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Abstract In this work we consider a model for particle
dark matter where an extra inert Higgs doublet and an addi-
tional scalar singlet is added to the Standard Model (SM)
Lagrangian. The dark matter candidate is obtained from only
the inert doublet. The stability of this one component dark
matter is ensured by imposing a Z symmetry on this addi-
tional inert doublet. The additional singlet scalar has a vac-
uum expectation value (VEV) and mixes with the Standard
Model Higgs doublet, resulting in two CP even scalars /1 and
hy. We treat one of these scalars, /1, to be consistent with the
SM Higgs-like boson of mass around 125 GeV reported by
the LHC experiment. These two CP even scalars contribute to
the annihilation cross section of this inert doublet dark matter,
resulting in a larger dark matter mass region that satisfies the
observed relic density. We also investigate the 1 — yy and
h1 — y Z processes and compared these with LHC results.
This is also used to constrain the dark matter parameter space
in the present model. We find that the dark matter candi-
date in the mass region 60-80 GeV (m; = 125 GeV, mass
of hy) satisfies the recent bound from LUX direct detection
experiment.

1 Introduction

The existence of a newly found Higgs-like scalar boson of
mass about 125 GeV has been reported by recent LHC results.
ATLAS [1] and CMS [2] independently confirmed the dis-
covery of a new scalar and measured signal strengths of
the Higgs-like scalar to various decay channels separately.
ATLAS has reported a Higgs to diphoton signal strength
(R,) of about 1.577033 at 95 % CL [3]. On the other hand
best fit value of Higgs to diphoton signal strength reported
by CMS [4] experiment is ~0.78f8:§§ for 125 GeV Higgs
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boson. Despite the success of the Standard Model (SM) of
particle physics, it fails to produce a plausible explanation
of dark matter (DM) in modern cosmology. The existence
of dark matter is now established by the observations such
as rotation curves of spiral galaxies, gravitational lensing,
analysis of cosmic microwave background (CMB) etc. The
DM relic density predicted by the PLANCK [5] and WMAP
[6] results suggests that about 26.5 % of our Universe is
constituted by DM. The particle constituent of dark matter
is still unknown and the SM of particle physics appears to
be inadequate to address the issues regarding dark matter.
The observed dark matter relic density reported by CMB
anisotropy probes suggests that a weakly interacting mas-
sive particle or WIMP [7,8] can be assumed to be a feasible
candidate for dark matter. Thus, in order to explain dark mat-
ter in the Universe one should invoke a theory beyond SM
and in this regard a simple extension of the SM scalar or
fermion sector or both could be of interest for addressing the
problem of a viable candidate of dark matter and dark matter
physics. There are other theories though beyond the Standard
Model (BSM) such as the elegant theory of Supersymmetry
(SUSY) in which the dark matter candidate is supposedly
the LSP or lightest SUSY particle which is the superposi-
tion of neutral gauge bosons and a Higgs boson [9]. Extra
dimension models [10] providing Kaluza—Klein dark matter
candidates are also explored at length in the literature. The
extension of SM with an additional scalar singlet where a dis-
crete Z, symmetry stabilizes the scalar is studied elaborately
in earlier works such as [11-23]. It is also demonstrated by
the previous authors that a singlet fermion extension of SM
can be a viable candidate of dark matter [24—26]. SM exten-
sions with two Higgs doublets (or triplet) and a singlet are
addressed earlier where the additional singlet is the proposed
dark matter candidate [27-29]. Among various extensions
of SM, another simple model is to introduce an additional
SU(2) scalar doublet which produces no VEV. The resulting
model, namely the Inert Doublet Model (IDM), provides a
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viable explanation for DM. The stability of this inert doublet
is ensured by a discrete Z, symmetry and the lightest inert
particle (LIP) in this model can be assumed to be a plausible
DM candidate. The phenomenology of IDM has been elab-
orately studied in the literature such as [30-40]. In the case
of IDM the lightest inert particle of the inert doublet serves
as a potential DM candidate and the SM Higgs doublet pro-
vides the 125 GeV Higgs boson consistent with the ATLAS
and CMS experimental findings. However, the possibility of
having a non-SM Higgs-like scalar that couples very weakly
to the SM sector is not ruled out and has been studied exten-
sively in the literature involving two Higgs doublet model
(THDM) and models with a singlet scalar where the addi-
tional Higgs doublet or the singlet provide the new physics
scenario associated with it. Since IDM framework contains
two Higgs doublets of which one is the SM Higgs doublet
and the other is the dark Higgs doublet which is odd under the
discrete Z, symmetry (to explain the DM phenomenology),
it does not provide any essence of non-SM Higgs. The sim-
plest way to address the flavor of new physics from non-SM
Higgs in IDM is to assume a singlet like scalar with non-zero
VEV which eventually mixes with the SM Higgs. One may
also think of another possibility, where a third Higgs doublet
with non-zero VEV is added to the IDM. However, the study
of such a model including three Higgs doublets will require
too many parameters and fields to deal with which is rather
inconvenient and difficult. Hence, in order to study the very
effect of non-SM Higgs in IDM and Higgs phenomenology,
we consider a minimal extension of IDM with an additional
singlet scalar. In this work, we consider a two Higgs doublet
model (THDM) with an additional scalar singlet, where one
of the two Higgs doublets is identical to the inert doublet, i.e.,
itassumes no VEV and all the SM sector including the newly
added singlet are even under an imposed discrete symmetry
(Z>) while the inert doublet is odd under this Z, symmetry.
Inert scalars do not interact with SM particles and LIP can
be treated as a potential DM candidate. We intend to study
and explore how the simplest extension of IDM due to the
insertion of a scalar singlet could enrich the phenomenology
of Higgs sector and DM sector as well. The signal strength
of SM Higgs to any particular channel will change due to
the mixing between SM Higgs doublet and the newly added
singlet scalar. Inert charged scalars of the inert doublet will
also contribute to the » — yy and h — y Z channels of SM
Higgs. We thus test the credibility of our model by calcu-
lating the R, for A — yy signal and comparing the same
with those given by LHC experiment.

Various ongoing direct detection experiments such as
XENONI100 [41], LUX [42], CDMS [43,44] etc. provide
upper limits on dark matter-nucleon scattering cross sections
for different possible dark matter mass. The CDMS [43,44]
experiment also claimed to have observed three potential sig-
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nals of dark matter at low mass region (~8 GeV). Direct
detection experiments such as DAMA [45,46], CoGeNT
[47] and CRESST [48] provide bounds on dark matter-
nucleon scattering cross sections for different dark matter
masses. These experiments conjecture the presence of low
mass dark matter candidates. But their results contradict
XENON100 or LUX results since both the experiments pro-
vide bounds for dark matter-nucleon scattering cross section
much lower than those given by CDMS, CRESST or DAMA
experiments.

As mentioned earlier, in this work, we consider an Inert
Doublet Model (IDM) along with an additional singlet scalar
field S. We impose a discrete Z symmetry, under which all
SM particles and the singlet scalar S are even while the inert
doublet is odd. This ensures the stability of the LIP (denoted
as H) of the inert doublet to remain stable and serve as a
viable dark matter candidate. Additional scalar singlet hav-
ing a non-zero VEV mixes with the SM Higgs, provides two
CP even Higgs states. We consider one of the scalars, A1, to
be the SM-like Higgs. Then % should be compatible with
SM Higgs and one can compare the relevant calculations for
hy with the results from LHC experiment. The model param-
eter space for the dark matter candidate is first constrained
by theoretical conditions such as vacuum stability, perturba-
tivity, unitarity, and then by the relic density bound given by
PLANCK/WMAP experiments. We evaluate the direct detec-
tion scattering cross section ogy with the resulting constrained
parameters for different LIP masses m gy and investigate the
regions in os;—m g plane that satisfy the bounds from exper-
iments like LUX, XENON etc. We also calculate the signal
strength Ry, for iy — yy channel in the present framework
and compare them with the experimentally obtained limits
for this quantity from CMS and ATLAS experiments. This
will further constrain the model parameter space. We thus
obtain regions in os;—mpyg plane in the present framework
that satisfy not only the experimental results for dark mat-
ter relic density and scattering cross sections but compatible
with LHC results too.

The paper is organized as follows. In Sect. 2 we present
a description of the model and model parameters with rele-
vant bounds from theory (vacuum stability, perturbativity,
and unitarity) and experiments (PLANCK/WMAP, direct
detection experiments, LHC etc.). In Sect. 3 we describe
the relic density, annihilation cross section measurements
for dark matter and modified R, and R,z processes due
to inert charged scalars. We constrain the model parame-
ter space satisfying the relic density requirements of dark
matter and present the correlation between Ry, and R,z
processes in Sect. 4. In Sect. 5, we further constrain the
results by direct detection bounds on dark matter. Finally,
in Sect. 6 we summarize the work briefly with concluding
remarks.
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2 The model
2.1 Scalar sector

In our model we add an additional SU(2) scalar doublet and
a real scalar singlet S to the SM of particle physics. Similar
to the widely studied inert doublet model or IDM where the
added SU(2) scalar doublet to the SM Lagrangian is made
“inert” (by imposing a Z, symmetry that ensures no inter-
action of SM fermions with the inert doublet does not gen-
erate any VEV), here too the extra doublet is assumed to be
odd under a discrete Z, symmetry. Under this Z, symmetry,
however, all SM particles as also the added singlet S remain
unchanged. The potential is expressed as

V=m}® & +mdhd D)+ %mgsz +21(d T dy)?
+22(02T®2)% + A3(D] D) (P P2)
+2g(@L 1) (] D) + %As[(dﬂz’cbl)z + (@] @)’
+p1(D]D1)S + o} (D] D) S
+ 0282 (D] 1) + o5 SH (@I D) + %p353 + %p454,

e))

where my (k = 11, 22, s etc.) and all the coupling parameters
(i, pir '3, 0 = 1,2,3, ..., etc.) are assumed to be real. In
Eq. 1, ®; is the ordinary SM Higgs doublet and ®; is the
inert Higgs doublet. After spontaneous symmetry breaking
@, and S acquire VEV such that

0 H*
=l Lorn ) P La+ia )

S=uvs+s. @

In the above vy denotes the VEV of the field S and s is the
real singlet scalar. Relations among model parameters can
be obtained from the extremum conditions of the potential
expressed in Eq. 1 and are given as

m3, + hv® + prog + sz? =0,

2
v
ol + ,02112 = 0.
2vy

mf + p3vs + ;04vf +

Mass terms of various scalar particles as derived from the
potential are

,U% =207

L1 v?

vy

12 = p3vg + 2psv? —
s = (p1 + 2p20)v

2 2 v? / r2
My =My + A3 =+ prvs + P

2

2 _ 2 v / .2
mH—m22+()\.3 +)»4+)»5)?+,01vx+,02vs
2
2 _ 2 v / 12
mA = m22 + ()\.3 —+ )\.4 — )\.5)7 + 'Ol Vg =+ ,Ozvs. (3)

The mass eigenstates /| and h; are linear combinations of &

and s and can be written as
hy =hcosa — ssina,
“4)

hy) = hsina + s cos «,

o being the mixing angle between % and h», is given by

X
tang = ——————, (5)

14+ +/1+x2

2
where x = (;2””;2). Masses of the physical neutral scalars
h s

hi and hy are

2 2 2 2

+ — U

m%g:MthSiMth‘x/ler? (6)

We consider /&1 with mass m; = 125 GeV as the SM-like
Higgs boson and the mass of the other scalar /5 in the model
is denoted as m, with mo > m. Couplings of the physi-
cal scalars i1 and hy with SM particles are modified by the
factors cos « and sin «, respectively. To ensure that /1 is the
SM-like Higgs, we constrain the mixing angle by imposing
the condition 0 < o < /4 [24,26]. The coupling As serves
as a mass splitting factor between H and A. We consider H
to be the lightest inert particle (LIP) which is stable and is
the DM candidate in this work. We take A5 < O in order
to make H to be the lightest stable inert particle. It is to be
noted that for very small mixing, i.e., in the decoupling limit,
the present model will be exactly identical to IDM provid-
ing a low mass DM (mpy < 80 GeV) and a high mass DM
candidate (mpy > 500 GeV). In the present framework, the
two scalars 41 and &> couple with the lightest inert particle
H. Couplings of the scalar bosons (k1 and hy) with the inert
dark matter H are given by

A345 As
A HHV = | ——Co — = Sa | V,

2 2 )
A v = Mis + )ic v
hhHHV = B o ) o

where A345 = A3+Ag+As, Ay = w and sy (¢, ) denotes

sin a(cos «). Couplings of scalar bosons with charged scalars
H* are

A H+YH-V = (A3cq — AsSa) v, )

)\.hZH+H— vV = ()\.35‘0[ + )‘-SC(X) V.
2.2 Constraints

The model parameters are bounded by theoretical and exper-
imental constraints.

@ Springer



3142 Page 4 of 12

Eur. Phys. J. C (2014) 74:3142

o Vacuum stability Vacuum stability constraints require the
potential to remain bounded from below. The conditions
for the stability of the vacuum are [49,50]

AMyr2, 040 >0, A3 +2\/)E>0,
A3+ Ay — A5 +2¢/Aa > 0,

P2 +/Aps >0, ph++/A2ps > 0,

202v/42 + 204/M + A3/pa

e Direct detection experiments The bounds on dark matter
from direct detection experiments are based on the elas-
tic scattering of the dark matter particle off a scattering

2 (Vi (o4 2805) (Vi) (s + V) ) =0

2003/ 22+ 2p5/ A1 + (A3 + Aa — As)/pa

+2 ( ki + \/ (33 + 24 = 25 +2v/a1%2) (02 + v/a1s) (o4 + ?»2,04>> -0, ©)

e Perturbativity For a theory to be acceptable in perturba-
tive limits, we have to constrain the high energy quartic
interactions at tree level. The eigenvalues | A;| of quartic
couplings (scattering) matrix must be smaller than 4.

e LEP LEP [51] results constrain the Z boson decay width
and masses of the scalar particles,

my+mpg >myg,
myg+ > 79.3 GeV. (10)

e Relic density The parameter space is also constrained by
the experimental measurement of relic density (WMAP,
PLANCK etc.) of dark matter candidate. The relic density
of the lightest inert particle (LIP) serving as a viable can-
didate for dark matter in the present model must satisfy
the PLANCK results,

Qpmh? = 0.1199 + 0.0027. (11)

e Higgs to diphoton rate R,, A bound on the Higgs to
two photon channel has been obtained from experiments
performed by LHC. The measured signal strength for the
Higgs to diphoton channel obtained from ATLAS at 95 %
CL s

+0.33
RyylatLas = 1.577 50,

whereas the best fit value of R, for a 125 GeV Higgs
with 3.20 excess in local significance corresponding to an
expected value of 4.20 measured by CMS is

_ +0.28
Ryylems = 0'78—0.26'
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nucleus. Dark matter direct detection experiments set con-
straints on the dark matter-nucleus (nucleon) elastic scat-
tering cross section. Limits on scattering cross sections
for different dark matter mass cause further restrictions on
the model parameters. Experiments like CDMS, DAMA,
CoGeNT, CRESST etc. provide effective bounds on low
mass dark matter. Stringent bounds on medium mass and
high mass dark matter are obtained from XENON100 and
LUX experiments.

3 Dark matter
3.1 Relic density

The relic density of dark matter is constrained by the results
of PLANCK and WMAP. The dark matter relic abundance for
the model is evaluated by solving the evolution of Boltzmann
equation given as [52]

dn H

= 3Hny = —(oV)(ny — njeq)- (12)

In Eq. 12, nyg(n ch) denotes the number density (equilib-
rium number density) of dark matter H and H is the Hubble
constant. In Eq. 12, (ov) denotes the thermal averaged anni-
hilation cross section of dark matter particle to SM species.
The dark matter relic density can be obtained by solving
Eq. 12 and is obtained as

1.07 x 10%xp
\/g*MPl<UV) .

In the above, Mp; = 1.22 x 1012 GeV is the Planck scale mass
whereas g, is the effective number of degrees of freedom in

Qpmh? = (13)
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thermal equilibrium and h is the Hubble parameter in units
of 100 km s~! Mpc_l. InEq. 13, xp = M/TF, where Tr is
the freeze out temperature of the annihilating particle and M
is the mass of the dark matter (m g for the present scenario).
The freeze out temperature 7 for the dark matter is obtained
from the iterative solution to the equation

wl M 45M3 (o) a4
=In| —,/—(oV) | .
o 213\ 2guxp

3.2 Annihilation cross section

Annihilation of inert dark matter H to SM particles is
governed by processes involving scalar (A1, hy) mediated
s(:4m%{) channels. Thermal averaged annihilation cross
sections (ov) of dark matter H to SM fermions are given
as

Ap HH COS

2
OVins ) = neL
HH=~Tf ‘xS 4m%1—m%+i1"1m1

2
AhyHH SINC

15
4m%1, — m% +ilComy (15)

Inthe above, m represents the mass of the particle x (= f, H
etc.), n. is the color quantum number (3 for quarks and 1 for

leptons) with 8, = /1 — ::—2‘2’ and I'; (i = 1, 2) denotes the
H

total decay width of each of the two scalars iy and h;. For
DM mass myg > (mw,mz), the channels of annihilation
of DM to gauge boson (W or Z) will yield a high annihila-
tion cross section. Since Qpp ~ (av)_1 (Eq. 13), the relic
density for the dark matter with mass my > mwy or myz
in the present model in fact falls below the relic density
given by WMAP or PLANCK as the four point interaction
channel HH — WTW~orZZ will be accessible and as
a result an increase in the total annihilation cross section
will be observed. Thus the possibility of a single compo-
nent DM in the present framework is excluded for mass
my > my, mz." The invisible decay of h;(i = 1,2)
depends on the DM mass m g and is kinematically forbidden
formpy > m;/2 (i = 1, 2). The contributions of the invisible
decay widths for /1| and /&, are taken into account when the
condition mpy < m;/2 (i = 1,2) is satisfied. The invisible
decay width is represented by the relation

. Y —" 4m?2
MY (h; — 2H) = % 1 — % (16)
! i

! Similar results for IDM are also obtained in a previous work (Ref.
[53]), where two component dark matter was considered in order to
circumvent this problem.

3.3 Modification of Ry, and R,z

Recent studies of IDM [54-56] and two Higgs doublet mod-

els [57,58] have reported that alow mass charged scalar could

possibly enhance the i1 — yy signal strength R,,. The

correlation of Ry, with R, 7 is also accounted for as well

[55,58]. The quantities Ry, and R, 7 are expressed as
o(pp > h1) Br(hi — yy)

Ryy = SM SM (17)
o(pp — h)>¥ Br(h — yy)

_o(pp—>h1) Br(hy —> yZ)
"L a(pp — WM Br(h — yZ)SM’

(18)

where o is the Higgs production cross section and Br rep-
resents the branching ratio of Higgs to final states. The
branching ratio to any final state is given by the ratio of
partial decay width for the particular channel to the total
decay width of decaying particle. For IDM with additional

; iy Opp—hy) ;
singlet scalar, the ratio o (ppi™ 1N Eqgs. 17-18 is repre-
2

sented by a factor cos” . Standard Model branching ratios
Br(h — yy)™ and Br(h — yZ)M for a 125 GeV
Higgs boson is 2.28 x 1073 and 1.54 x 1073, respectively
[59]. To evaluate the branching ratios Br(h; — yy) and
Br(hy — yZ), we compute the total decay width of hj.
The invisible decay of & to the dark matter particle H is
also taken into account and evaluated using Eq. 16 when
the condition mpy < m/2 is satisfied. Partial decay widths
I'(hy — yy) and I'(h; — y Z) according to the model are
given by

2.3
Gragmi

Ch — yy)= —>L
(h1 — yy 128377

3
G2a m2
120 = i (1-2%)

8.2 2 2
— 25 dms 4m
x |-2cosa—3WF| ) | —F, —
cw 1 Mz
Am?, 4m>
— cosaF| ;V, 2W
my  myz

Ah1H+H—v2(1—2s2W)] dm3. 4m3,
Zm%_li cw !

where G is the Fermi constant, m, denotes the mass of
particle x(x = 1, W, Z, t, H*) etc. and sy (cw) represents
sin By (cos Oy ), Ow being the Weinberg mixing angle. The
expressions for various loop factors (Fy 2, F1, Fy, F 1’ /20 Fl’
and [;) appearing in Eq. 19 are given in Appendix. It
is to be noted that a similar derivation of decay widths
and signal strengths (R’,, or R’,z) for the other scalar
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hy can be obtained by replacing my, cosa, A, y+y- With
my, sina, Ap, g+ p-, respectively, and this is addressed in
Sect. 5.

4 Analysis of R, and R, 7

In this section we compute the quantities R,, and R,z in
the framework of the present model. We restrict the allowed
model parameter space for our analysis using the vacuum
stability, perturbative unitarity, LEP bounds along with the
relic density constraints described in Sect. 2.2. Dark matter
relic density is evaluated by solving the Boltzmann equation
presented in Sect. 3.1 with the expression for annihilation
cross section given in Eq. 15. Model parameters (;, p;),
should remain small in order to satisfy perturbative bounds
and relic density constraints. Calculations are made for the
model parameter limits given below,

mp = 125 GeV,

80 GeV < mpy+ <400 GeV,
0<my <myg+, ma,
0<oa<m/4,
—lI=<rx=1

—1<2mus =<1,

-1 <x <1

(20)

The enhancement of Higgs to diphoton signal depends on the
contribution from the charged scalar loop (Eq. 19). Since for
higher value of the charged scalar mass (m =), the contri-
bution from the charged scalar loop will reduce, we expect
mass of the charged scalar to be small. Due to this reason, we
kept charged scalar mass to be less than 400 GeV. As men-
tioned earlier, due to large DM annihilation cross section to
W or Z boson channel, high mass DM in the present scenario
will fail to satisfy DM relic abundance unless we assume a
TeV scale dark matter [60]. Hence, for the range consid-
ered for the charged scalar mass, possibility of having a high

(a) 2 T T a T T T T
1.8

16
1471
1.2¢
& 1
0.8
0.6
0.4t
ol

0 o
0O 10 20 30 40 50 60 70 80 90
my

mass DM regime in decoupling limit (¢ — 0) is excluded
and we explore the low mass region only where enhance-
ment is significant. The couplings Ay, g g and Ap, g (Eq. 7)
are required to calculate the scattering cross section of the
dark matter off a target nucleon. Dark matter direct detection
experiments are based on these scattering processes whereby
the recoil energy of the scattered nucleon is measured. Thus
the couplings Ay, g i and Ay, g can be constrained by com-
paring the computed values of the scattering cross section
for different dark matter masses with those given by different
dark matter direct detection experiments. In the present work,
[An HH, Ao a| < 1 is adopted. The following bounds on
the parameters will also constrain the couplings Ay, g+ p-
and Ap,g+p- (Eq. 8). Using Egs. 12-16 we scan over
the parameter space mentioned in Eq. 20 where we also
impose the conditions |Ay, y+y-, Ap,p+u-|1 < 2 to calcu-
late Ry, y z in the present model. Comparing the experimen-
tally observed dark matter relic density with the calculated
value restricts the allowed model parameter space and gives
the range of mass that satisfies observed DM relic density.
We have made our calculations for two different values of
the singlet scalar (h7) mass, namely m> = 150 and 300 GeV.
Scanning of the full parameter space yields the result that, for
all the cases considered, the limits Ay, gp. An,ru| < 0.7
are required for satisfying observed DM relic abundance.
Our calculation reveals that |Ay, g+py—, Ap, g+u—| < 1.5 are
needed in order to satisfy the observed relic density of dark
matter. Using the allowed parameter space thus obtained,
we calculate the signal strengths R,, and R,z (Egs. 17—
18) by evaluating the corresponding decay widths given in
Eq. 19.

In Fig. 1a, b shown are the regions in the R, ,—m g plane
for the parameter values that satisfy the DM relic abundance.
As mentioned earlier, results are presented for two values of
the 7> mass, namely 150 and 300 GeV. Since for the low
mass DM region, the invisible decay channel of 4; to DM
pair remains open, enhancement of Ry, is not possible in
this regime. R, becomes greater than unity near the region
of resonance where my ~ my/2 for my = 150 GeV. The

(b) 1.2 T T T T T T T
1t

08¢

0
O 10 20 30 40 50 60 70 80 90
my

Fig. 1 Variation of R, with DM mass m y satisfying DM relic density for m, = 150 and 300 GeV
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resonant enhancement is more pronounced for lighter m g+
mass. However, no such resonant enhancement is obtained
for mpy = 300 GeV but a small enhancement occurs near
mpy =~ 80 GeV for alight charged scalar (m g+ < 100 GeV).
The region that describes the Ry, enhancement is reduced
with increasing &, mass and thus enhancement is not favored
for higher values of the /> mass. For the rest of the allowed
DM mass parameter space, R,, remains less than 1 and
decreases with higher values of the /1, mass. The results pre-
sented in Fig. 1 indicate that the observed enhancement of
the hy — yy signal could be a possible indication of the
presence of h since R,, 2 1 occurs near the resonance
of h,, which contributes to the total annihilation cross sec-
tion measured via Eq. 15. The R, value depends on the
coupling Ay, g+~ and becomes greater than unity only for
Ay +H- < 0 and interferes constructively with the other
loop contributions. Technically, Ry, depends on the val-
ues of the A, mass, charged scalar mass mpy=, coupling
M H+H-» and the decay width of invisible decay channel
Ciny(h1 — HH). A similar variation for the hy — yZ
channel (computed using Egs. 18, 19 and 20) yields a smaller
enhancement for R,z in comparison with R, . This phe-
nomenon can also be verified from the correlation between
R,, and R, z. The correlations between the signals R,
and R,z are shown in Fig. 2a, b for mp = 150, 300 GeV,
respectively. Variations of Ry, and R,z satisfy all neces-
sary parameter constraints including the relic density require-
ments for DM. Figure 2 also indicates that, with the increase
in the mass (my) of h,, the enhancements of R, and R, 7z
are likely to reduce. For m = 150 GeV, R, enhances up to
two times whereas Ry, z increases nearly by a factor 1.2 with
respect to the corresponding values predicted by SM. On the
other hand, for m, = 300 GeV, R, varies linearly with
R,z (Ry, =~ R,z) without any significant enhancement.
For low mass dark matter (myg < my/2), invisible decay
channel of 4 remains open and the processes h; — yy
and h; — y Z suffer from considerable suppressions. These
result in the correlation between the channels 71 — yy and
h1 — yZ, which appear to become stronger, and the R,

(U
12}

1t

J:,}

n 087 p A
f‘ 06 | L

04

02}

L L L L L L L

0 . .
0 02 0406 08 1 12 14 16 18 2

Ry

vs. Ry, 7 plot shows more linearity with increasing 4, mass.
For larger h» masses, the corresponding charged scalar (H*)
masses for which R, ,z > 1 tends to increase. Since any
increase in the H¥ mass will affect the contribution from
the charged scalar loop, the decay widths I'(h; — vy, yZ)
or signal strengths R, , 7z are likely to reduce. Our numer-
ical results exhibit a positive correlation between the signal
strengths Ry, and R, 7. This is an important feature of the
model. Since signal strengths tend to increase with relatively
smaller values of m», the possibility of having a light sin-
glet like scalar is not excluded. The coupling of &, with the
SM sector is suppressed by a factor sin o, which results in
a decrease in the signal strengths from /> and makes their
observations difficult.

5 Direct detection

In this section we further investigate whether the allowed
model parameter space (and enhancement of Ry, ,,7) is con-
sistent with dark matter direct search experiments. Within the
framework of our model and allowed values of parameter
region obtained in Sect. 4, we calculate the spin-independent
(ST) elastic scattering cross section for the dark matter can-
didate in our model off a nucleon in the detector material.
We then compare our results with those given by various
direct detection experiments and examine the plausibility
of our model in explaining the direct detection experimen-
tal results. The DM candidate in the present model inter-
acts with the SM via processes led by Higgs exchange. The
spin-independent elastic scattering cross section ogj is of the
form

) 2
N m% my 2 o [ AnHHCOSA  Ap,HH SINQ
b mgy m1 m2

2

where my and mpy are the masses of scattered nucleon
and DM, respectively, f represents the scattering factor

(b) 1.2 - T - - -

Fig. 2 Correlation plots between R, and R,z for two choices of the 2 mass (150 and 300 GeV)
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Fig. 3 Allowed regions in m g—og; plane for mp = 150 and 300 GeV

that depends on the pion—nucleon cross section and quarks
involved in the process and m, = M7 s the reduced
mass. In the present framework f = 0.3 [61] is considered.
The computations of ogy for the dark matter candidate in the
present model are carried out with those values of the cou-
plings restricted by the experimental value of relic density.
In Fig. 3a, b, we present the variation of elastic scattering
cross section calculated using Eq. 21, with LIP dark matter
mass (mpg) for two values of the 4, masses my = 150 and
300 GeV satisfying the CMS limit of R,,,,. We assume & to
be SM-like Higgs and restrict the mixing angle « such that the
condition cosa = 1/ /2 is satisfied. In each of the OSI—My
plots of Fig. 3a, b the light blue region satisfies the CMS limit
of Ry, for two chosen values of m>. Also marked in black
are the specific zones that correspond to the central value of
Ry |cms = 0.78. The bounds on the os1-DM mass obtained
from DM direct search experiments such as XENON100,
LUX, CDMS, CoGeNT, CRESST are shown in Fig. 3a, b,
superimposed on the computed results for comparison. From
Fig. 3a, b one notes that for the case of my, = 150 GeV,
the DM candidate in our model partly satisfies the bounds
obtained from low mass dark matter direct detection experi-
ments like CoGeNT, CDMS, CRESST, DAMA but are dis-
favored for mp = 300 GeV. It is therefore evident from
Fig. 3a, b that imposition of the signal strength (R, ) results
obtained from LHC further constrains the allowed scattering
cross section limits obtained from direct detection experi-
mental results for the DM candidate in our model. Investi-
gating the region allowed by LUX and XENON100 experi-
ments along with other direct dark matter experiments such
as CDMS etc., it is evident from Fig. 3a, b that our model
suggests a DM candidate within the range m g = 60-80 GeV
with scattering cross section values ~10~4-10~%° cm? with
m1 = 125 GeV, which is an SM-like scalar. There is, how-
ever, little negligibly small allowed parameter space with oy
below ~10~4° cm?. Hence, in the present model H can serve
as a potential dark matter candidate and future experiments
with higher sensitivity like XENONIT [62], SuperCDMS
[63] etc. are expected to constrain or rule out the viabil-

@ Springer

ity of this model. A similar procedure has been adopted for
restricting the os;—m g space using R, limits from ATLAS
experiment. We found that the region of the DM parameter
space for the case of the Higgs to diphoton signal strength
predicted by ATLAS with 95 % CL is completely ruled
out as the allowed DM mass region in the model (for both
my = 150 and 300 GeV) cannot satisfy the latest direct detec-
tion bounds from XENON100 and LUX experiments. In the
present model we so far adopt the consideration that /1 plays
the role of SM Higgs and hence in our discussion we con-
sider h1 — yy for constraining our parameter space. The
model considered in this work also provides us with a second
scalar, namely /;. Since LHC has not yet observed a second
scalar, it is likely that the other scalar 4, is very weakly cou-
pled to SM sector so that the corresponding branching ratios
(signal strengths) are small. Also significant enhancement
of the process i, — yy can occur due to the presence of
charge scalar (H ). Hence, in the present scenario we require
the i, — yy branching ratio or signal strength (R;,y) to
be very small compared to that for ;. Needless to men-
tion that the couplings required to compute Ry, and R;y
are restricted by dark matter constraints. We address these
issues by computing R;y values and comparing them with
RW.2 The computations of R, and R;y initially involve
the dark matter model parameter space that yields the dark
matter relic density in agreement with PLANCK data as also
the stringent direct detection cross section bound obtained
from LUX. R, values thus obtained are not found to sat-
isfy the experimental range given by ATLAS experiment.
The resulting Ry, — R;,}, is further restricted for those val-
ues of R,, which are within the limit of R, |cms given by
CMS experiment. The region with green scattered points in
Fig. 4a, b corresponds to the RW—R;,V space consistent with
the model parameters that are allowed by DM relic density
obtained from PLANCK, direct detection experiment bound
from LUX and R,y |cms for ma = 150 and 300 GeV. It is to

2 Since R/,,, and R/  are correlated, any suppressionin iy — yy will
be followed by similar effects in iy — y Z.
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Fig. 4 Allowed regions in RW—R;V plane for my, = 150 and 300 GeV

be noted that Ry, is not the only constraint obtained from
LHC experiments, we have to consider other decay channels
of iy as well. In the present model, signal strengths (R;) of
h to any particular decay channel (excluding yy and yZ
channel) can be expressed as

(22)

where FISM represents the total SM decay width of k1, I'y
denotes the total decay width of /; in the present model.
Since contributions of 41 — yy and h; — y Z channels to
the total decay width are negligibly small, total decay width
I'| can be written as
Iy =M+ (23)
where Filnv is the invisible decay width of & as expressed in
Eq. 16. Similarly the signal strength of the singlet like scalar
hy can be given as

(24)

with 'y = ngSM + l"iznV + 211, where I'pq is the decay
width of singlet scalar &, to SM Higgs /1 is given as

Moy 4m3
F — 2111y _ l’ 25
21 32 my m% (2)
with
A = 3hvcse + (=252 3
hahihy = 3AVC Sy + 7(— SyCa +C,)
+ 020(=254¢5 + 53) + 205 (—250Ca + C)
+ p3s§ca + 3p4v5s§ca. (26)

In the present work, we constrain the signal strength R
in order to invoke /1 as the SM-like scalar and set Ry > 0.8
[64]. In Fig. 4a, b the region shown in black scattered points
are in agreement with the condition Ry > 0.8. We found that
the signal strength R for the other scalar involved remains

small (Ry < 0.2) and may also suffer appreciable reduction
due to the hp — H H channel formy < my/2.

Constraints from the signal strength R; along with direct
detection bound predicted by LUX restrict the allowed model
parameter space with [Ay, gy| < 0.04 and [Ap,pu| < 0.5
for mo = 300 GeV and couplings are even smaller for the
other scenario when my = 150 GeV. Further reduction to the
allowed limit of Aj,, g occurs for DM mass mpg < m/2
satisfying the range |Ap, | < 0.01, which indicates that
invisible decay branching ratio is small. Hence, according
to the model, even if we restrict the results with the condi-
tions R;,y < 0.1 and R; > 0.8 [64] along with the DM relic
density obtained from PLANCK and direct detection bounds
obtained from LUX (o5 < 1079 cm2), the model still pro-
vides a feasible DM candidate with an appreciable range of
allowed parameter space. In Table 1 we further demonstrate
that within the framework of our proposed model for LIP dark
matter, R;,y is indeed small compared to R,,,,. We tabulate
the values of both R, and R)’/y for some chosen values of
LIP dark matter mass m g fulfilling the bound obtained from
signal strength Ry > 0.8 [64]. These numerical values are
obtained from the computational results consistent with LUX
direct DM search bound. Also in Table 1 are given the cor-
responding mixing angles « between h; and k2, couplings
An;HH (i = 1,2), the scalar masses m g+, hy to diphoton
branching ratio, the scattering cross section gy and invisible
branching ratio Brin, of A1 for two different values of m,
considered in the work. It is also evident from Table 1 that
R,y >> R;V and the respective mixing angle values are
small. In fact, for some cases such as for my = 61.06 GeV
(my = 150 GeV) Ry, = 0.875 whereas R)’/y ~ 107 and
« is as small as 6. The coupling Aj, yy remains small and
is responsible for the small invisible decay branching ratio
(denoted by B Rj,y in Table 1) of the SM-like scalar /1. This
demonstrates that the scalar 1 in Eq. 4 is mostly dominated
by the SM-like Higgs component and the major component
in the other scalar is the real scalar singlet s of the proposed
model.
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Table 1 Benchmark points satisfying observed DM relic density obtained from PLANCK data and direct detection cross section reported by LUX

results for two different choices of the 4> mass

my (GeV) mpy (GeV) mpy+ (GeV) «(deg) AnuH AmyHH R, R;y Br(hy — yy) osiin cm? Briny
150.00 61.06 125.00 06 —5.5e—03 8.5e—02 0.875 3.59¢e—05 4.627e—06 5.890e—47 1.51e—02
67.05 132.00 09 9.0e—03 —8.0e—02 0.874 4.62e—04 2.659e—05 3.745e—48 —
73.07 171.00 07 —2.0e—03 5.8e—02 0.883 4.79¢e—04 4.541e—05 7.00le—46 —
300.0 61.72 97.00 01 —2.5¢—03 —8.3e—04 0.906 2.93e—04 1.238e—05 7.245e—46  2.31e—02
64.78 144.50 08 7.0e—03 —0.30 0.876 2.88e—02 1.917e—05 2.290e—47 —
70.12 117.00 15 —2.0e—02 048 0.857 3.35¢e—03 6.461e—07 4.65%9¢e—46 —

6 Summary

In this work we have proposed a model for dark matter where
we consider an extended two Higgs doublet model with an
additional singlet scalar. The DM candidate follows by con-
sidering one of the Higgs doublets to be an inert Higgs
doublet. A Z, symmetry imposed on the potential ensures
the lightest inert particle or LIP dark matter from the added
inert doublet is stable. The inert doublet does not generate
any VEV and hence cannot couple to the Standard Model
fermions directly. The scalar singlet, having no such dis-
crete symmetry, acquires a non-zero VEV and mixes up with
the SM Higgs. The unknown couplings of the model, which
are basically the model parameters, are restricted with the-
oretical and experimental bounds. The mixing of the SM
Higgs and the singlet scalar gives rise to two scalar states,
namely /1 and h,. For small mixing, /& behaves as the SM
Higgs and &, as the added scalar. We extensively explored
the scalar sector of the model and studied the signal strengths
Ry, and R, 7 for the SM-like Higgs (/1) in the model. The
range and the region of enhancement of R, depend on the
mass of the singlet like scalar /1. Appreciable enhancements
of both i1 — yy and h; — yZ signals depend on h;
mass and occur near the resonance of /;. An increase in the
signal strengths is not allowed for heavier values of the %,
mass. Enhancement of signals is forbidden when the invisi-
ble decay channel remains open. The extent of enhancement
depends on the charged scalar mass and this occurs only when
the Higgs-charged scalar coupling Aj, g+p- < 0. We first
restrict our parameter space by calculating the relic density
of LIP dark matter in the framework of our model. Using the
resultant parameter space obtained from the observed relic
density bounds we evaluate the signal strengths R, and
R, 7 for different dark matter masses. We then restrict the
parameter space by calculating the spin-independent scat-
tering cross section and comparing it with the existing lim-
its from ongoing direct detection experiments like CDMS,
CoGeNT, DAMA, XENON100, LUX etc. Employing addi-
tional constraints by requiring that R,, and R,z will sat-
isfy the CMS bounds and ATLAS bounds, we see that the

@ Springer

present model provides a good and viable DM candidate
in the mass region 60—-80 GeV, consistent with LUX and
XENON100 bounds. We obtain the result that R, (>1.0)
in the present framework does not seem to be favored by
LUX and XENON100 data. Therefore, we conclude that in
the present framework, the Inert Doublet Model with addi-
tional scalar singlet provides a viable DM candidate with a
mass range of 60-80 GeV, which not only is consistent with
the direct detection experimental bounds and the PLANCK
results for the relic density but also is in agreement with the
Higgs search results of LHC. A singlet like scalar that cou-
ples weakly with the SM Higgs may also exist which could
enrich the Higgs sector and may be probed in future collider
experiments.
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Appendix

In Sect. 3.3 we have derived the decay widths h; — yy and
hi — y Z interms of the loop factors Fi 2, Fi, Fy, Fl//z, F|,
and /;. The expressions of the factors Fy,, F1, Fy (for the
measurement of 11 — yy decay width) are given as [65-67]

Fip() =2t[1+ 1 -1) f(7)],
Fiit)=—2+3t+3t2 —-1) f(1)],
Fo(t) = —7[l — tf(7)],
and

arcsin? (\%) fort > 1,
_Zl; [log(Hm) — in]2 fort < 1.

1—J/1—

f(o) =

!
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The loop factors for the decay 1 — y Z are adopted from
Refs. [65-67] and they are

Fijp(t,2) = Ii(t, ) — L(t, ),

, s%v 2 S%V
Fl(T,A)ICW 4 3—7 IQ(T,)L)+ <1+—)T
C T CW

w
2
_(5'}__)} Il(Tv)\') )
T
where
hab = =2+ TP e~
1@ = e —n 2w V@O
i (a) — g(b)
+(a—b)2 [g(a) — g(®)],
ab
I(a,b) = “2a—b) [f(a@) — f(b)].
The expression of g(7/)) is given by
«/r—larcsin\/g fort > 1,
g(t) =
‘/]2? (10g }jg — in) fort < 1.
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