND DISCUSSION

In our numerical analysis, we make a random scan over
the following ranges for the model free parameters:

my < my <3 TeV,113.5 GeV < mpy= <3 TeV,1 GeV < mpo 40 < 3 TeV,
10 GeV <o, < 10 TeV, max(|w,|, 4y, |43]) < 47, (27)

where we take into account all the above mentioned
constraints except the relic density. Note also that all
the 20000 benchmark points (BPs) used in this analysis
are in agreement with the experimental bounds from
PandaX-4T 2021 [42]. In Fig. 2, we present the allowed
ranges of the model free parameters that satisfy all the
theoretical and experimental constraints listed above for
20000 BPs.

From the top-left panel in Fig. 2, one learns that the new
extra CP-even scalar could be either heavier or lighter than
the SM-like Higgs boson for all possible values of the
mixing and the singlet VEV. In the top-right panel, we
display the values of the inert masses m o 40 5= . Clearly, the
mass range difference could not be larger than 500 GeV due
to the perturbativity conditions on the couplings A’s. In the
bottom-left panel, we show |43| versus A4 for the values of
mg+ shown in the palette. In this case, for most of the BPs
with light charged scalar mass, the coupling 1; must take
values well below 0.1, due to the constraints from the
diphoton Higgs decay R,,. However, for the heavier charged
scalar, this constraint is less severe and therefore the 45 could
be large O(1). 44 can take large values as the conditions on
A4+ in Eq. (10) are fulfilled. In the bottom-right panel, we
show the new physics contributions to the oblique parameter
constraints AS and AT, where the different ellipses

I

correspond to 68%, 95%, and 99% CL intervals obtained
from the precise measurement of various observables.
Note that most of the BPs correspond to negative values
of Aper = (mzo + mio - 2mzi) / Zmzi, and therefore
negative Ay.

In Fig. 3, we show the observables that are relevant to
the SM-like Higgs boson such as the ratio R,,, the Higgs
invisible and undetermined branching ratios; and the
total decay width. The left panel in Fig. 3 shows for
most of the BPs the Higgs total decay width scales like s2
due to the absence of invisible (h — H°H", A°A%), and/or
undetermined (h — HH) decay channels. Indeed, the BPs
that lead to the total Higgs boson decay width being
larger than the SM value correspond to the allowed
undetermined decay channel (h — HH) since the invis-
ible one is not allowed, as will be seen in Fig. 6. In the
middle and right panels, the ratio R, lies between 0.92
and 1.07 for the experimentally allowed values of R,, =
1.09 £ 0.12 [43]. From the palettes, one reads that for
relatively large mixing and large Bggy (/) the ratio R,, is
always reduced, while where the ratio R,; could be
enhanced up to 7%.

In Figs. 4 and 5, we present different properties of the
new CP-even scalar, such as its total decay width and
branching fractions. From Fig. 4, one notices that for most
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FIG.2. Top left: the mixing s2 versus the extra Higgs boson mass m1, where the palette shows the singlet VEV v,. Top right: the inert
masses m0 40 ¢ for the 20 k considered BPs. Bottom left: The coupling |45 versus 44, where the palette shows the mass n1,+ . Bottom
right: the oblique parameter constraint due to the oblique parameters A7 and AS, with the palette showing the inert relative mass

difference Ao = (mi[o + mio - 2m129i) / 2m§i.

of the BPs, the total decay width is 1 order or magnitude
smaller than the SM values due to the factor s2 < 0.11, as
can be read from the palette in the top-left panel. For the
BPs with my < m;,, the BSM channels H — H°H?, A°A°
are not allowed, while for the BPs with my > m,, these
channels and/or the channel H — hh could be dominant.
One has to notice that the BPs with dominant H — hh are
very interesting since they could be the subject of many
experimental searches, especially in the channels pp —
h — HH — bbbb, bbrr, trrr [44]. Figure 5 shows that the
new scalar H decay is dominated by the BSM channels
(hh, H'H®, A’A°, HXH%) for large my; values, and by the
channel bb for smaller m;; values.

In Fig. 6, we show the DM relic density as a function of
the DM mass myo, where the palette shows the freeze-out
parameter x; = myo/T; (left) and the mass splitting

Sinert = (mf\O - méo) / (mio + mzo) (middle). In the right
panel, we present the DM DD cross section vs the DM mass
compared with the experimental bounds from PandaX-4T
2021 [42] and LUX-ZEPLIN [45], where the palette shows
the mixing s2. As mentioned previously, all the BPs used in
this analysis are in agreement with the experimental bounds

from PandaX-4T 2021 [42].

From Fig. 6, one learns that the DM allowed mass range
is between my/2 < mpyo < my and myo > 620 GeV,
which corresponds to the freeze-out parameter x; ~ 20-24.
Although small values of the mass splitting A;.,q = (m40 —
mpo)/(mpo + mygo) can make the co-annihilation effect
important, it could not change the shape of the BPs
in Fig. 6, left. It is clear also that DM with a mass mgo <
my,/2 is excluded due to the combination of many con-
straints. This can be understood from the fact that when
imposing the DD and the diphoton Higgs decay bounds
together, the Higgs invisible decay becomes dominant,
which excludes any viable DM with mpyo < m,/2.
Figure 6, right shows that this model DM can accommodate
any future DD bounds up to the neutrino floor for different
scalar mixings and new scalar masses.

At the LHC, the new CP-even scalar can be produced
and detected through its decay into different final states, in
addition, the resonant di-Higgs channel pp — H — hh. As
mentioned earlier, we consider here the recent measure-
ments by ATLAS at 13 TeV with 139 fb~! pp - h — 7
[30], and pp — h — ZZ, through the channels ££¢¢
and £¢vv [31], as well as the CMS analysis at 13 TeV with
137 tb~' pp - h - WW [32]. While, for the resonant
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FIG. 3. Left: the Higgs total decay width scaled by its SM value versus the mixing s2, where the palette shows the BSM
(invisible + undetermined) branching ratio. For the middle and right panels, the ratios R,,,, where the palette shows the BSM

branching ratio (middle) and the mixing s2 (right).

di-Higgs production we consider the final states
HH — bbrt, HH — bbbb,and HH — bbyy [33]; obtained
by ATLAS at 13 TeV with 139 fb~! integrated luminosity.
Then, in Fig. 7, we estimate the cross sections at the LHC
for 13 TeV as defined in Eq. (18) for the processes
o(pp - H— hh,WW,ZZ,zt), versus the heavy Higgs

102 107
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100 ................................................ i 10-3
10
T 102 108
= 6N
= 10° 8
~ 10* 107
E410°8
106 10°°
10-10
108 —
10 100 1000 3000
my [GeV]

boson mass my, and the mixing angle s2 in the palette,
compared to their relevant ATLAS and CMS upper bounds
[30-33].

From Fig. 7, one notices that most of the BPs are not
excluded by these bounds, however, within the coming
analyses with more integrated luminosity the bounding

100 1000

my [GeV]

3000

FIG. 4. The total decay width of the new CP-even scalar H scaled by its mass, where the palette shows the mixing (left) and its BSM
branching fraction (right). Here, the green curve corresponds to the total decay width I'y; for the SM interactions, i.e., for s, = 1 and

Bgsm = 0.

095039-9



KHOJALI, ABDALGABAR, AHRICHE, and CORNELL PHYS. REV. D 106, 095039 (2022)

104

102 |
— 100 - —_
XN < 06
T 102 ¢ T
z Iz
Dy @ 04r

108 / { 0.2}

!
10-8 : L 2 72 0 L .
10 100 1000 3000 10 100 1000 3000
my [GeV] my [GeV]

FIG. 5. The branching ratios of the heavy scalar (H) into the SM final states (X =z, W, Z, b, 1) (left) and into the non-SM ones
(X = h, H*, H°, A%), versus its mass my.
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FIG. 6. The DM relic density Qh? versus the DM mass, where the palette shows the freeze-out temperature xy (left) and the mass
splitting Sipe, = (M50 — m7,)/ (M3, + m7,) (right). The tight orange band represents the observed relic density value (1), the DD cross
section o4 as a function of the DM mass myo, and the current bounds on the DD cross section are from PandaX-4T 2021 [42], LUX-

ZEPLIN [45]; and v-floor [46], with the palette showing s2 (bottom).

curves in Fig. 7 will become lower, and therefore some of VI. PERTURBATIVITY AND VACUUM STABILITY

the BPs would be excluded. A significant part of the AT HIGH SCALE

parameter space that corresponds to the mass range . . . .

125 GeV < my < 250 GeV will be probed if this mass This model involves many more interactions than the SM
and CMS. quantum corrections of the quartic couplings. This ensures
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FIG. 7. The cross sections at the LHC for 13 TeV for the processes o(pp — H — hh, WW,ZZ, 7) versus the extra CP-even scalar
mass, where the palette shows the mixing s2. The blue line represents the experimental bounds from the ATLAS 139 fb~! hh —
bbrr, bbbb, bbyy [33], pp — n — 77 [30], pp = n — ZZ [31], and CMS 137 tb~! pp - n - WW [32].

that the perturbativity and vacuum stability conditions are
different from the SM and IDM cases, and hence, this point
needs to be investigated. The constraints that arise from
vacuum stability, and that the couplings at higher scales
remain perturbative, can be determined by the renormal-
ization group equation (RGE) of the gauge, Yukawa, and
quartic couplings. By neglecting all the Yukawa couplings,
except for y, in what follows, we will use the $ functions at
the one- and two-loop level (as listed in Appendix B) to
check whether the conditions for the vacuum stability,
perturbativity, and unitarity are fulfilled at higher scales,
such as A = 10° TeV, 10° TeV, 10’ TeV. These S func-
tions are estimated using the module CalcRGEs of
SARAH [47].

We consider the 20 k BPs used in Fig. 2, estimating the
running of the couplings at higher scales, and then show in
Fig. 8 only the BPs that are in agreement with the
perturbativity and the vacuum stability conditions at
A = 10° TeV. For instance, among the 20 k PBs shown,
these conditions on the couplings estimated at A = 10° TeV
using one-loop (two-loop) S functions, lead to only 1296
(1911) viable points as shown in Fig. 8. Similar analysis in
[48], where they studied the high scale validity of the CSI
IDM for my > 500 GeV up to one loop level, found fewer

points survive to the Planck scale as we observe in our RGEs
running up to one loop level. However, once the two loop
level comes into play, we find that the regions in the
parameter space which are viable up to the Planck scale
are significantly enhanced in the scalar IDM case pre-
sented here.

In Fig. 9, we show the quartic couplings enhancement at
A =103 TeV,10° TeV, 10’ TeV using two-loop RGEs.
Indeed, only BPs that are in agreement with the perturba-
tivity and the vacuum stability are considered. These
conditions allow only 1911, 640 and 328 BPs at the scales
A =103 TeV, 10° TeV, 10’ TeV, respectively. The evolu-
tion of the couplings 4, , and w , at these scales are given
in Fig. 9.

The enhancement or the reduction of the value of quartic
couplings can be significant according to the considered BPs,
therefore a lot of BPs have been excluded at high scale from
the scan by including these RGE/stability considerations.

VII. CONCLUSION

In this paper, we considered the inert Higgs doublet
model extended by a real scalar singlet. In this setup, the
model accommodates two CP-even eigenstates that have
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FIG. 9. The quartic couplings enhancement for a running scale using two-loop RGE at different scales.

SM-like couplings to the SM fermions and gauge bosons,
one of them h = hy,5 is identified as the SM Higgs boson
with the measured mass mj; = 125 GeV and the other
scalar H could be lighter or heavier the /4,5 Higgs boson.
Here, the DM candidate could be the lightest among the
CP-even H® and the CP-odd A° scalars, where we adopted
H° to be the DM particle. In order to investigate the
possibility of a DM candidate from this model, we
performed a detailed numerical study to determine different
regions of the parameter space that is consistent with
current theoretical and experimental constraints, such as
vacuum stability, perturbativity, unitarity, LEP negative
searches, electroweak precision tests, experimental bounds
on DM DD, the observed DM relic density, as well as the
constraints from the Higgs boson decay.

Within this model, the DM relic density is well below the
value measured by the Planck Collaboration for the
majority of the BPs, except for the mass ranges m,/2 <
myo < my and myo > 620 GeV, which correspond to the
freeze-out parameter x;~20-24. The co-annihilation
effect can be important for small values of the mass
splitting Ay = (myo — mypo)/(myo + myp), but it does
not change the shape of the BPs as shown in Fig. 6, left. In
addition, DM lighter than m,,/2 is excluded due to the

combination of different constraints: DM DD, h — yy and
the Higgs invisible decay. This makes the model within the
reach of high energy collider experiments. Also in this
model we have shown that the DM is within the reach of
future DD bounds, up to the neutrino floor for different
scalar mixings and new scalar masses.

From our numerical analysis, we found that for most of
the BPs considered, the total decay width is 1 order of
magnitude smaller than the SM values, where for the BPs
that led to the total Higgs boson decay width being larger
than the SM value, these corresponded to the allowed
undetermined decay channel (h — HH). Since the new
scalar particle H can be produced and detected at the LHC,
the ATLAS and CMS negative searches on heavy reso-
nances could be very useful to constrain the parameter
space. We found that the current bounds can barely
constrain the parameter space, but within the upcoming
analyses with more integrated luminosity, the parameters
space can be significantly probed through the chan-
nels pp - H — ZZ,WW, bb, t.

We have also considered the conditions of perturbativity
and vacuum stability by running the quartic scalar and
gauge couplings at high scales using RGEs, but these
conditions were not fulfilled at higher scales for a large
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number of the BPs, and so these can be excluded from the
conditions of vacuum stability, perturbativity, and unitarity
at higher scales. However, there still remain a number of
viable BPs, which should be testable at the next generation
of experimental results. This means that this model
may require UV completion at a scale between 10°
and 107 GeV.
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APPENDIX A: PERTURBATIVE UNITARITY
MATRICES

The neutral CP-even and Z,-even matrix in the basis
{hh,ss, HOH®, y°%°, A°A® vy~ ,HTH"} is given by

Mooy Ay A A %/11 A3
W Ay wy @ @y w4 W,
Ay %22 A %/12
Mooy Ay A A %/11 A
Al wy %/12 Ao Ay A %/12
A+
A3 wy Yl A %/12 A3+ %/11

The neutral, CP-even and Z,-odd matrix in the basis
{hH sH®, 4°A° y"H~} is given by

Ay 0 0 5 (24 +2s)
0 @, 0 0
| (A2)
0 0 A i)
5(a+2s) 0 S(a=2s) A3+

This matrix has the eigenvalues w,, other eigenvalues
will be calculated numerically.

The neutral CP-odd and Z,-even matrix in the basis
{hy°, sy°, H°A®, y "5, HTH"} is given by

A0 0 i As

0 o 0 0 0

0 0 ik 0 0 . (A3)
L 0 2h Mt

B0 0 At i

This matrix has the eigenvalues w; and %lz, while the
remaining 3 eigenvalues should be estimated numerically.

The neutral, CP-odd and Z,-odd matrix in the basis
{hA®, sA®, y°HO, y*H™} is given by

A 0 0 £ (A4 —2s)
0 @) 0 0
| (A4)
0 0 /1+ 2 (/14 + /15)
~$(a=25) 0 3(a+ds) A3+
The charged and Z,-even matrix in the basis

IrEh, yts, 7 %, HEHO, HEA®} is given by

341 0 T 54 +2s) 5(A4—12s)
0 @ 0 0 0
I 0 P 3(Aat2s) 5(A4=12s) |,
3(Jat2s) 0 3(24+2s) T 0
—5(A4=24s5) 0 —%(k4—12s) 0 1
(A5)

which leads to the eigenvalues 0,;,34p.3(24;+

J+ \/(2/1, +10)? + 3642 + 362).
The charged and Z,-odd matrix in the basis
{ytH®, y*A°, H*h, H*s, H* "} is given by
YR 0 T4+25) 0 L(Ag+1s)
0 A3 $(Aa=25) 0 £(A4—2s)
3(As+2s) =544 —4s) A3 0 A3
0 0 0 @ 0

5(As+2s) =544 —4s) A3 0 A3
(A6)

This has eigenvalues 0,w,, 43,3 (343 = /23 + 443 +43).
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APPENDIX B: ONE-AND TWO-LOOP RENORMALIZATION GROUP EQUATIONS

The f functions are given at one-loop level by

ﬂg] = ?g?’ ﬂyz = _393’ ﬂ.% = _793’
BL 4 27 27, , o 9 2
b = 1007 109192 Tyt 1205 4 122344 + 645 + 645 + 3wy — 36y, + 44| 4 591~ 9¢3 + 12y? ),
27 , . 81 9
Bro = 1205 + 120304 + 303 + 423 + 643 + 65 = 9630 + - 3 + o501 + 15,91 (=24 + 33).

By, = 3(4w? + 4w3 + A3),

9 9
'B(Ul = 2},40)2 + 4/130)2 + w; <2ﬂl + 4601 + 6_)7[ 10 292 ‘I’ﬂs)

9
= Gws + Asws,

ﬂw2 = 2},2&)2 + 2/14601 + 4/13(01 + 4(0% 1091602 2
27 9 , 9, 2 2 5 5
b, = +mg1 + Zgz 99343 + 24143 + 20,23 + 423 107 (243 + g5) + 5/11/14 + 5/12/14 + 225 + 243

+ w0, + 643)7,

2 2 9
By, = 423 + 6447 + 82344 + 842 — 9g3A, + 31114 + 51214 +3 G (=44 + G,

2 2 9
B, =25 (6y,2 — 93 + 843 + 124 +§/11 +§,12 —gg%>,

3 17 . 9
By, ——y?+yt<3y?—89§—— 2—;9%) (B1)

2 2071

where g; = (g1, 9», g3) represents the SM gauge couplings.
The p functions are given at the two-loop level in the following subsections by

ﬂgl = 91 (18092 + 20891 + 44092 85)’z (B2)
1
B = 92(12093 + 1297 — 15y7 + 80g3), (B3)
ﬂ% = 10g3(llg1 20y7 — 26093 + 4543), (B4)
1267 , 9 21, 19 1 3,01
= yt(600 9= 59198 = 92+ (59195 + 99295 = 108¢5 + AT+ 23+ Asda + A 55+ Zﬂﬁ)
79 8 17 8 225 , 228
—12y?—|—y?<{80+5+8+2s] T %+59%—2/11>, (B5)
1413 57 231 2 7 2 7
pY = +m9‘11/15 + 209193/15 - ?9‘21/15 - 59%/11/15 - 5/1%/15 - 59%/12/15 - 5/1%/15
48 40 40 72
+< G 3hs + 36g32305 — 3 Miads =3 hadads = 284245 + 5 Plads + 12652475
44 44

1 1
- ?ﬂ /14/15 - ?/1214/15 - 76/1314/15 - 32&215 + 613 - —/15601 - 4/156010)2 - —15(02

3
+ 3 (1601063 = 6% = 94y = 1) + 1743 + 45@)2s =3 Aot (B6)
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