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We examine the impact of a faster expanding Universe on the phenomenology of scalar dark matter
(DM) associated with SUð2ÞL multiplets. Earlier works with a radiation dominated Universe have reported
the presence of desert region for both inert SUð2ÞL doublet and triplet DM candidates where the DM is
underabundant. We find that the existence of a faster expanding component before big bang nucleosyn-
thesis can revive a substantial part of the desert parameter space consistent with relic density requirements
and other direct and indirect search bounds. We also review the possible collider search prospects of the
newly obtained parameter space and predict that such region might be probed at the future colliders with
improved sensitivity via a disappearing/stable charged track.
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I. INTRODUCTION

Production of dark matter (DM) in scenarios with a
nonstandard history has gained growing interest in recent
times [1–36]. Since the cosmological history of the early
Universe prior to big bang nucleosynthesis (BBN) is vastly
dark, the possibility of presence of a nonstandard era in the
early Universe is open. In fact, there are no fundamental
reasons to assume that the Universe was radiation domi-
nated (RD) in the pre-BBN regime at t ∼ 1 sec. The history
of the Universe can be modeled, in general, by the presence
of a fluid with arbitrary equation of state parameter, which
is zero for matter domination. If the equation of state
parameter of a fluid turns out to be larger than the value for
radiation, then the fluid acts as a fast expanding component.
Study of DM phenomenology in the presence of a

modified cosmological epoch has been performed widely,
and it shows several significant observational consequences

[25,26,37]. In Ref. [27], a model-independent analysis of
DM phenomenology in a fast expanding Universe is
worked out. It is observed that if DM freezes out during
the fast expansion period of the Universe, a larger inter-
action strength is required compared to that in the standard
scenario (with radiation domination) to satisfy the relic
abundance bound provided by the Planck experiment. At
some stage during the evolution of the Universe, at least
before the BBN, the domination of the fast expanding
component has to end such that the standard RD Universe
takes over. A similar phenomenological study with freeze-
in production of DM in a fast expanding Universe is
explored in Ref. [28]. With the emergence of this proposal,
further efforts have been put forward to cultivate the DM
phenomenology considering such a nonstandard scenario
in different well-established beyond standard model frame-
works. For example, phenomenology of a real gauge
singlet scalar DM in nonstandard cosmologies can be
found in Ref. [29]. Well-motivated anatomy on the revival
of the Z-boson and Higgs mediated DM model with
alternative cosmology (late matter decay) is presented in
Refs. [25,30]. In Refs. [13,32,33], the possibility of sterile
neutrinos as dark matter candidates with modified cosmol-
ogy has been discussed. Such sterile neutrinos can provide a
sensitive probe of the pre-BBN epoch as pointed out in
Ref. [31]. In Ref. [34], the case for fermion DM originating
from a different order of multiplets is studied.
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Motivated by these, in the present work, we aim to
resurrect the so-called desert region in the parameter space
of the SUð2ÞL inert doublet (IDM) and triplet dark matter
(ITDM) models [38,39] by considering the presence of a
faster expanding component (kinaton or faster than kin-
aton) in the early Universe. In the context of single-
component1 IDM dark matter, it is well known [43,44]
that the intermediate DM mass regime 80≲mDM ≲
525 GeV suffers from an underabundance issue. It occurs
due to large interaction rate of the DM [mediated by
SUð2ÞL gauge bosons] with the standard model (SM)
particles, resulting in late freeze-out and subsequently less
abundance. This particular mass window for IDM is thus
referred as the desert in the relic density allowed parameter
space for the DM. On the other hand, for single-component
DM that stems from an inert scalar triplet, right relic density
is achieved at a very large DM mass greater than or
approximately equal to 2 TeV under standard freeze-out
assumptions. This happens due to small radiative mass
splitting between the charged and neutral component of the
scalar triplet (which is ∼166 MeV, that leads to huge
coannihilation resulting in DM underabundance. Several
prescriptions have been put forward for the revival of the
IDM desert. These ideas basically revolve around extend-
ing the SM particle content [44,45]. The case for the
scotogenic DM model in a modified cosmological scenario
has been discussed earlier in Ref. [35]. Although authors of
Ref. [35] briefly remarked on the impact of nonstandard
Universe in DM relic abundance, their work is more
focused on addressing neutrino mass and leptogenesis.
Thus, a detailed investigation of DM phenomenology and
the impact of direct, indirect, and collider searches on the
DM parameter space is highly recommended.
In the first part of the work, our attempt is to make an

exact prediction on the allowed parameter space of the
usual IDM scenario in the presence of a fast expanding
Universe. We also elucidate in detail the effect of fast
expansion on the subsequent collider signature of the
model. We first obtain the parameter space for the IDM
dark matter that satisfies the relic abundance criteria by
varying the relevant parameters that control expansion of
the Universe. We find a significant part of the relic allowed
parameter space further gets disfavored upon imposing the
direct and indirect search constraints together with the
requirement of DM thermalization, which, in turn, directly
restricts the amount of fast expansion. Since the mass
difference of the DM with other neutral and charged
eigenstates is found to be small, the collider search of
the allowed parameter space is limited and can be probed
with the identification of the charged track signal of a

long-lived charged scalar. We anticipate that the improved
sensitivity of CMS/ATLAS search [46–48] can be used as
an useful tool to test the early Universe history before BBN.
In the later part, we extend our analysis for a SUð2ÞL triplet
DMmodel with zero hypercharge. Similar to the IDM case,
the existence of a desert region for triplet DM is mentioned
in earlier works [49–57]. We use the same methodology of
faster-than-usual expansion to revive part of the desert
confronting all possible experimental bounds (including
direct and indirect searches), which has not been done
earlier to the best of our knowledge.
The paper is organized as follows. In Sec. II, we briefly

sketch the nonstandard cosmological framework that arises
due to fast expansion. The phenomenology for inert
doublet DM in the light of fast expansion is elaborated
in Sec. III, where we have discussed the modification in the
Boltzmann equation due to modified Hubble rate in Sec. III
A 1; Sec. III A 2 illustrates how the DM yield gets modified
once fast expansion is invoked; a detailed parameter space
scan showing the constraints from DM relic abundance,
direct, and indirect searches is discussed in Sec. III A 3; a
possible collider signature for the revived parameter space
is discussed in Sec. III A 4; and the fate of scalar triplet DM
in a fast expanding Universe is illustrated in Sec. III B.
Finally, in Sec. IV, we conclude by summarizing our
findings.

II. NONSTANDARD SCENARIOS OF THE
UNIVERSE

Here, we briefly present the recipe to analyze the early
Universe by considering both standard and nonstandard
scenarios. The expansion rate of the Universe is measured
by the Hubble parameterH, which is connected to the total
energy density of the Universe through the standard
Friedmann equation. In the standard case, it is assumed
that the Universe was radiation dominated starting from the
reheating era up to BBN. Here, we assume somewhat a
different possibility that the Universe before BBN was
occupied by different species, namely, radiation and η, with
energy densities ρrad and ρη, respectively. The equation of
state for a particular component is given by

p ¼ ωρ; ð1Þ

where p stands for the pressure of that component. For
radiation, ωR ¼ 1

3
, while for η, ωη could be different. The

ωη ¼ 0 case is familiar as early matter domination, and
ωη ¼ 1 is dubbed as a fast expanding Universe. However,
irrespective of the nature of η, the energy component ρη
must be subdominant compared to ρR before BBN takes
place. This poses a strong lower bound on the temperature
of the Universe T ≳ ð15.4Þ1=n MeV before the onset of
BBN (see Appendix B). Considering the presence of a new
species (η) along with the radiation field, the total energy

1In the multicomponent DM framework, individual DM
candidates can be underabundant, and the desert region is thus
not an issue there. Such frameworks involving multicomponent
DM are proposed in Refs. [40–42].
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budget of the Universe is ρ ¼ ρrad þ ρη. For standard
cosmology, the η field would be absent, and we simply
write ρ ¼ ρrad. One can always express the energy density
of the radiation component, which is given by a function of
temperature,

ρradðTÞ ¼
π2

30
g�ðTÞT4; ð2Þ

where g�ðTÞ stands for the effective number of relativistic
degrees of freedom at temperature T. In the limit of entropy
conservation per comoving volume, i.e., sa3 ¼ const, one
can define ρradðtÞ ∝ aðtÞ−4. Now, in the case of a faster
expansion of the Universe, the energy density of η field is
anticipated to be redshifted more rapidly than the radiation.
Accordingly, one can obtain ρη ∝ aðtÞ−ð4þnÞ with n > 0.
The entropy density of the Universe is parametrized as

sðTÞ ¼ 2π2

45
g�sðTÞT3, where g�s is the effective relativistic

degrees of freedom that contribute to the entropy density.
Utilizing the energy conservation principle, a general form
of ρη can be constructed as

ρηðTÞ ¼ ρηðTRÞ
�
g�sðTÞ
g�sðTRÞ

�ð4þnÞ=3� T
TR

�ð4þnÞ
: ð3Þ

The temperature TR is an unknown parameter
(greater than TBBN) and can be safely assumed as the
point of equality of two respective energy densities:
ρηðTRÞ ¼ ρradðTRÞ. Using this criteria, it is simple to
specify the total energy density at any temperature
(T > TR) as [27]

ρðTÞ ¼ ρradðTÞ þ ρηðTÞ ð4Þ

¼ ρradðTÞ
�
1þ g�ðTRÞ

g�ðTÞ
�
g�sðTÞ
g�sðTRÞ

�ð4þnÞ=3� T
TR

�
n
�
: ð5Þ

From the above equation, it is evident that the energy
density of the Universe at any arbitrary temperature
(T > TR) is dominated by the η component. Now, the
standard Friedmann equation connecting the Hubble
parameter with the energy density of the Universe is
given by

H2 ¼ ρ

3M2
Pl

; ð6Þ

with MPl ¼ 2.4 × 1018 GeV being the reduced
Planck mass. At temperature higher than TR with the
condition g�ðTÞ ¼ ḡ�, which can be considered to be some
constant, the Hubble rate can approximately be recast into
the form [27]

HðTÞ ≈ πḡ1=2�
3

ffiffiffiffiffi
10

p T2

MPl

�
T
TR

�
n=2

; ðwith T ≫ TRÞ;

¼ HRðTÞ
�
T
TR

�
n=2

; ð7Þ

where HRðTÞ ≃ 0.33ḡ1=2� T2

MPl
, the Hubble rate for radiation

dominated Universe. In the case of the SM, ḡ� can be
identified with the total SM degrees of freedom
g�ðSMÞ ¼ 106.75. It is important to note from Eq (7) that
the expansion rate is larger than what it is supposed to be in
the standard cosmological background provided T > TR
and n > 0. Hence, it can be stated that if the DM freezes out
during η domination the situation will alter significantly
with respect to the one in the standard cosmology. Finally,
it is worth noting that TR cannot be too small such that it
alters the standard BBN. For a certain value of n, BBN
constraints provide a lower limit on TR, which we report in
Appendix B:

TR ≳ ð15.4Þ1=n MeV: ð8Þ

To this end, we have assumed the prescription for DM
freeze-out in a fast expanding Universe in a model-agnostic
way. Before moving on to the next section, we would
like to provide few examples in which it is possible to have
some physical realization of the new species η. We consider
η to be a real scalar field minimally coupled to gravity.
In that case, a specific form for ωð¼ p=ρÞ can be
written as

ω ¼
1
2
ðdηdtÞ2 − VðηÞ

1
2
ðdηdtÞ2 þ VðηÞ : ð9Þ

The energy density of η redshifts as [28]

ρη ∝ a−3ð1þωÞ; ð10Þ

which can be converted to ρη ∝ a−4þn with ω ¼ 1
3
ðnþ 1Þ.

For a positive scalar potential, two possible extreme limits
are ðdηdtÞ2 ≪ VðηÞ or the ðdηdtÞ2 ≫ VðηÞ. These correspond to
ω ∈ ð−1;þ1Þ leading to n ∈ ð−4;þ2Þ. The n ¼ 2 case is
realized for a Universe dominated by kinaton, which can be
identified with a quintessence fluid [58,59]. For theories
with n > 2, one has to consider scenarios faster than
quintessence with negative potential. Examples of such
theories can be found in Refs. [60,61], in which one
assumes the presence of a pre–big bang “ekpyrotic” phase.
The key ingredient of ekpyrosis is the same as that of
inflation, namely, a scalar field rolling down some self-
interaction potential. However, the crucial difference is that,
while inflation requires a flat and positive potential, its
ekpyrotic counterpart is steep and negative. Note that, in
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this work, we consider the kination or faster than kination
scenario with n ≥ 2.

III. SCALAR MULTIPLET DARK MATTER IN A
FAST EXPANDING UNIVERSE

In this section, we perform the phenomenological
analysis of DM belonging to different representation of
scalar multiplets when the Hubble parameter is modified
under the assumption of faster-than-usual expansion
in the pre-BBN era. Our analysis, as mentioned in the
Introduction, addresses two well-motivated DM scenarios:

(i) the inert doublet model, where the second Higgs
doublet carries a nonzero hypercharge and the DM
emerges either as the CP-even or as the CP-odd
component of the second Higgs,

(ii) a hyperchargeless (Y ¼ 0) inert triplet scalar under
SUð2ÞL where the neutral component of the scalar
triplet can be a viable DM candidate. We shall call
this the inert triplet dark matter.

In either case, one has to impose a discrete symmetry to
ensure the stability of the DM. The DM phenomenology for
both of these models has been studied in great detail in the
background of a standard radiation-dominated Universe.
From this analyses, it has been found that for the case of
IDM the DM mass range mWð∼80Þ ≲mDM ≲ 525 GeV is
underabundant, while for ITDM, the DM lighter than
1.9 TeV is underabundant. Here, we would like to mention
that another possibility of having a scalar triplet DM is to
consider a Y ¼ 2 triplet; however, for such a nonzero
hypercharge multiplet, a Z-mediated direct detection bound
becomes severe, making most of the DM parameter space
forbidden simply from the spin-independent direct detec-
tion bound [42,50,62]. Therefore, we shall focus only on
the Y ¼ 0 triplet. Our goal is, as emphasized earlier, to see
how much of the parameter space ruled out by the standard
cosmological background can be revived under the
assumption of fast expansion without extending the particle
spectrum for each of these models further. In the following
sections, we shall furnish the details of the models and
explicitly demonstrate how the nonstandard cosmological
scenario drastically alters the standard picture.

A. Inert doublet model

Here, we would like to briefly summarize the inert
doublet model (IDM) framework. The IDM consists of an
extra scalar that transforms as a doublet under the SM
gauge symmetry. An additional Z2 symmetry is also
imposed, under which all the SM fields are even while
the inert doublet transforms nontrivially. This discrete
symmetry remains unbroken since it is assumed that the
extra scalar does not acquire a vacuum expectation value
(VEV). With this minimal particle content, the scalar
potential takes the form [43,44,63–68]

VðH;ΦÞ ¼ −μ2HjHj2 þ λHjHj4 þ μ2ΦðΦ†ΦÞ þ λΦðΦ†ΦÞ2
þ λ1ðH†HÞðΦ†ΦÞ þ λ2ðH†ΦÞðΦ†HÞ

þ λ3
2
½ðH†ΦÞ2 þ H:c:�: ð11Þ

mh ¼ 125.09 GeVAfter electroweak symmetry breaking
the SM-like Higgs doublet acquires nonzero vacuum
expectation value. Considering the unitary gauge, the
two scalar doublets can be expressed as

H ¼
�

0

hþvffiffi
2

p ;

�
; Φ ¼

� H�

H0þiA0ffiffi
2

p ;

�
; ð12Þ

where v ¼ 246 GeV is the SM Higgs VEV. After mini-
mizing the potential along different field directions, one can
obtain the relations between the physical masses and the
associated couplings,

μ2H ¼ m2
h

2
; μ2Φ ¼ m2

H0 − λLv2; λ3 ¼
1

v2
ðm2

H0 −m2
A0Þ;

λ2 ¼
1

v2
ðm2

H0 þm2
A0 − 2m2

H�Þ;

λ1 ¼ 2λL −
2

v2
ðm2

H0 −m2
H�Þ; ð13Þ

where λL ¼ 1
2
ðλ1 þ λ2 þ λ3Þ. The mass eigenvalues of the

three neutral scalars are indicated by mh, mH0 , mA0 . We
dene the SM model like CP-even Higgs by h with mass,
while H0 is the additional CP-even Higgs that can be
heavier or lighter than the SM one. The only CP-odd Higgs
in the set-up is identied with A0. ThemH� denotes the mass
of charged scalar eigenstate(s). In our case, we consider H0

to be the DM candidate with massmH0 which automatically
implies mH0 < mA0;H� . We also assume

ΔM ¼ mA0 −mH0 ¼ mH� −mH0 ð14Þ
to reduce the number of free parameters.2 Now, the masses
and couplings are subject to a number of theoretical and
experimental constraints. Below, we briefly mention them:
Vacuum stability.—Stability of the Two Higgs doublet

model potential is ensured by the following conditions
[69,70]:

λH; λΦ > 0; λ1 þ 2
ffiffiffiffiffiffiffiffiffiffiffi
λHλΦ

p
> 0;

λ1 þ λ2 − jλ3j þ 2
ffiffiffiffiffiffiffiffiffiffiffi
λHλΦ

p
> 0: ð15Þ

These conditions are to ensure that the scalar potential is
bounded from below.
Perturbativity.—Tree-level unitarity imposes bounds on

the size of the quartic couplings λi or various combinations
of them [63]. On top of that, the theory remains perturbative
at any given scale if naively

2Choosing mA0 ≠ mH� does not alter our conclusions.
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jλij≲ 4π; i ¼ 1; 2; 3; H;Φ: ð16Þ

In view of the unitarity bound, we shall keep the magni-
tudes of all the relevant couplings below the order of unity.
Oblique parameters.—The splitting between the heavy

scalar masses is constrained by the oblique electroweak T
parameter [71] whose expression in the alignment limit is
given by [72]

ΔT¼ g22
64π2m2

W
fζðm2

H� ;m2
AÞþζðm2

H� ;m2
HÞ−ζðm2

A;m
2
HÞg;

ð17Þ

with

ζðx; yÞ ¼
8<
:

xþy
2

− xy
x−y ln

�
x
y

�
; if x ≠ y:

0; if x ¼ y:
ð18Þ

The contribution to the S parameter is always small [72]
and can safely be neglected. We thus concentrate on the T
parameter only, which is bounded by the global electro-
weak fit results [73] as

ΔT ¼ 0.07� 0.12: ð19Þ

It can be understood from Eq. (18) that the constraints on
the oblique parameter typically prohibit large mass split-
tings among inert states. However, we shall see that to
satisfy the other DM related constraints in general, rela-
tively small mass splittings are required and hence the
model easily bypasses the bounds arising from electroweak
parameters.
Collider bounds.—To remain in compliance with the Z

decay width measured from LEP-II [74,75], the new scalars
should obey the inequality mZ < mH0 þmA0. The LEP
experiments have performed direct searches for charged
Higgs. A combination of LEP data from searches in the τν
and cs final states demands mHþ ≳ 80 GeV under the
assumption that the decay H� → W�h is absent [74,75].
As discussed in Ref. [76], Run-I of the LHC provides
relevant constraints on the IDM model that significantly
extend previous limits from LEP. Run-1 of ATLAS dilepton
searches exclude, at 95% C.L., inert scalar masses up to
about 35 GeV for pseudoscalar masses around 100 GeV,
with the limits becoming stronger for largermA0 [76]. Also,
for mH0 < mh=2, the SM-like CP even Higgs can decay
invisibly to a pair of inert DM, which is also constrained
from the invisible Higgs decay width measurement at the
LHC [73].

1. IDM dark matter in light of fast expansion

As stated earlier, we refer the intermediate DM mass
range mW ≲mH0 ≲ 525 GeV as the IDM desert where the

observed relic abundance of the DM cannot be generated as
the DM annihilation cross section is more than what is
required to produce correct abundance through the vanilla
freeze-out mechanism. The inert doublet DM can (co)
annihilate to SM states through both Higgs and Z, W�-
mediated processes. The dominant contribution to the DM
abundance generally comes from the DM pair annihilation
to gauge boson final states irrespective of the choice of
ΔM. Although coannihilation of DM with its charged
counterpart H� turns out to be important for small
ΔM ∼ 1 GeV, it provides subdominant contribution to
the relic abundance as we have checked. Because of large
annihilation rates (involving gauge interactions), the DM is
underabundant within this mass range. Without extending
the model further or resorting to other DM production
mechanisms, our aim is to revive the desert region with the
help of nonstandard cosmology.
The Boltzmann equation (BEQ) that governs the evo-

lution of the comoving number density of the DM, in the
standard radiation dominated Universe, has the familiar
form [77]

dYDM

dx
¼ −

hσvis
HRðTÞx

ðY2
DM − Yeq2

DMÞ; ð20Þ

where x ¼ mH0

T and hσvi stands for the thermally averaged
annihilation cross section. It is always convenient to recast
the DM number density in terms of the dimensionless
quantity YDM ¼ nDM=s with s being the entropy per
comoving volume. The equilibrium number density of
the DM component, in terms of the yield Y, is given by

Yeq
DM ¼ 45

4π4

�
gDM
g�s

�
x2K2ðxÞ; ð21Þ

where K2ðxÞ is the reduced Bessel function of the second
kind. For the fast expanding Universe, HR in Eq. (20) will
be replaced by H of Eq. (7), leading to

dYDM

dx
¼ −

Ahσvi
x2−n=2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xn þ ðmDM

TR
Þn

q ðY2
DM − Yeq2

DMÞ ð22Þ

with A ¼ 2
ffiffi
2

p
π

3
ffiffi
5

p g�sffiffiffiffi
g�

p MplmDM. This is the BEQ of our interest.

As clarified before, in presence of the species η with
n > 0, the freeze-out of DM occurs at earlier times com-
pared to the case for the radiation-dominated Universe. In
post-freeze-out time, the DM number density still keeps
decreasing due to faster redshift of the energy density of η
and the constant attempt of the DM to go back to thermal
equilibrium till the Universe reaches radiation domination,
and finally the rate of interaction ΓDM ≪ HR. The rate of
decrease of the DM relic abundance in this phase is rapid for
larger n. An approximate analytical solution for the DM
yield considering s-wave annihilation in this regime reads
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YDMðxÞ≃

8>><
>>:

xr
Ahσvi

h
2
xf
þ logðx=xfÞ

i
−1
; ðn¼ 2Þ

xn=2r
2Ahσvi

h
xn=2−2f þ xn=2−1−xn=2−1f

n−2

i
−1 ðn≠ 2Þ

ð23Þ

as reported in Appendix A with xfðrÞ ¼ mDM=TfðRÞ. It is
evident from Eq. (23) that for n ¼ 2 after freeze-out one can
observe the slow logarithmic decrease (although faster than
the usual scenario) in the DM yield. The slow logarithmic
decrease in the number density is the result of the relentless
effort of the DM to go back to the thermal equilibrium.3 This
behavior continues till T ≃ TR, after which the Universe
becomes radiation dominated and the DM comoving number
density attains a constant value. For n > 2, the effect of fast
expansion is even more pronounced as the DM yield has a
pure power-law dependence instead of a logarithmic one.
The same as before, the DM number density keeps decreas-
ing until radiation takes over. Similar behavior can be seen
for p-wave annihilation as elaborated in Ref. [27]. For
different choices of the relevant parameters, we shall solve
Eq. (22) numerically to obtain the DM relic abundance via

ΩDMh2 ¼ 2.82 × 108mH0YDMðx ¼ ∞Þ: ð24Þ

This brings us to the independent parameters for IDM
dark matter model in a fast expanding Universe that is
going to affect the DM relic abundance:

fmH0 ;ΔM; λL; n; TRg: ð25Þ

Note that the presence of last two parameters is due to
consideration of fast expansion.
Apart from the requirement of obtaining the Planck

observed relic abundance (ΩDMh2 ¼ 0.120� 0.001 at
90% C.L. [78]), there are two other sources that impose
severe bounds on the IDM desert region. The spin-inde-
pendent direct search puts a stringent bound on the IDM
parameter space by constraining the DM-nucleon direct
detection cross section. At the tree level, the DM-nucleon
scattering cross section mediated by the SM-like Higgs
boson reads [79]

σSI
n−H0 ¼ λ2Lf

2
N

π

μ2m2
n

m4
hm

2
H0

; ð26Þ

where fN ¼ 0.2837 represents the form factor of nucleon,
mn ¼ 0.939 GeV denotes the nucleon mass, and μ ¼
mnmH0=ðmn þmH0Þ is the DM-nucleon reduced mass.
The spin-independent direct search exclusion limit puts
bounds on the model parameters, especially on the cou-
pling λL and DM mass mH0 via Eq. (26), which in turn
restricts the relic density allowed parameter space to remain

viable within the direct search limit. In our work, we shall
consider the recent XENON1T bound [80] to restrict the
parameter space wherever applicable.
The second most rigorous bound arises from the indirect

search experiments that look for astrophysical sources of
SM particles produced through DM annihilations or via
DM decays. Among these final states, the neutral and stable
particles, e.g., photon and neutrinos, can reach indirect
detection detectors without getting affected much by
intermediate regions. If the emitted photons lie in the
gamma-ray regime, that can be measured at space-based
telescopes like the Fermi-LAT [81] or ground-based tele-
scopes like MAGIC [82]. Now, it turns out that for a single-
component IDM candidate, the indirect search severely
restricts the thermal average cross section of H0H0 →
WþW− annihilation process. Since the bounds on other
annihilation processes of IDM DM candidates are com-
paratively milder, we shall mostly focus into the bound on
WþW− final states for constraining the parameter space.
Equipped with these, we now move on to investigate the
fate of the IDM desert under the influence of fast
expansion.

2. IDM dark matter yield in fast expanding background

As stated earlier, we work in the standard freeze-out
regime where we solve Eq. (20) with the assumption that
the DM was in thermal equilibrium in the early Universe.
To illustrate the effect of modified BEQ on the DM
abundance, we deliberately consider a few benchmark
values such that they provide underabundance in case of
standard Universe (RD), thus falling into the desert region.
Before delving into the parameter scan, we would first like
to demonstrate the effect of fast expansion, i.e., the
parameters fn; TRg on the DM yield. To do that, we fix
the coupling λL ¼ 0.01 and choose several values of
fmH0 ;ΔM; n; TRg and obtain resulting DM yield by
solving Eq. (22) numerically as stated earlier. As we shall
see later, such a choice of λL keeps the DM safe from spin-
independent (SI) direct search exclusion limits. We have
used the publicly available code micrOMEGAS [83] for
obtaining the annihilation cross section hσvi and fed them
to the modified BEQ in Eq. (22) to extract the DM yield:

(i) For the benchmark values mH0 ¼ 300 GeV and
ΔM ¼ 1 GeV, we fix TR ¼ 3 GeV. In the left panel
of Fig. 1, we show the evolution of DM abundance
as a function of x ¼ mH0=T. The solid red colored
curve is the case of the standard RD Universe
(n ¼ 0) that clearly shows the DM relic is under-
abundant for the chosen benchmark. As we increase
the value of n from zero, the final relic abundance
gets enhanced obeying Eq. (24), and for n ¼ 2, the
relic abundance is satisfied. This typical behavior
surfaces because of the presence of fast expanding
component η during the DM freeze-out. Since the
Hubble is larger than that in the RD Universe, the

3This feature has been referred to as “relentless” DM in
Ref. [27].
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DM freezes out earlier and causes an overproduction
of relic that can be tamed down by suitable choice of
the free parameters fn; TRg. It is needless to mention
that n → 0 for a fixed TR simply reproduces the RD
scenario with the unmodified Hubble rate.

(ii) Next, in the right panel of Fig. 1, we fix n ¼ 4 for the
same DM mass of mH0 ¼ 300 GeV and choose
different values of TR. As one can see from the left
panel of Fig. 1, n ¼ 4 corresponds to DM over-
abundance for TR ¼ 3 GeV (shown by the green
dashed curve). To obtain the right abundance for
n ¼ 4, one then has to go to a larger TR obeying
Eq. (24) to tame down the Hubble rate. This is
exactly what we see here. The correct DM abun-
dance is achieved for TR ¼ 5 GeV with n ¼ 4.
Increasing TR further shall make the DM under-
abundance as TR → ∞ for a fixed n correspond to
the standard RD scenario.

We thus see the general trend here that when we invoke
fast expansion through the Hubble parameter then for
certain choices of fn; TRg it is indeed possible to revive
the region of the DM parameter space that is otherwise
underabundant (shown by the red curve in each plot). Our
next task is to see the relic density allowed parameter space
that survives once direct and indirect search bounds are
imposed.
Before we proceed, it is necessary to check whether the

DM everthermalizes in the fast expanding Universe
at some early time validating the BEQ [Eq. (22)] that
we are using to find its yield. Thermalization can be
accomplished by satisfying the condition Γint > HðTÞ at
some high temperature above the weak scale [approxi-
mately Oð1Þ TeV] Considering the temperatures larger
than the DM mass, the scattering rate of the DM can be
approximated as [27]

Γint ¼ nDMhσvi ≃
ζð3ÞT3

2π2
g42
32π

T2

ðT2 þM2
medÞ2

; ð27Þ

where g2 is the SUð2ÞL gauge coupling and Mmed is the
mediator mass.4 For the inert doublet model, in principle,
λL (one of the scalar couplings) should also enter into
Eq. (27) Now, since λL ≪ g2 (motivated from satisfying the
direct search bound) always holds in our analysis, we have
found that the DM pair annihilation is always dominated by
the gauge boson final state, which is proportional to the
coupling strength g42 [43,63]. In Fig. 2, we compare the
modified Hubble rate with the DM interaction rate as a
function of temperature T, considering TR ¼ 1 GeV for
different values of n. In the left panel of Fig. 2, we consider
the approximate analytical relation in Eq. (27), while for the
right panel, we calculate the DM interaction rate numeri-
cally by evaluating the annihilation cross section using
micrOMEGAS [84] for a DM of mass mH0 ¼ 350 GeV. We
notice the approximate expression closely follows the
numerically obtained result, implying the annihilation rate
of DM is largely independent of its mass. From these plots,
we see, for n ¼ 6, thermalization is achieved at temperature
T ≳ 2.5 TeV for TR ¼ 1 GeV. For TR> 1 GeV, the DM
thermalizes much earlier (at a larger temperature) as the
modified Hubble rate decreases following Eq. (7) and it
could allow higher n > 6 values. The same conclusion can
be drawn for the case of inert triplet DM where the
dominant annihilation channel is again due to gauge boson
final states, and hence determined by the SUð2ÞL gauge
coupling. In case where the DM interaction rate is always
below the Hubble rate, the thermal production of the DM is
not possible, and we need to opt for the nonthermal case
with modified Boltzmann equations. Taking thermalization

FIG. 1. (a): Evolution of DM relic abundance as function of x ¼ mH0=T for RD Universe (red) and in the presence of fast expansion
for different values of nð> 0Þ. The analysis is for a fixed TR ¼ 3 GeV, ΔM ¼ 1 GeV and mH0 ¼ 300 GeV with different choices of
n ¼ f2; 4; 6g shown in blue, green, and brown, respectively. (b): The DM relic density as a function of x is plotted for a fixed n ¼ 4 for
different choices of TR ¼ f3; 4; 5g GeV shown via the blue, green, and brown curves, respectively. In both the plots, the red solid curve
corresponds to usual RD Universe with n ¼ 0, and the thick dashed straight line indicates the central value of the observed DM relic
abundance.

4For point interaction, we can consider Mmed → 0.
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of the DM in the early Universe into account, we confine
ourselves within the range 2 ≤ n ≤ 6 with TR≳1 GeV,
unless otherwise mentioned explicitly.5 We find, within the
said range of n, TR, that both inert doublet and inert triplet
DM achieves thermal equilibrium for the mass ranges
mDM ≲ 525 GeV and mDM ≲ 1.9 TeV, respectively, at a
temperature above the weak scale.

3. Allowed parameter space for IDM dark matter
in a fast expanding Universe

To find out how much of the relic density allowed
parameter space is left in a fast expanding framework after
satisfying (in)direct detection bounds, we would like to
perform a scan over the relevant parameter space. To do
that, first we fix λL ¼ 0.01 as before. In that case, the
remaining parameters relevant for DM phenomenology are
fmH0 ;ΔM; n; TRg. In Fig. 3, we show the relic satisfied
points in the ΔM −mH0 plane by varying n considering
TR ¼ f3; 4; 5g GeV. The cyan coloured region in Fig. 3
violates the indirect-detection bounds from the Fermi-LAT
WW nal state, and hence disfavored. For a constant ΔM
and TR, notice that a larger value of n requires smaller DM
mass to satisfy the relic bound. This particular nature
appears since larger n leads to enhanced expansion rate of
the Universe, and hence the DM annihilation rate should be
sufficient enough to avoid early freeze-out and sub-
sequently overabundance. Thus, a smaller value of mH0

is preferred to be within the relic limit since the annihilation
rate of the DM goes roughly as hσvi ∝ 1=m2

H0 . However,
such a requirement of the enhanced annihilation cross
section due to larger n may get disfavored by the indirect
search bound as one can see in the leftmost panel of Fig. 3.
This can be evaded if we increase the TR as well, since then

it reduces the Hubble rate against larger n following Eq. (7).
Such a pattern can be observed in the other two figures for
TR ¼ f4; 5g GeV. The bound arising from spin-indepen-
dent direct-detection cross section for λL ¼ 0.01 is weak
and does not appear in Fig. 3.
For clear insight on the detection prospect of the DM at

indirect-detection experiments, in Fig. 4, we estimate the
numerical values of hσvi forWþW− final states of the relic
satisfied points as shown earlier in Fig. 3. The latest
exclusion bound from Fermi experiment due to nonobser-
vation of the DM signal is shown via the solid black line. In
accordance with the earlier trend, it can be seen that
increasing TR reduces the hσvi for a particular n. Hence,
improved sensitivity of the Fermi experiment has the ability
to probe or rule out the cases particularly with low TR
values. So far, we have worked with λL ¼ 0.01. We would
now like to see the consequence of a relatively larger λL ¼
0.05 on the DM phenomenology. As is evident from
Eq. (26), the direct detection cross section becomes
important for a larger λL. In Fig. 5, we present the relic
satisfied points in the bidimensional plane of MH0 − ΔM
for different sets of fn; TRg values. As expected, we find
that for λL ¼ 0.05 the spin-independent direct detection
constraints become dominant over the indirect-detection
ones in the mass region mH0 ≲ 480 GeV. The character-
istics of the relic satised contours are the same as those
portrayed for the case with λL ¼ 0.01 corresponds lower
value of TR with other parameters are fixed. As we see, for
larger TR and smaller n, the relic satisfied points with
0.01≲ ΔM ≲ 10 GeV are unconstrained from both direct
and indirect detection. More precisely, ΔM < 3 GeV is
ruled out for TR¼ 3 GeV and n ¼ 4, but on increasing TR
to 8 GeV, the bound on ΔM is significantly relaxed for DM
mass in the same range with the same choices of n.
So far, we have worked with some discrete values of

fn; TRg with TR ≳ 1 GeV and 2 ≤ n ≤ 6. The explicit
dependence of the DM relic on the fast expansion

FIG. 2. The modified Hubble rates (dashed lines) are plotted as function of temperature for different values of n. The red solid line
indicates the DM interaction rate Γint (see the text for details) as a function of temperature T of the Universe. The figure in the left panel is
obtained using Eq. (27), while for right panel, we obtain the thermally averaged cross-section numerically to determine the DM
interaction cross section.

5Lowering TR ð<1 GeVÞ disallows higher n values from the
requirement of thermalization above the weak scale.
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parameters n, TR are shown in Fig. 6 for a fixed DM mass
of 480 GeV considering two different values of λL ∼ 0.01
and 0.05. Following the previous scans, here we see a
similar trend for λL ¼ f0.01; 0.05g in the left and right
panels, respectively. With the increase in ΔM, we see a
smaller TR is required to satisfy the observed relic
abundance. This can be understood from the fact that a

largerΔM leads to underabundance (since DM annihilation
dominates over the coannihilation in the given range of
ΔM) and hence a smaller TR is required to trigger a faster
expansion following Eq. (7) to satisfy the DM abundance.
For the same reason, larger ΔM requires larger n’s for a
fixed TR to produce right relic. Recall that a smaller value
of TR for a fixed n (and vice versa) violating the limit in

FIG. 3. Relic satisfied points (red, blue, and orange) are shown in mH0 − ΔM plane as a function of n values considering
(a) TR ¼ 3 GeV, (b) TR ¼ 4 GeV, (c) TR ¼ 5 GeV, and a uniform λL ¼ 0.01 value. The cyan region is forbidden from the indirect
search bound to the WW final state.

FIG. 4. Numerical estimate of DM annihilation cross section toWþW− final states for the relic satisfied points with different n values
as shown in Fig. 3 considering (a) TR ¼ 3 GeV, (b) TR ¼ 4 GeV, (c) TR ¼ 5 GeV, and a uniform λL ¼ 0.01 value. The black solid line
represents the latest bound of nonobservation of the DM at the Fermi experiment.
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Eq. (8) is disfavored from the BBN bound. This
BBN-excluded region is shown in either of the plots in
green. Larger ΔMð≳20Þ GeV regions, as they require
smaller TR to satisfy the relic abundance, get discarded
from the BBN bound. The brown region indicates the
disallowed space by an indirect search constraint, which is
also present in Figs. 3 and 5 (shown in cyan), while the
orange region is disfavored by the violation of DM
thermalization condition before the weak scale following
Eqs. (7) and (27).

In principle, a lower bound on ΔM should also be
present in Fig. 6 arising from the condition the heavier mass
eigenstates should decay completely before the BBN.
However, we find that the obtained bound already lies
below our working range of ΔM as specified earlier and
hence does not appear in Fig. 6. We also see that, for fixed
ΔM and mH0 , larger λL prefers low TR (for a fixed n) or
larger n (for a fixed TR). This is typically attributed to the
DM annihilation cross section that has a quadratic depend-
ence on λL. The requirement of thermalization of the DM

FIG. 5. Relic satisfied points (red, blue, and orange) are shown in the mH0 − ΔM plane as function of n values considering
(a) TR ¼ 3 GeV, (b) TR ¼ 5 GeV, (c) TR ¼ 8 GeV, and a uniform λL ¼ 0.05 value. The indirect search bound for theWþW− final state
forbids the cyan region, while the gray shaded region shows the direct search exclusion limit from XENON1T.

FIG. 6. Relic satisfied points are shown in the n − TR plane for a fixed DM mass of 480 GeV and different choices of ΔM for
(a) λL ¼ 0.01 and (b) λL ¼ 0.05. In both the plots, the green region is forbidden from the BBN bound on TR following Eq. (8), while the
orange and the brown regions are disallowed by the nonthermalization of DM above the weak scale [following Eq. (27)] and indirect
search constraints, respectively. Any point in the n − TR plane is also subject to an additional constraint arising from the perturbative
unitarity bound (discussed later) which is relatively weaker.
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above the weak scale disallows larger values of n for
smaller TR as shown by the orange region. A smaller TR
results in a faster expansion, causing the DM to fall out of
thermal equilibrium in early times. This can be prohibited
by tuning n to smaller values such that the DM thermalizes
at temperatures above the weak scale. Thus, larger n values
are discarded for smaller TR. This bound remains the same
for λL ¼ 0.05 (shown in the right panel), since the DM
annihilation is dominantly controlled by the gauge coupling
g2 as discussed earlier in detail. With these outcomes, it is
understandable that the fast expansion parameters are well
restricted by all the combined constraints irrespective of the
value of λL. Finally, it is crucial to note that the indirect
search constraint disfavors DM mass less than or approx-
imately equal to 350 GeV, immaterial of the choice of λL,
eliminating the possibility of resurrecting the low DMmass
region satisfying all relevant constraints.6 This, together
with the direct detection bound (important for larger λL),
typically rules out the allowed parameter space for a DM
mass of 200 GeV that was overlooked in earlier work [35].
This can further be verified from Fig. 7 where in the left
panel we present the allowed points from relic density
considering standard cosmology in the mH0 − λL plane. It
clearly shows the presence of a void (underabundant) in the
range 80 GeV≲mH0 ≲ 525 GeV. In the right panel, con-
sidering a fast expanding Universe, we perform a random
scan for different ranges of the relevant parameters and sort
out the points satisfying observed relic abundance, indirect
search, and direct search due to XENON1T exclusion. We
find viable parameter space in the said mass range under
nonstandard scenario satisfying all relevant bounds. Also,
nonexistence of any allowed points for mH0 ≲ 350 GeV

confirms our earlier observations.7 From the right panel,
one can notice, for a given DM mass, it is possible to
choose λL as small as 0.001. For such a small λLð≲0.01Þ,
the direct search cross section [Eq. (26)] becomes safe from
the XENON1T exclusion limit, and an indirect search
provides the most stringent bound on DMmass (see Fig. 3).
In contrast, for a larger λL ≳ 0.05, a direct search constraint
becomes important (see Fig. 5). The DM annihilation cross
section (or, equivalently, the relic abundance), however, is
controlled dominantly by the SUð2ÞL gauge coupling,
while λL plays a subdominant role. Therefore, in the
present setup, it is possible to work with further lower
λLð≲0.001Þ satisfying all pertinent bounds, without alter-
ing the allowed range of DM mass.

4. Collider probe of the IDM desert region

As we have already seen, for the mass region of our
interest, satisfying relic abundance and exclusion limits
from (in)direct searches, the mass splitting ΔM can be at
best a few GeV for any n ≥ 0. Such small ΔM regions are
indeed challenging to probe at the colliders. This extremely
compressed scenario can be probed with identifying the
charged track signal of a long-lived charged scalar, which is
H� in this case [66,85]. For ΔM ≈ 200 MeV, the charged
scalar has the dominant decay mode: H� → π�H0.
Following Ref. [66], one can analytically obtain the
H� → π�H0 decay width in the ΔM=mH� ≪ 1 limit as

ΓH�→π�H0 ¼ g42f
2
π

64π

ΔM3

m4
W

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

m2
π�

ΔM2

s
; ð28Þ

FIG. 7. Left: the IDM parameter space in mH0 − λL plane validated with Planck observed relic density bound considering standard
cosmology. The presence of the desert (relic underabundant) region for 80 GeV ≲mH0 ≲ 525 GeV can clearly be seen. Right: same as
left but in a nonstandard cosmological background where the desert region has been revived, satisfying all constraints: relic density,
direct detection due to XENON1T, and indirect search. The values of the relevant parameters are mentioned in the plot legends.

6This implies the desert region for IDM, taking into account
the indirect search bound, typically lies in the range 350≲mH0 ≲
525 GeV for small λL.

7This lower bound takes into account the thermalization
condition.
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where g2 is the SUð2ÞL gauge coupling strength,
the charged pion mass mπ� ¼ 139.57 MeV, and fπ ≈
130 MeV is the pion decay constant. Note that the decay
width and hence the lifetime τH�→π�H0 ≡ 1

ΓH�→π�H0
of the

charged scalar are inversely proportional to the mass
splitting. Therefore, a large mass splitting shall produce
a charged track of smaller length and vice versa. Depending
on ΔM, two scenarios can arise:

(i) For ΔM ∈ f140–200g MeV, H� shall give rise to
disappearing charged track of length L ¼
cτ ≃Oð100–10Þ cm with branching ratio (of
H� → π�H0) close to 100%. For ΔM >
200 MeV, the branching ratio gets reduced as
new decay modes start to appear.

(ii) For ΔM < mπ, the decay is defined via the three-
body process H� → W⋆H0 → lνlH0, which is
proportional to ΔM5=m4

W . The decay width of such
a process turns out to be less than or approximately
equal to 10−18 GeV, resulting in a decay length of
cτ ≳OðmÞ, implying H� remains stable at collider
scales and decay outside the detector, giving rise to a
stable charged track.

We have used CalcHEP [86] to compute the decay width
(total and partial) numerically taking care of both the two-
body and three-body decay of H�.
A disappearing track results from the decay products of a

charged particle which go undetected because they either
have too small momentum to be reconstructed or have
interaction strength such that they do not produce hits in the
tracker and do not deposit significant energy in the calo-
rimeters. Searches for disappearing track signatures have
been performed both by CMS [48,87] and ATLAS [88] in
the context of supersymmetry for a center-of-mass energy offfiffiffi
s

p ¼ 13 TeV, setting upper limits on the chargino mass
and production cross section. To recast the exact limits from
CMS and ATLAS, one has to perform a careful re- con-
struction and selection of events by employing suitable cuts
taking into account the generator-level eciency along with
the background estimation. This is beyond the scope of this
paper.8 Alternatively, here, we make an estimate of the
lifetime ofH� with the allowed values ofΔM andMH0 and
project the available limits fromCMS [87] to realize if it is at
all feasible to see the charged tracks in colliders. This, in
turn, could imply a collider probe for an alternative
cosmological history of the Universe.
As stated earlier, for ΔM ∈ f140–200g MeV, H�

decays dominantly into the π�; H0 final state, while for
ΔM < mπ , the decay turns out to be the semileptonic three-
body final state. In the top left panel of Fig. 8, we see a
manifestation of this, where the branching BrðH� →
π�; H0Þ into the pion final state decreases with the increase
in ΔM as the three-body decay starts dominating. Note

that, in this case, the DM mass also varies in the
range mH0 ∈ f450–463g GeV. Following Eq. (28), we
also expect, for large ΔM, the lifetime τH�→π�H0 should
decrease, producing a shorter disappearing track. This is
exactly what we see in the top right panel of Fig. 8. Thus, a
larger BrðH� → π�; H0Þ implies a longer lifetime
τH�→π�H0 (and a smaller ΔM) or equivalently a longer
track length. This, in turn, places constraints on the model
parameter, which we are going to discuss next. One should
also note the presence of points satisfying relic abundance
for n ¼ 2 with different choices of TR on the same plane,
indicating the possibility of testing benchmark points
obtained from the analysis in the last sections in collider
experiments.
In the bottom left panel of Fig. 8, we project the

experimental limit [48,87] from CMS on the decay lifetime
of H� obtained using our model parameters. The red line
corresponds to the CMS limit where the decaying charged
particle has 100% decay branching fraction into pion final
state, whereas for the blue line, the pion decay branching
fraction is 95.5%. The black thick curve shows the total
lifetime of H� as a function of mH� obtained numerically
for a fixed DM mass of 450 GeV. We again show three
benchmark points where observed relic density can be
obtained for n ¼ 2 with different TR. We note, based on the
approximate analysis, that ΔM≲ 200 MeV is tightly con-
strained from CMS and likely to be ruled out, which also
agrees with earlier observations [66]. However, large
ΔMð> 200 MeVÞ regions with shorter lifetime (for exam-
ple, the point denoted by X in the bottom left panel of
Fig. 8) still can be seen lying beyond the reach of present
CMS bound. It is understandable that, by tuning n; TR, it is
always possible to accommodate points for ΔM >
200 MeV which satisfy relic density that are safe from
CMS exclusion. We can thus infer, for any given ðn; TRÞ,
the region of parameter space satisfying DM constraints
with lifetime less than or approximately equal to 0.1 ns
(equivalent to a track length of less than or approximately
equal to 1 cm) is beyond the present sensitivity of the CMS
experiment, and thus safe. Finally, in the bottom right
panel, we show the production cross section for the
processes pp → HþH−; H�H0ðA0Þ at

ffiffiffi
s

p ¼ 13 TeV. A
detailed analysis utilizing the numerically obtained pro-
duction cross section can constrain mH� and therefore the
DM mass, by providing the number of disappearing track
events for a given luminosity. However, here, we only show
that our model parameters can give rise to a sizeable
production cross section in colliders abiding all DM
constraints. For computing the production cross section,
we have again relied upon CalcHEP [86] and used CTEQ6l as
the representative parton distribution function [90]. We see,
for DM mass greater than or approximately equal to
400 GeV, the production cross section is approximately
2 fb. For all the plots, to show the corresponding DM
parameter space, we have chosen λL ¼ 0.01 such that the8A recent analysis can be found in Ref. [89].
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DM is safe from direct and indirect search constraints. We
conclude this section by observing that a charged track of
length less than or approximately equal to Oð1Þ could
indeed be a probe for a nonstandard cosmological param-
eters for the IDM providing evidence for fast expanding
pre-BBN era at the LHC.

B. ITDM in a fast expanding Universe

As mentioned in the beginning, in order to recover the
desert region beyond the IDM paradigm, we also apply

the prescription of the modified Hubble rate due to
fast expansion to scalar DM with larger representation
under SUð2ÞL. Here, we describe the general structure of
a SUð2ÞL triplet dark matter model. In this setup,
the SM is extended by introducing a SUð2ÞL triplet scalar
with hypercharge Y ¼ 0. An additional Z2 symmetry is
also imposed under which the triplet transforms non-
trivially. It is also considered that the triplet has zero
VEV. The scalar potential under SM × Z2 symmetry then
reads [50]

FIG. 8. Top left: variation of decay branching ratio for H� in the bidimensional plane of mH� − ΔM where the relic density satisfied
benchmark points are denoted by X, ⋆, andþ for n ¼ 2 and different choices of TR in GeV. Top right: same as top left, but the variation
is shown against the lifetime τ (in nanoseconds) ofH� decay. Bottom left: total decay lifetime ofH� as a function ofmH� where the relic
satisfied points are marked by X, ⋆, and þ for n ¼ 2 and different choices of TR (in GeV). On the same plane, we also show exclusion
limits from CMS at

ffiffiffi
s

p ¼ 13 TeV corresponding to the 100% (in red) and 95.5% (in blue) branching fraction (see the text for details).
Bottom right: variation of production cross section for pp → HþH−; H�H0ðA0Þ at ffiffiffi

s
p ¼ 13 TeV in the ΔM −mH0 plane where the

color bar represents the production cross section in units of fb. On the same plane, we show the dark matter relic density satisfied points
for n ¼ 2, 4, 6 as indicated respectively by red, blue, and orange, considering TR¼ 5 GeV.
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VðH; TÞ ⊃ μ2HjHj2 þ λHjHj4 þ μ2T
2
Tr½T2�

þ λT
4!

ðTr½T2�Þ2 þ λHT

2
jHj2Tr½T2�; ð29Þ

where H is the SM-like Higgs doublet and the triplet T is
parametrized as

T ¼
�
T0=

ffiffiffi
2

p
−Tþ

−T− −T0=
ffiffiffi
2

p
�
: ð30Þ

Now, after electroweak symmetry breaking, the masses
of the physical scalar triplets are given by

m2
T0;T� ¼ μ2T þ λHT

2
v2; ð31Þ

with v ¼ 246 GeV. Notice that, although the mass of
neutral and charged triplet scalar are degenerate
[Eq. (31)], a small mass difference δm ≃ 166 MeV can
be generated via one-loop radiative correction [91] that
makes T0 as the lighter component and hence a stable DM
candidate. This is the crucial difference between IDM and
scalar triplet DMwhere in IDM the mass difference is a free
parameter while for scalar triplet this is fixed from
one-loop correction. The conditions bounded from below
for the scalar potential in all field directions in Eq. (30)
require

λH;T ≥ 0;
ffiffiffiffiffiffiffiffiffiffi
λHλT

p
>

1

2
jλHT j: ð32Þ

Apart from the theoretical constraints arising from the
stability, perturbativity, and tree-level unitarity of the scalar
potential, one needs to also consider the experimental
constraints on the parameters of the scalar potential. As
the charged and neutral components of the triplet scalar are
almost degenerate, the contributions to the T and U
parameters are very much suppressed in this scenario.
However, the charged component T� can contribute
significantly to the Higgs diphoton signal strength, which
is accurately measured μγγ ¼ 0.99� 0.14 from ATLAS
[92] and μγγ ¼ 1.17� 0.10 from CMS. It has recently been
shown [93,94] that searches for disappearing tracks at the
LHC excludes a real triplet scalar lighter than 287 GeV
using 36 fb−1 of data at

ffiffiffi
s

p ¼ 13 TeV.
We again numerically solve the BEQ in Eq. (22) with the

modified Hubble rate in Eq. (7) and determine the sub-
sequent DM relic density for different choices of the fast
expansion parameters n; TR. In the top and middle panels,
of Fig. 9, we show the variation of the DM relic abundance
as a function of the ITDM mass. Here, we have kept the
portal coupling fixed and obtained the resulting direct and
indirect search exclusion regions for λHT ¼ 0.01. The
parameter space excluded by the XENON1T limit is shown

by the brown region where the direct search cross section is
given by [42]

σSI
n−T0 ¼ λ2HTf

2
N

4π

μ2m2
n

m4
hm

2
T0

; ð33Þ

while the indirect search exclusion due to the WþW− final
state is shown by the cyan region. Since the mass splitting
δm is no longer a free parameter and fixed to a small value of
δm ≃ 166 MeV, coannihilation plays the dominating role
here. As a result, the right relic is obtained in the case of
ITDM for a very large DMmassmT0∼1.8 TeV as shown by
the red curve (n ¼ 0) in each plot. Once fast expansion is
introduced, there is drastic improvement in the parameter
space.As one can see, forTR¼ 1 GeV, the right relic density
is achievable for mT0∼800 GeV with n ¼ 2 (blue curve),
while for TR ¼ 2 GeV, the relic satisfied mass is around
900 GeV with n ¼ 2. As inferred earlier, this happens
because for smaller TR the expansion rate increases follow-
ing Eq. (7). This is being compensated by a smaller choice of
the DM mass to satisfy the observed abundance since
hσvi ∝ 1=m2

T0 . Enhancement of n could provide further
smaller relic satisfied DM mass consistent with direct,
indirect, and LHC searches. Varying λHT would give similar
results since the effective annihilation cross section ismostly
dominated by gauged-mediated coannihilation, hence
almost insensitive to λHT unless it is very large (greater
than or approximately equal to 0.1,) which is anyway
disfavored from direct and indirect search bounds. In the
bottompanel of Fig. 9,wevary theDMmassmT0 by keeping
λHT ¼ 0.01 and obtain the resulting relic abundance allowed
parameter space in the TR −mT0 plane for different choices
of n. Here, we again see the manifestation of faster
expansion elaborated above; i.e., for a fixed DM mass, a
smaller n (in red) needs a smaller TR in order to obtain the
observed relic density. Note that in all cases, we have
considered TR≥ 1 GeV to ensure that ITDM remains in
thermal equilibrium at high temperature. Limits from direct,
indirect, and LHC searches are also projected with the same
color code as before. Taking all relevant constraints into
account, we see from bottom panel of Fig. 9 that the region
mT0 ≳ 450 GeV can be recovered considering 2 ≤ n ≤ 6
and TR ≳ 1 GeV.We find it is also possible to resurrect part
of the parameter space below 450 GeV for TR< 1 GeV
ensuring the DM thermalizes in the early Universe depend-
ing on the choice of n. This is, however, in contrast to the
case of IDM dark matter, where the lower bound on the
allowed DM mass (greater than or approximately equal to
350 GeV), satisfying thermalization criteria, is almost
independent of the fast expanding parameters.
The discovery prospects for a real triplet extension

of the SM at the colliders are discussed in Refs. [93,94].
As inferred in Ref. [93], the 13 TeV LHC excludes
a real triplet lighter than f287; 608; 761g GeV for
L ¼ f36; 300; 3000g fb−1 of luminosity. The present case
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where the neutral triplet scalar is stable and contributes to
the DM Universe (ITDM) can be probed at the colliders via
disappearing track signature through the decay of the long-
lived charged component: T� → π�T0 due to small mass
splitting δm. The situation very similar to that in the case of
IDM dark matter discussed in Sec. III A 4; hence, we do not
further repeat it here.
The requirement of perturbative unitarity of the DM

annihilation cross section can forbid some part of the relic
density allowed parameter space depending on the choice
of fn; TRg [27], thus providing a bound on the DMmass. A
general prescription for obtaining the upper bound on
thermal dark matter mass using such partial wave unitarity
analysis has been worked out in Ref. [95]. The upper limit
on the thermally averaged DM interaction cross section is
provided by [95]

hσvimax ≲ 4π

m2
DM

ffiffiffiffiffi
xf
π

r
: ð34Þ

By using the approximate analytical estimate of DM
yield in Eq. (23) (following the approach in Ref. [77]), the

freeze-out temperature xf can be approximately determined
by using the semianalytical expression for DM yield by
equating DM abundances before and after freeze-out [see
Eq. (A2)],

exfx1=2f ≃
cðcþ 2Þ
cþ 1

×
0.192Mpl

g1=2�

hσvimDM

ðxrx Þn=2
; ð35Þ

with c ∼Oð1Þ constant. We calculate the annihilation cross
section that gives rise to the right relic abundance numeri-
cally and compare that with the maximum cross section
allowed by the partial wave unitarity. This eliminates a part
of the parameter space for a fixed DM interaction rate, as
shown by the purple region in Fig. 10. It turns out that for
both IDM [43] and ITDM [96] the leading contribution to
the DM annihilation cross section is s-wave dominated. We
find that regions with large n ≥ 2 (and small TR) are
typically in tension with the unitarity bound at the higher
range of DM mass. This is expected, since for large n (or
small TR) the Hubble parameter is large, and hence the
interaction rate needs to be larger to avoid overabundance.
This is in conflict with the maximum allowed annihilation

FIG. 9. Top: variation of DM relic abundance with ITDMmass where the colorful curves correspond to different values of n for a fixed
TR as mentioned in the plot legends. Bottom: relic density allowed parameter space in the TR −mT0 plane for different choices of n ¼ 2,
4, 6 shown in, respectively, red, green, and blue. The brown and the cyan regions, respectively, show the DM mass region disallowed by
the direct search (XENON1T) and indirect search (WþW− final state) data. The red dashed straight line in each plot shows the limit from
LHC on triplet mass for 36 fb−1 of luminosity at

ffiffiffi
s

p ¼ 13 TeV. In all cases, we have set the portal coupling to a fixed value of
λHT ¼ 0.01.
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cross section, disfavoring large hσvi. Now, for the case of
IDM, we are specifically interested in the mass window
mW ≲mH0 ≲ 525 GeV, while for ITDM, mT0 ≲ 2 TeV.
On the other hand, as explained earlier, we choose n ≤ 6
(TR ≳ 1 GeV) to ensure that the DM thermalizes in the
early Universe above the weak scale. Thus, within our
working regime of n and TR, we find the partial wave
unitarity bound does not pose any serious constraint for the
DM mass range of our interest.

IV. CONCLUSION

In this work, considering a form of alternative cosmol-
ogy, we revisit two popular DM scenarios where the DM is
part of SUð2ÞL multiplets (other than singlet). We first take
up the minimal inert doublet model, in which it is observed
that an intermediate DM mass range 80 GeV≲mDM ≲
525 GeV is disfavored in a radiation-dominated Universe
due to relic underabundance via freeze-out. In an attempt to
circumvent this, extension of the minimal inert doublet
model or existence of multiple DM candidates has been
proposed earlier. Here, we follow a different route and find
that, without resorting to an extended particle spectrum,
revival of the desert region is possible in the presence of a
nonstandard epoch in the early Universe. We obtain the
parameter space accounting for the correct relic abundance
for single-component inert doublet DM by varying the
relevant parameters responsible for the fast expansion of
the Universe. Subsequently, we see that a major part of the
relic density allowed region gets ruled out from DM direct
and indirect search constraints and this in turn puts a
restriction on the fast expansion parameters. In particular,
we found that for λL ¼ 0.01 the DM mass below 350 GeV
is ruled out irrespective of the cosmological history of the
early Universe. The bound turns severe for larger λL, i.e.,
for a higher interaction rate. While for pure IDM bounds
from relic density and (in)direct search experiments do not

allow a large mass splitting, for the inert scalar triplet, on
the other hand, this happens naturally due to small radiative
mass splitting. We then discuss possible collider signature
for pure IDM under the influence of fast expansion and find
that the newly obtained parameter space can be probed via
the identification of the charged track signal of a long-lived
charged scalar. The resulting track length depends on the
mass splitting between the charged and neutral component
of the inert scalar doublet. The track length [less than or
approximately equal to Oð1Þ cm] for such a long-lived
scalar, however, is below the sensitivity from the present
CMS/ATLAS search and hence leaves open the possibility
of being probed in future experiments. This also implies the
prospect of probing the modified cosmological history of
the Universe in collider experiments.
We extend our analysis by applying the same method-

ology to scrutinize the case for hyperchargeless real triplet
scalar DM, anticipating such a modification in DM
parameter space should also be observed for larger
representation of the DM field. We show that a significant
parameter space (mT0 ≳ 450 GeV considering 2 ≤ n ≤ 6
and TR ≳ 1 GeV) satisfying the relic density and other
DM search bounds for mT0 ≲ 2 TeV and portal coupling
λHT ¼ 0.01 can indeed be restored for the scalar triplet
scenario, which is otherwise disallowed. We thus con-
clude that this prescription can be applied for any DM
candidate which is a part of a SUðNÞ multiplet or even for
different multicomponent DM frameworks. Implications
of our analysis on different aspects of particle physics and
cosmology such as electroweak phase transitions, pre-
diction of gravitational waves, neutrino physics, and
leptogenesis remain open. We keep these studies for
future endeavors.

ACKNOWLEDGMENTS

One of the authors, A. K. S. appreciates Sudipta Show
for several discussions during the course of work. A. K. S.
is supported by NPDF Grant No. PDF/2020/000797 from
Science and Engineering Research Board, Government of
India. P. G. would like to acknowledge the support from
DAE, India for the Regional Centre for Accelerator based
Particle Physics (RECAPP), Harish Chandra Research
Institute. F. S. Q. is supported by the Sao Paulo Research
Foundation (FAPESP) through Grant No. 2015/15897-1
and ICTP-SAIFR FAPESP Grant No. 2016/01343-7. F. S.
Q. acknowledges support from CNPq Grants No. 303817/
2018-6 and No. 421952/2018-0 and the Serrapilheira
Institute (Grant No. Serra-1912-31613).

APPENDIX A: SEMIANALYTICAL
FREEZE-OUT YIELD

To obtain a semianalytical expression for the DM yield
under the influence of fast expansion, we closely follow
Ref. [27]. Assuming the DM freezes out during the epoch

FIG. 10. Required order of cross sections to satisfy the
observed DM abundance for different choices of fn; TRg are
shown as a function of DM mass. The purple region is disfavored
by the perturbative unitarity bound on the DM pair annihilation
cross section (see the text for details).
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of η domination, i.e., xf ≪ xr, the BEQ in Eq. (22) can be
approximated as

dYDM

dx
≃ −A

hσvi
x2−n=2xn=2r

ðY2
DM − Yeq2

DMÞ ðA1Þ

with A ¼ 2
ffiffi
2

p
π

3
ffiffi
5

p ffiffiffiffiffi
g�

p
mDMMpl. Defining Δ≡ YDM − Yeq

DM

and ignoring terms proportional to O½Δ2� in times much
earlier than freeze-out (as departure from equilibrium is
minimal), while neglecting the equilibrium distribution in
the post-freeze-out regime, we obtain

YDMðxÞ ≃

8>><
>>:

Yeq
DMðxÞ þ x2−n=2xn=2r

2Ahσvi for 1 < x < xf�
1

YDMðxfÞ þ AξðxÞ
�

−1
for xf < x < xr;

ðA2Þ
where

ξðxÞ ¼ 1

xn=2r

Z
x

xf

dx
hσvi
x2−n=2

: ðA3Þ

Now, one can expand the thermally averaged cross
section in terms of the partial waves as hσvi ≃ σsþ
σp=xþOðx−2Þ. Considering s-wave domination and on
substitution in Eq. (A3), we find

ξðxÞ ¼ σs

xn=2r

8>><
>>:

xn=2−1f −xn=2−1

1−n=2 for n ≠ 2

Log
h
x
xf

i
for n ¼ 2:

ðA4Þ

After the end of fast expansion regime (x > xr), the
radiation dominates the energy density, and the resulting
DM yield reads

YDMðxÞ ≃
�

1

YDMðxfÞ
þ AξradðxÞ

�
−1
; x > xr; ðA5Þ

where

ξradðxÞ ¼
Z

x

xr

dx
hσvi
x2

: ðA6Þ

APPENDIX B: BBN CONSTRAINTS

The effect of the new species η can be parametrized by an
effective number of relativistic degrees of freedom (DOF)
as evident from Eq. (5),

ρðTÞ ¼ π2

30
g�effT4; ðB1Þ

with

g�eff ¼ gSM� þ Δgη�

¼
�
2þ 7

8
× 4

�
þ
�
2 ×

7

8
× Nν

�
þ
�
2 ×

7

8
× ΔNν

�
;

ðB2Þ

The first two terms in the last equation stand for the SM
contribution with the Nν indicating the number of effective
neutrinos. The notationΔNν accounts for the η contribution
to the number of relativistic degrees of freedom as obtained
from Eq. (5),

ΔNν ¼
4

7
g�ðTRÞ

�
g�sðTÞ
g�sðTRÞ

�ð4þnÞ=3� T
TR

�
n
: ðB3Þ

Considering TR around TBBN and T ∼ TBBN, we can
assume g�sðTÞ ∼ g�sðTRÞ. We also use g�ðTRÞ ¼
ð2þ 7

8
× 4þ 7

8
× 2 × 3Þ to include the contributions of

photon, positrons, and neutrinos and reach

ΔNν ≃ 6.14

�
T
TR

�
n
: ðB4Þ

Since the additional contribution to Nν is positive, we
use the bound Nν þ ΔNν ≲ 3.4 [97] at 95% C.L. (2σ) and
T ≃ 1 MeV to obtain

TR ≳ ð15.4Þ1=n MeV: ðB5Þ
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