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ABSTRACT: We explore relativistic freeze-in production of scalar dark matter in gauged
B — L model, where we focus on the production of dark matter from the decay and annihila-
tion of Standard Model (SM) and B — L Higgs bosons. We consider the Bose-Einstein (BE)
and Fermi-Dirac (FD) statistics, along with the thermal mass correction of the SM Higgs
boson in our analysis. We show that in addition to the SM Higgs boson, the annihilation
and decay of the B — L scalar can also contribute substantially to the dark matter relic
density. Potential effects of electroweak symmetry breaking (EWSB) and thermal mass
correction in BE framework enhance the dark matter relic substantially as it freezes-in
near EWSB temperature via scalar annihilation. However, such effects are not so promi-
nent when the dark matter freezes-in at a later epoch than EWSB, dominantly by decay
of scalars. The results of this analysis are rather generic, and applicable to other similar
scenarios.
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1 Introduction

The null-results from a number of dark matter direct detection experiments motivate to
explore alternate dark matter production mechanisms. One of the most well-motivated dark
matter production mechanisms is freeze-in [1] production of dark matter. In this framework,
the dark matter is feebly coupled with the Standard Model (SM) particles, in general
with particles in equilibrium and thereby referred as feebly interacting massive particle
(FIMP). Due to very suppressed interaction, the FIMP dark matter never attains thermal
equilibrium with particles with which they are feebly coupled. The suppressed interaction
further gives natural explanation for the non-observation of any direct detection signal. The
dark matter in freeze-in scenario is produced from the decay and/or annihilation of SM
and beyond Standard Model (BSM) particles which are either in equilibrium [2-9] or also



freezing-in along side the dark matter [10]. We explore freeze-in production of dark matter
in extended gauged B — L model, where we address few of the subtlety of the production.

The gauged B — L model [11-13] is one of the most appealing, yet minimal theory de-
scriptions, that explain small SM neutrino masses. The model includes three right handed
neutrinos (RH neutrinos) required for anomaly cancellation, one B — L gauge boson, and
a complex scalar field. The scalar field acquires vacuum expectation value, and breaks the
B — L gauge symmetry. The B — L gauge boson, as well as, the heavy neutrinos acquire
their masses due to B — L symmetry breaking. The light neutrinos, on the other hand,
acquire their masses via seesaw [14, 15|, with their masses inversely proportional to the
B — L symmetry breaking scale. A scalar particle with B — L charge can be accommodated
in this model which serves as the dark matter candidate by suitable choice of B — L charge.
The freeze-out scenario for this model has been explored in [16-21], along with other phe-
nomenological implications. The late decay of RH neutrinos are explored in scalar dark
matter freeze-out scenario [22, 23]. In this context the fermionic dark matter has also been
explored [24-30]. The freeze-in scenario along with neutrino mass and leptogenesis has
been studied for this model in [9]. The freeze-out scenario via semi-annihilation has been
explored in [21].

One of the most crucial parameter, the B — L charge of the scalar dark matter, i.e., gpm
is not guided by the model, rather is a free parameter. The non-observation of any direct
detection signal motivates to choose a very small value of the charge gpy. Furthermore, a
choice of very small gpy suppresses interactions with other particles in equilibrium, leaving
out the freeze-out framework completely. In this context some studies have been pursued [9,
27, 29, 30], where B — L gauge boson still contributes in the freeze-in production of the dark
matter. The fermion plus scalar dark matter freeze-in scenarios are also explored [31-33].

In this article we explore the regime, where the B — L gauge boson contribution is
negligible in dark matter relic density, and the freeze-in dynamics is governed by annihi-
lation and decays of SM and B — L scalars. To evaluate the relic density, we adopt the
relativistic framework [34-36], where we use Bose-Einstien (BE), and Fermi-Dirac (FD)
statistics. The effect of thermal mass correction of SM Higgs boson along with electroweak
symmetry breaking (EWSB) on dark matter phenomenology has been explored in [37, 38]
for singlet scalar extension. We explore such effects of EWSB, thermal mass correction,
and quantum statistics for scalar extended gauged B — L model. A number of SM and
BSM decay and annihilation modes become open at different epoch of the early Universe,
which we carefully include in our numerical computation. Similar to [35], which found large
enhancement in fusion process, we find significant enhancement in 2 — 2 annihilation, and
1 — 2 decay processes during EWSB, once thermal mass correction of SM Higgs boson
has been taken into account. Though our study is confined to gauge B — L framework,
the results of this analysis are more generic for mainly two reasons: i) the freeze-in here is
dominant by the scalar, and not so by the B — L gauge boson, ii) the relativistic effects
at EWSB that we observe are applicable to more generic scenario. The gauged B — L
model has also been explored for collider phenomenologies. In the B — L scenario, the RH
neutrinos are charged under B — L gauge group and thus they can be produced at the
colliders via Zpy, unlike the Type I seesaw case [22, 39-42].



Depending on the primary production mechanisms, we classify a few different scenarios
Scenario-1-5. In Scenario-1, 2 the freeze-in of dark matter production is controlled by the
annihilation of the SM and B — L Higgs boson. For Scenario-3, 4, 5, it is rather dominated
by the decays of SM and B — L scalar. For numerical analysis, we include all other
annihilation processes, involving other SM particles, and RH neutrinos. We present a
comparison of the relic density, obtained using BE distributions and MB distributions. We
observe, that for annihilation dominant freeze-in scenario, if freeze-in occurs at EWSB,
the relic density using BE distribution is larger as compared to MB distribution. For
scenarios, where freeze-in occurs at a later epoch than EWSB, the enhancement is relatively
suppressed, as the reaction rates using BE statistics and MB statistics become very similar
during the freeze-in epoch. Overall, we find that thermal mass correction of SM Higgs
boson and EWSB have a large impact on the production of the dark matter in this model,
that can most accurately be described by quantum statistics.

The paper is organised as follows. In section 2, we describe the model. Following this
in section 3, we discuss the dark matter production in various scenarios. We present our
conclusion in section 4. In appendix A, and B, we provide the necessary calculation details.

2 The model

We consider gauged B — L model that contains one SM gauge singlet complex scalar field S
and three heavy right handed neutrinos (RH-neutrinos) N;. In this theory framework, the
vacuum expectation value (vev) of the gauge singlet scalar field breaks the B— L symmetry.
Additionally, we also consider another SM gauge singlet complex scalar field ¢p, which we
consider to be the dark matter. The ® and L are the SM Higgs and SU(2), lepton doublets.
Other than the scalar fields ¢p, and S, the N;(i = 1,2, 3) states are also singlet under SM
gauge group [9, 21, 22]. The Majorana masses are generated by the spontaneous breaking
of the B — L symmetry. We show the charge assignments of different multiplets in table 1.
The dark matter ¢p is non-trivially charged with a charge gpy under U(1)p_r. The RH-
neutrinos interact with the SM lepton doublet, SM Higgs field and the complex scalar field
S through Yukawa couplings ¢y, and Ayg, as shown in eq. (2.1). The scalar potential of the
model with @, S and ¢p fields contains few additional terms, as compared to the SM. The
Yukawa Lagrangian involving S, NV; and ¢p fields, and the scalar potential are given by,

Lism = —p3[S1? — 13|22 — uhlop|® — AsulSIP|®|* = Asplép|*[SI* — Aprlon|?|@?
— M| @t = As[S|* = Aplopl*

3 3
— (Z /\NSSNfNi + Z y§V7ijEi¢)Nj + h.C.) . (2.1)
i—1 ig—1

As is evident from the above Lagrangian, the model contains quartic interactions involving
dark matter-Higgs, as well as dark matter-S fields, that have major impact in determining
the dark matter relic abundance.

Other than these particles, the model also contains B— L gauge boson Zpr,. See [11-13]
for detail descriptions of the model. Below, we present a brief dicussion on neutrino masses,
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Table 1. B — L charges for all the fields present in the model.

the scalar and gauge sector of the model, which would be relevant for our subsequent
analysis.

o Gauge boson mass. The additional gauge boson from U(1)p_7, is represented by Zpr,
where the mass of Zpy, is generated due to spontaneous breaking of the B — L gauge
symmetry, and is given by,

M 75, = 29BLVBL- (2.2)

In the above gp represents B — L gauge coupling and the vev of S is denoted
by vpr. The /s = 13TeV LHC search for a massive resonance decaying into di-
lepton final states puts a strong lower bound on the Zp_; gauge boson mass, i.e.,
mzg_, > 5.15TeV [43]. For our calculation, we consider mz, , = 5.5 TeV, which is
in agreement with the LHC bound.

o Scalar masses. Owing to the non-zero A\gj term in eq. (2.1), and non-zero vev’s
v,vpL, the scalar fields § and ® mix with each other after electroweak symmetry
breaking. We define the neutral components of S and @ fields as S+ 4S5t and h+ih;y,
respectively, which leads to the mass matrix of h and S after EWSB as,

M2 — 22,0% AgpvpLv (2.3)
scalar AShUBLV 2)\5U%L ' '

Rotating the basis h and S to new states h; and ho by suitable angle a, we can
diagonalise the above mass matrix. The physical mass basis are given by,
h1 = hcosa + Ssina,
(2.4)
ho = —hsina + S cos a,
where hj is the SM-like Higgs boson and ho is the BSM scalar. The mixing angle
between them is given by,

AShVUBL
tan 20 = ——————. 2.5
o ea Apv? — Agv¥ (25)
The mass square eigenvalues of scalar field h; and ho are given by,
m%ﬂ,h? = A\po® + )\5UQBL F \/(Ahv2 - )\SU%L) + (AsnhvvpL)?. (2.6)

For our analysis we stay in the decoupling limit i.e., & ~ 107* — 10~° obeying 20
constraints of Higgs data of LHC at 13TeV [44, 45]. Therefore, for all practical
purposes, due to the very tiny mixing between the SM Higgs and B — L Higgs
bosons h; >~ h and he ~ S in our analysis. In the subsequent sections, we explore the
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Figure 1. Variation of the SM Higgs boson mass with z for different scenarios, Scenario-1 to
Scenario-5. The different scenarios correspond to mg,,, = 250, 150,80 GeV for Scenario-1,2,3, and
Mepy = 1 GeV for Scenario-4,5.

production of dark matter from the SM and B — L Higgs boson decay and annihilation
processes. For the above mentioned values of the Higgs mixing angle o and quartic
coupling Mg, > 6 x 107 [35], the B — L Higgs boson is in thermal equilibrium along
with SM Higgs boson in the early Universe.

Note that eq. (2.6) represents the physical masses of the scalar fields without any
thermal correction and we will see that the thermal correction to the SM Higgs mass
have a large impact on the dark matter phenomenology. The electroweak phase tran-
sition (EWSB) can be either second order phase transition or a cross-over. The SM
Higgs becomes massless in second order phase transition, whereas it remains massive
in cross-over during EWSB [37, 46, 47]. The authors have performed numerical lat-
tice Monte Carlo simulations to study the thermodynamics of the cross-over where
they have shown that my(T,) approaches around 10-15GeV during EWSB [47]. In
our work, we consider the electroweak phase transition to be a crossover in which
Higgs remains massive at critical temperature (7, = 160 GeV). For the temperature
is greater than the critical temperature i.e., T' > T, the mass of Higgs bosons is given
by [35],

ma(T) = o(T* = T2) + m}(T.), (2.7)

whereas for the temperature smaller than the critical temperature i.e., T < T, the
mass of Higgs boson is given by,

m2(T) = 2¢(T? — T?) + m3(T,). (2.8)

In the above, ¢ represents a constant which is determined by requiring mj(0) =
125.5 GeV, i.e., Higgs boson mass at zero temperature. In figure 1 we show thermal
corrections to the SM Higgs boson mass for different scenarios which we detail later.



The vertical lines represent the z = md’% values corresponding to EWSB and for our
analysis mp (1) ~ 10 GeV. Note that, due to the difference in the DM mass, EWSB
(Tew = 160 GeV) corresponds to different values of z for these different scenarios.
This is clearly evident from figure 1. EWSB has a significant importance in our work,
as it will be clear from the discussions of the subsequent sections.

Similarly, the thermal correction for the mass of B— L scalar S can also be calculated.
However, for our analysis this is not so important and it can be understood easily as
follows. To evaluate thermal correction, the parameter pg in the Lagrangian eq. (2.1)
should be replaced by [35],

pe = ug + esT?, (2.9)

where 1 1
~ —-Ag + =Agh- 2.10
Cs 4 S 6 Sh ( )

The critical temperature TVBL is the temperature, where B—L scalar S takes vaccuum
expectation value vpy and breaks the U(1)p_ symmetry. The critical temperature
TYBL then can be approximated as [35],

|1s|

NG

TVBL ny

(2.11)

In our present work, we consider that the B — L breaking took place at a high
temperature TYBL in the early Universe, which we assume to be equal to the re-
heating temperature of the Universe [48, 49]. Using eq. (2.11) for our parameter
choices, we obtain that the re-heating temperature to be Tr ~ 2.26 x 10* GeV.
Immediately after the re-heating or B — L symmetry breaking, the field S acquires a
mass 200 GeV, that we consider throughout our analysis. Hence, thermal correction
to S mass is not relevant in our study.

Neutrino masses. The masses of the light SM neutrinos are generated via the usual
Type-I seesaw mechanism:

/ / 2
v YNaYNg < PT >
m,LJ —_ )
MmNk

(2.12)

where my ;= Ans(S) are the Majorana masses of the RH neutrinos generated due
to the spontaneous symmetry breaking of B — L gauge symmetry.

Dark matter mass. The mass square eigenvalue of dark matter field ¢p is given by,

Apnv?  Aspv?

2 2 Dh SDYBL

In this work, we consider the couplings Asp, App to be very small ~ 1071010713 to
accommodate ¢p as non-thermal dark matter. We also consider \p of similar order
10719, which suppresses any large contribution from 2 — 4 processes, that could
have brought the dark matter into kinetic and chemical equilibrium [36]. Due to the



choice of a small Ap, its impact on the thermal correction of dark matter mass would
be negligibly small. This also implies negligible impact of the phase transitions for
our choices of dark matter masses which are in the range of a few GeV. To a good
approximation, we therefore identify that the dark matter mass is primarily governed
by the bare mass term, i.e., mgy,, ~ pp and ignore the thermal mass correction of
the dark matter.

Before finishing this section, we present a brief discussion about the stability of the dark
matter in this model. This is to note, that the dark matter does not acquire a vev in this
model. However, since dark matter is charged under B — L and the same symmetry is
broken due to non-zero vev of S field, hence the dark matter will not be a stable dark
matter for all values of gpy. As given in table 1, the dark matter candidate ¢p has charge
gpm under U(1)p_r. By choosing appropriate gpy with a value gpy # £2n (n € Z
and n < 4), one can avoid Yukawa interaction terms, such as, ¢pN°N and cubic and
quartic interaction term, such as ¢pS? and ¢pS® [21]. Therefore, the decay of ¢p can be
forbidden without invoking extra discrete symmetry in the model and hence ¢p can be the
viable stable dark matter candidate. For dark matter in a different representation other
than being SU(2), singlet, additional re-normalizable and non-renormalizable operators
involving SM fields may present, which can further contribute to dark matter decay. This
has been studied in [50].

In this work, we consider that ¢p is a dark matter with feeble interaction strengths
(FIMP candidate). Therefore, in the early Universe, the state had negligible abundance and
during reheating of the Universe it was not in the thermal equilibrium. The dark matter
¢p has both U(1)p_1, gauge and scalar interactions. The production of ¢p through gauge
interactions are determined by gauge coupling gpr, along with the charge gpy of ¢p state,
the dark matter mass mgy,,, and B— L gauge boson mass my,, . Here we primarily focus on
the dark matter production via the scalar states and for this purpose the gpy is chosen to
be sufficiently small, such that, the production of ¢p through gauge interactions becomes
negligible. In the next section, we present a relative comparison between these two different
production modes to justify our choice of parameters.

3 Freeze-in production of dark matter

As outlined in the previous section, the dark matter particle ¢p has feeble interactions
with the SM particles, as well as, other B — L particles (S, Zpr) present in this model.
Therefore, the state ¢p is not in thermal equilibrium, rather produced from the decays and
annihilation of SM and B — L particles. If kinematically allowed, the freeze-in production
of dark matter is dominated by the decays of SM and B — L states which are in thermal
equilibrium. The production processes due to annihilation give subdominant contributions
to the relic density, as often the contributions are suppressed by additional couplings as
well as propagators, along with the numerical factors arising from additional phase space
integral. A non re-normalizable interactions between the dark matter and bath particles
leads to UV freeze-in of dark matter which depends on the re-heating temperature of the
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Figure 2. Schematic diagrams for different dark matter production scenarios, Scenario-(1-5).

Universe [1, 51-53]. In this work, we do not have non-renormalizable interaction between

the dark matter and bath particles. Rather, our scenario is similar to IR freeze-in of dark

matter, where production of the dark matter dominates at T" ~ M of the initial states

and it is insensitive to the reheating temperature of the Universe. We consider both the

decay and 2 — 2 annihilation contributions in the relic density. Feynman diagrams for

the production processes of dark matter ¢p before and after EWSB are shown in figure 3.

Depending on the primary production mechanism, we sub-divide the entire discussion in

different Scenarios, and analyse the production of ¢p in detail. The schematic diagrams

for these different scenarios have been shown in figure 2.

Scenario-1. The dark matter is primarily produced from the annihilation of the SM
Higgs boson.

Scenario-2. The dark matter is produced primarily from the annihilation of the
B — L Higgs, with a sub-dominant contribution from the annihilation of the SM
Higgs boson.

Scenario-3. The dark matter production is governed by the annihilation of the SM
Higgs boson at an earlier epoch, but later dominated by the decay of the B — L Higgs
bosons.

Scenario-4. The dark matter production is governed by the decays of SM and B — L
Higgs bosons.

Scenario-5. The dark matter is produced mainly from the decay of SM Higgs boson
with a sub-dominant contribution from the B — L Higgs boson. In the earlier epoch,
the dark matter production is primarly governed by the SM Higgs annihilation.

We explore each of these different scenarios in detail taking into account all the relevant

contributions in the Boltzmann equation. However, before focusing on the main study of
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Figure 3. Production channels of dark matter ¢p. The channels with Zgj,, as well as the ¢ channel
contributions give negligible contributions for our scenario.

this paper, we bring the attention of the readers on a comparative study between the B — L
gauge boson (Zpy,) contribution and B — L scalar (S) contribution to the dark matter relic
density. It is well known, that when the dark matter is gauged it would quickly thermalise
due to potentially larger effective gauge coupling and charge associated with it. In our case
such a phenomena can happen as dark matter can be copiously produced via Zg; decay
and/or by the annihilation mediated by Zpy, or via contact interaction. Such process can
lead to overproduction of dark matter in the very early Universe, and the only viable option
to maintain the correct dark matter relic is freeze-out [21, 22]. However, our goal for this
article is to investigate the possibility of relativistic freeze-in scenario which compels us to
choose a very small value of gpyp.

The number density of ¢p from Zpy, decay i.e., Zp;, — ¢},¢p and annihilation pro-
cesses i.e., ff — ¢H¢p are calculated by the following Boltzmann equation,

dng
g T 3Hnes =Tzpnsion T 2 Uipgon (3.1)
F=N.t,b

where ['yq_spp and I'y_pp represent the reaction rates for annihilation and decays. In co-
moving volume the above Boltzmann equation can be written as,

dY(bD Z4
- LZp1-0p00 + T ygr o | - (3.2)
dz $(Mepp ) H (M) pLODeD fg\/;t,b JI=epen
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Figure 4. Figure 4(a) shows contours of relic abundance of ¢p in the gp;, and gpm plane, where
production of dark matter is governed by gauge interaction. Figure 4(b) shows contours of the
ratio of relic abundance of ¢p from B — L Higgs boson S and Zpy decay. The parameters chosen
are as follows, mgp,, =1 GeV, myz,, =55 TeV, mg=200 GeV and Agp = 10713, The red star in
figure 4(a) and figure 4(b) represents our benchmark point.

The relic abundance of ¢p here is mostly dominated by Zg;, decay and is given by,

Y,
QOh?(Zpr) = Mépn 30T ép(o0) (3.3)

pe/h?

Figure 4(a) represents the relic density contours where, we vary the charge gpy and
the coupling gpr. This is to note, that the production of ¢p via Zp; mediated annihi-
lation processes, i.e., ff,N°N — Zp; — ¢pH¢p are also kinematically allowed but such
processes are suppressed due to fourth power of gpr, as well as large Zpy mass compared
to Zpr, — ¢5,¢p process. Therefore, in figure 4(a), we ignore the contributions from the
annihilation processes mediated by Zpr. In the same plot, we also show the contour that
satisfies the present relic density k2 = 0.12 [54] by the red dashed line. We can easily infer
that for gpym 2 10719, Zp — ¢p¢p contribution alone attains the desired relic density.
On the other hand, the star mark in figure 4(a) represents our chosen benchmark point,
for which the Zp;, — ¢ ¢p decay gives negligible contribution in the relic density. For a
fixed gpr, as we increase gqp, contribution from Zpr decay in relic density will increase.
For a very large gpy ~ 1071, the DM will thermalise with the SM particles, and freeze-out
scenario will be the viable option [21].

A comparative study of S — ¢1,¢p and Zpr, — ¢T,¢p processes is presented in figure-
4(b) where, we show the ratio of the relic densities. For our choice of masses, as given in
the caption of figure 4, the decay of both B — L scalar S and Zpy, into two ¢p state are
kinematically allowed. The ratio increases significantly with the decrease in gpr, and ¢p,
as can be explained from the following equation,

L5t 6p Apmzp,
LZpr—¢56p 4g4BLq]23MmS

(3.4)

~ 10 —



. Masses in GeV Couplings
Scenario
ms MmN Meny | YN AsSD ASh ANS ADh
1 200 300 250 | 1077 5.0x10712 6x107% 0.053 1.6 x 1011

Table 2. The choices of masses and couplings for Scenario-1.

We choose gpm ~ 10712 represented by the red star in figure 4(a) where it is evident
that the production of ¢p through gauge interaction is negligible and thus we neglect
contribution from the B — L gauge interaction in the rest of the paper. Even if we consider
Zp—r, mass different from 5.5 TeV [43], as long as we are choosing a sufficiently small gpy,
production of dark matter from the scalar sector will continue to dominate. We focus on
the production of the dark matter from decay and annihilation of the scalars in relativistic
freeze-in scenarios. The effect of SM fields (fermions, gauge bosons) are also taken into
account via the interactions which are operative after EWSB. As discussed in the previous
section, for our analysis we consider that the re-heating temperature of the Universe is
same as the temperature at which B — L symmetry breaks down. To evaluate dark matter
number density, we therefore perform the analysis in the B — L broken phase.

Below, we present a detailed discussion of the different scenarios, where we numerically
solve the Boltzmann equation and evaluate the relic density. In doing so, we consider
different decay a — ¢},¢p and annihilation/co-annihilation processes aa,ab — ¢1¢p.

3.1 Scenario-1

In this scenario, the dark matter production primarily occurs via SM Higgs boson annihila-
tion i.e., hh — ¢1,¢p. We adopt a relativistic freeze-in framework for the evaluation of the
relic density. The contribution of SS — ¢} ¢p is although allowed but small in attaining
the correct dark matter relic. Since mgp,, > mp/2,mg/2 the decay contributions from the
SM and B — L Higgs bosons are absent. The choices of masses and coupling used in the
numerical analysis, are shown in table 2. The Boltzmann equation for the production of
¢p in this scenario is given by eq. (3.5),

dN¢D
dt

+3Hn¢D :(4—39(TE[/V—T))P +I D+F (35)

hh—¢lop T+ 5S¢l 6 NN—¢' ép

+0(Tew —T) {FhSwLabD Flviw st op L 22560 6p sl op THiisslop |

where T'yq_pp and I'y_pp are the rates of the annihilation and decay processes for the
respective channels. In a comoving volume the above Boltzmann equation can be read in
terms of the yield as described in eq. (3.6),

dY¢ 24
Yo _ 2 [(4_30(z—zEW))rhh%E¢D g5t om NN 000 (3.6)
+0(z=26w) \Tys 41 o TTwrw—ohon T 2250060 T 600 +Ftt+¢g¢D} } :

- 11 -
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Figure 5. The figures correspond to Scenario-1. Figure 5(a) shows the relativistic reaction rates
for the process hh — quEd)D and other relevant processes. Figure 5(b) shows the individual contri-
butions to the relic density, and the total relic density. The brown horizontal line represents the
present experimentally measured relic density [54]. Figure 5(c) shows the relative enhancement in
the relic density with respect to Maxwell-Boltzmann distribution.

where the number density n is related with the entropy density s as n = Y/s and H is
the Hubble’s constant. Before EWSB, all four degrees of freedom of the SM Higgs doublet
contribute to ®® — ¢, ¢p leading to four times enhancement in the relic density as
compared to hh — ¢},¢p after EWSB (green line). The expressions of the different reaction
rates are given in appendix A, where we have closely followed the approach of [34, 36].
The annihilation processes hh,SS, NN are always open while the other SM annihilation
processes unlatch only after EWSB.

In figure 5(a) we show the relativistic rates for different annihilation processes hh, SS,
NN — ¢5¢p as well as WHTW ™, ZZ, tt — ¢% ép including the thermal correction of the
SM Higgs boson mass. It is evident from figure 5(a) that hh — ¢},¢p is the most dominant
mode for almost all values of z while the other SM annihilation processes contribute only
after EWSB. The B — L Higgs boson contribution SS — ¢},¢p (orange line) is large but
subdominant. In figure 5(b) we show the evolution of the dark matter relic density which
attains freeze-in at the temperature of 160 GeV, and is dominated mainly by hh — ¢Hép
annihilation. The other observations are listed as follows:
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. Masses in GeV Couplings
Scenario
ms MmN Meny | YN AsSD ASh ANS ADh
2 200 300 150 | 1077 3.0x1071 6x107% 0.053 7.5x 10712

Table 3. The choices of masses and couplings for Scenario-2.

e The Higgs annihilation processes ®®, hh — ¢3¢D,1 is mostly dominated by the
contact four point diagram, given in figure 2. However, for our numerical analysis
contributions from all relevant diagrams (mediated via h, S) are taken into account.
The cross-sections for the processes are listed in appendix B. It is worth mentioning
that due to the choice of the dark matter mass none of the annihilation process con-
tains any resonant production. The ¢-channel diagram gives negligible contribution,
and hence, is not considered.

o Similar to the previous case, for the annihilation channel SS — ¢,,¢p, dominant
contribution arises from the contact term.

o The annihilation rate of NN — ¢} ¢p is much suppressed as compared to ®®, hh —
¢p¢p due to additional couplings with S and the corresponding propagators.

e The SM particles annihilate into dark matter state tt, WrW~—, ZZ,bb — OpPD-
These processes are mediated primarily by the SM Higgs, and hence only open up
after EWSB. Due to the small mixing between SM and B — L Higgs bosons the
contributions from B — L Higgs boson in these processes are very small. As already
mentioned, the choices of dark matter mass restrains to have any resonant annihila-
tion via the SM Higgs mediation.

Figure 5(c) depicts the relative enhancement in the relic density obtained using BE distri-
bution as compared to MB distribution, which is as significant as ~ 1.42-1.62. The relative

interaction strength R\B; also varies accordingly with z.

3.2 Scenario-2

Unlike the previous scenario, the ¢p production is governed primarily by annihilation of
the B — L Higgs (5SS — ¢}, ¢p) with sub-dominant contributions from ®®, hh — ¢},¢p.
The larger production from B — L scalar annhilation occurs due to a larger Agp compared
to App, as can be seen from table 3. Similar to the Scenario-1, here also h and S decays
are kinematically forbidden. The Boltzmann equation in this case would be the same as
eq. (3.5) and so is the yield equation i.e., eq. (3.6). Similar to the previous case here
also all the contributions coming from hh, SS, NN — ¢},¢p are taken into account for
the numerical analysis. The results are manifested in figure 6. In figure 6(a), we show

1® is the SM Higgs doublet and h represents the SM Higgs field after EWSB. In figure 5(a), we do not
maintain this distinction, rather represent the SM Higgs doublet(before EWSB) and SM Higgs field(after
EWSB) by h only. We show the contribution from one massive degree of freedom in hh — ¢Hép. In fig-
ure 5(b), all the four contributions (before EWSB) and one contribution (after EWSB) have been considered.
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Figure 6. The figures correspond to Scenario-2. Figure 6(a) shows the relativistic reaction rates for
different process corresponding to production of ¢p. Figure 6(b) shows the individual contributions
to the relic density, and the total relic density. The brown horizontal line represents the present
experimentally measured relic density [54]. Figure 6(c) shows the relative enhancement in the relic
density with respect to Maxwell-Boltzmann distribution.

the relativistic rates for different processes corresponding to production of ¢p. It can be
seen that SS — ¢},¢p(orange line) is the most-dominant, where this channel is governed
by the contact interaction. hh — ¢},¢p rate (green line) is the second dominant and its
contribution is only 16% to the dark matter relic. Due to the choice of the mass of dark
matter, neither of the above two channels entail any resonance enhancement.

In figure 6(b), we show the production of ¢p from different processes. In the present
scenario, the dark matter freeze-in occurs at the temperature of 150 GeV. We can see
that the NN — ¢ ¢p annihilation mode is suppressed due to additional couplings with
S, Zpr, and the corresponding propagators. The SM annihilation to dark matter, i.e.,
WHW~—, ZZ, tt, bb — ¢p¢p starts only after EWSB and are mediated via off-shell &, S.
These processes contribute ~ 3.3% only.

Figure 6(c) depicts the relative enhancement of relic abundance using BE distribution
over the MB distribution. We can see that the dark matter production is dominated by
annihilation and the relative enhancement in the relic density using BE distribution is quite
significant ~ 2.5-1.65.
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Masses in GeV Couplings
Scenario | ms MmN Mgy | YN AsD Ash ANS ADh
3 200 300 80 | 1077 1.28x1071¥ 6x107% 0.053 1.414x10712

Table 4. The choices of masses and couplings for Scenario-3.

3.3 Scenario-3

Along with the SM and B — L Higgs boson annihilation modes, in this case decay of B — L
Higgs boson S becomes kinematically open due to the choice of parameter, shown in table 4.
The decay h — ¢}¢p however still remains forbidden. The Boltzmann equation contains
the decay contribution as well, and can be written as,

dn¢ D
dt

+3Hn¢D = (4_39<TEW_T))th—>¢JrD¢D+F55—>¢TD¢D+FNN—>¢WLD¢D+FS—>¢?D¢D

+0(Tew —T) {Fw%;% +FW+W*—>¢TD¢>D +FZZ—>¢})¢>D +Fb6—>¢L¢D +Ft£—>¢})¢p :

(3.7)
The yield equation in the comoving volume is given by,
Wop _ 2[4 39 r T
Py (4 —30(2 — zgw)) hhoshép T SSoéth
P nnosohon T Tsorglop T0(2 = 20w) [Fhsw;m (3:8)
+ FW*W*—)(bTquD + FZZ—>¢TD¢D + FbB—>¢E¢D + Ftt—>¢},¢DH :

As before, here also we consider all possible annihilation processes hh, SS, NN, hS— ¢Hop
and decay S — ¢},¢p, along with other SM processes. The results are summerised in fig-
ure 7. Figure 7(a) represents the relativistic rates for the different processes corresponding
to the production of ¢p. Figure 7(b) shows the evolution of ¢p. The annihilation mode
hh — ¢ ¢p (green line) remains most efficient in the production of the dark matter for
z < 0.02. After this S — ¢},¢p (purple line) takes over and remains the dominant mode
until dark matter freezes-in at the temperature of 40 GeV. Since the S decay is open, an
abrupt increase in Agp can cause an overproduction of ¢p. Around EWSB where the Higgs
mass falls below 100 GeV, s-channel resonance occurs in the process hh — ¢},¢p (green
bump) which enhances the production rate.

Here we elaborate on an important point about our calculation which resolves the
possible over counting. We take into account all possible contributions in the evaluation of
hh — ¢ ¢p process, namely the contact term, on-shell and off-shell contributions mediated
by h, S. The S mediated s-channel diagram encounters a resonance around EWSB. In
this case the production of ¢p must be computed by subtracting the on-shell S exchange
contribution to avoid any over-counting, as in the Boltzmann equation this effect has
already been taken into account by the S decay contribution separately (eq. (3.7)) [55].
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Figure 7. The figures correspond to Scenario-3. Figure 7(a) shows the relativistic reaction rates
for different process corresponding to production of ¢p, and S — ¢pdp. Figure 7(b) shows the
individual contributions to the relic density, and the total relic density. The brown horizontal line
represents the present experimentally measured relic density [54]. Figure 7(c) shows the relative
enhancement in the relic density with respect to Maxwell-Boltzmann distribution.

The on-shell contribution due to S mediation is given by,

Fon—shell

hh—¢1 ¢p (3.9)

= ThinssBR(S = ¢hon).
Therefore, only contact term and off-shell contribution hh — S* — gzbjjqbp (also hh —
h* — <Z>§)¢ p) are taken into account for the ¢p production in this scenario.

Figure 7(c) depicts the relative enhancement of relic abundance using BE and MB
distribution. One can see that at a very early epoch, where the dark matter production
was dominated only by SM Higgs boson h annihilation, the ratio is very significant around
~ 1.6. At the later epoch, when the production of ¢p is dominated by the S decay, we
find that the enhancement is about 1.04.

3.4 Scenario-4

This is the most generic scenario where along with different annihilation processes, the
decays of both the Higgs bosons h,S — ¢p¢p are kinematically allowed. The chosen
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. Masses in GeV Couplings
Scenario
ms MmN Mgpy | YN AsD Ash ANS ADh
4 200 300 1 1077 6.65x1073 6x107% 0.053 8.6x 10712

Table 5. The choices of masses and couplings for Scenario-4.

benchmark points are tabulated in table 5. Unlike previous cases, the dark matter in this
scenario is very light mg,,, = 1 GeV. As we will show in the subsequent discussion, the
decay of Higgs bosons h,.S give the most dominant contribution in the relic density. The
most generic Boltzmann equation involved in this case has the following form:

dn¢D
dat +3Hng, = (4—-30(Tew — T))th—>¢1'D¢D + FSS—>¢TD¢D + FNN—W’TD(?D + FS—>¢TD¢D
+0Tew =)yt o T Thsglop T Twew— ool on
+ FZZ~>¢L¢D + sz‘H%d)D + Ftp%% . (3.10)

The corresponding yield evolution in the co-moving volume can be written as,

dYe, 24
< = 5}][<4_30(z_zEW))th_>¢TD¢D +FSS—>¢TD¢D +PNN—>¢L¢D +PS—>¢TD¢D

+0(2— zew) {Fhwk% t Dhsoobon T Tww-—alop

r +T (3.11)

+ FZZ~>¢)E¢>D + bb—ol ép tH¢}¢D”'

We include all the contributions as mentioned in eq. (3.10) in our numerical analysis. We
show the relativistic reaction rates, relic density and the relative enhancement of relic
density in figure 8. In figure 8(a), we illustrate the relativistic reaction rates for different
processes corresponding to the production of ¢p. Similar to Scenario-3, here also we observe
the resonant enhancement around EWSB for hh — ¢},¢p annihilation (green bump).
The reaction rate for S — ¢1¢p dominates until almost EWSB, after which h — ¢Hop
takes over. Similar to the previous scenario, we avoid any over-counting of S on-shell
production, by removing it from hh — ¢ ¢p annihilation process. Such procedure has
also been followed for other similar processes, such as, bb — ¢H¢p(mediated by h). Since
we consider mg,,, = 1GeV, h — ¢5,¢p decay (red line) opens up at z ~ 6.25 x 10~ during
EWSB, when SM Higgs boson takes vev.

From figure 8(b), one can see that the contribution of the h, S decay in relic density
are nearly equal. These are the dominant production modes. Other SM annihilations, such
as, bb, tt, WYW~, ZZ — ¢%,ép open up only after EWSB. However, their contributions
are much suppressed in this scenario.

In figure 8(c), we show the relative enhancement of the relic abundance using BE
and MB distribution. The dark matter production is dominated by SM Higgs boson h
annihilation at a very early epoch z < 2 x 10~* when the ratio is very high around 1.6.
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Figure 8. The figures correspond to Scenario-4. Figure 8(a) shows the relativistic reaction rates
for the process hh, SS — ¢p¢p, and h, S — ¢}, ¢p. Figure 8(b) shows the individual contributions
to the relic density, and the total relic density. The brown horizontal line represents the present
experimentally measured relic density [54]. Figure 8(c) shows the relative enhancement in the relic
density with respect to Maxwell-Boltzmann distribution.

. Masses in GeV Couplings
Scenario
ms MmN Mgpy | YN AsD Ash ANS ADh
5 200 300 1 1077 3.6x1071% 6x10% 0.053 1.24x10~ 1!

Table 6. The choices of masses and couplings for Scenario-5.

The ratio then lowers down before it saturates at 1.02. A kink appears in the ratio at
EWSB, i.e., z ~ 6 x 1073, which will be explained in the later on in the subsection.

3.5 Scenario-5

In this scenario, the primary contribution to relic density arises from the decay process
h — ¢1¢p as we choose higher App. Similar to Scenario-4, here also we choose a light
dark matter with mass mg;,,, = 1 GeV, as shown in table 6. The Boltzmann and the yield
equations have the same form as in Scenario-4, so we follow eq. (3.10) and eq. (3.11) for
our numerical analysis. Figure 9 shows variation of the different annihilation and decay
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Figure 9. The figures correspond to Scenario-5. Figure 9(a) shows the relativistic reaction rates
for the process hh, SS — ¢5,¢p, and h, S — ¢pdp. Figure 9(b) shows the individual contributions
to the relic density, and the total relic density. The brown horizontal line represents the present
experimentally measured relic density [54]. Figure 9(c) shows the relative enhancement in the
relic density as compared to Maxwell-Boltzmann distribution and figure 9(d) shows the relative
enhancement in the respective reaction rates.

channels along with the evolution of dark matter relic and BE/MB comparison wih z.
Figure 9(a) shows that the annihilation hh — ¢},¢p is dominant only at a very early
epoch, then the S decay takes over, and finally at EWSB i.e., z ~ 6.25 x 1073, h decay
opens up and becomes the most dominate till ¢py; freezes-in around 1" ~ 20 GeV. Due to
the choice of a light dark matter, the process hh — ¢}, ¢p mediated by S encounters s-
channel resonance during EWSB, which is shown by the green bump. We follow the same
prescription as before, where we omit on-shell contribution from the above mentioned
process, and consider only contact term and off-shell contributions in the relic density.
Other SM annihilation processes, such as, bb, tt, WIW~—, ZZ — ¢Hop (mediated via
h,S) open up only after EWSB, however, their rates are relatively small. Similar to the
previous scenario, the bb — ¢p¢p also entails a resonance, due to mediation of an on-shell
h, and we again adopt the same prescription as Scenario-4. Since the NN contribution is
very small, we do not show that in figure 9(a), and figure 9(b). None of the any other SM
annihilation channels contain any resonance.
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In figure 9(b) different contributions in obtaining the correct dark matter relic are
shown. It is seen that h — ¢},¢p and S — ¢},¢p are two dominant modes with 83% and
17% contributions towards attaining the desired dark matter relic in a freeze-in mechanism
at the temperature of 20 GeV. h — ¢ ¢p is the leading contributor due to a larger Apj
as compared to Agp. The other SM contributions bb, tt, WTW =, ZZ — ¢*,¢p are small
~ 0.1% only.

Figure 9(c) depicts the relative enhancement of relic abundance using BE and MB
distributions as a function of z. At an early epoch, hh — ¢},¢p primarily dominates
the relic density leading to a ratio ~ 1.6. The ratio falls as temperature decreases and at
EWSB, i.e., z ~ 6 x 1073 a distinct kink appears in the ratio. The kink is more pronounced
as compared to Scenario-4, due to the presence of SM Higgs decay h — ¢1,¢p at EWSB.
This kink is due to the sudden jump in the rates as can be seen from figure 9(d). This
is also to note that for the annihilation hh — ¢} ¢p(via contact) (green line) kink is
more pronounced than the decay process h — ¢},¢p (red line) at EWSB. The relative
enhancement in the relic density varies from ~ 1.6 at a lower value of z to ~ 1.02 during
the freeze-in temperature of 16.66 GeV.

The nature of the ratio of the relic densities obtained from BE and MB distributions
and the appearance of the kink can be understood in the following way. The 1 — 2 rate
has the following form:

M3 [ 2 -1
I = /1

eT" —1

For SM Higgs boson (h) decay using BE distribution we get

Pm Pm?) ©© mp mp, —1
BE h h / —hy —Zhy
Fh_>¢D¢D — / dt 'mht 1 — 27‘(’2 /1 dt t2 - 16 T (1 — e T ) . (313)
Substituting K1(z) = z [;° Va2 — le~**dzx in the above equation one realises
Fm}%T

ThSsop =

nz:: K1 ( ) (3.14)

Whereas for MB distribution this rather becomes,

Now we can compare them as follows

TR e o Ki(%2) +0.5K, (200 + 0.33K, (2n) . . L 16
TV s, K (T : (3.16)
h—¢3ép 1\

At EWSB when T' = 160 GeV the Higgs mass becomes my, = 10 GeV (see figure 1). At that

point the next to leading order terms contribute substantially to the FEE %6 resulting in a

BE
N
ratio FMBiDD

h—¢T,¢D

large mg = 200 GeV, which does not lead to this kind of enhancement at EWSB.

= 1.472. However, this is not true for S decay, since mass of S is considerably
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Overall, we find that the thermal mass correction to SM Higgs boson and the freeze-in
temperature have a large impact in determining the final enhancement factor. For Scenario-
1,2 the freeze-in occurs around EWSB. The hh — ¢,¢p rate is substantially large around
EWSB (this holds for all scenarios), when BE distribution is being used. This leads to a
large final enhancement in the ratio of relic density QhQBE / Qh%/[B- However, for Scenario-
3,4,5 the freeze-in occurs at a later epoch than EWSB and hence the final enhancement
factor is relatively small. This phenomena is rather generic and one can see it from the first
term of eq. (3.14) which corresponds to reaction rate using MB distribution (see eq. (3.16))
and other terms in the series provide the correction to the reaction rate. The behaviour of
K (z) plays significant role in determining the relative enhancement in the reaction rates
and hence the relative enhancement in the relic densities. Whenever decaying particle’s
mass becomes less than temperature i.e., m; < T, z < 1, the correction gives significant
contribution to the rates. This occurs in the limit where the Bessel function i.e., K;(z) ~
1/z > 1. Similarly, for my, > T i.e., z > 1 limit, the Bessel function K;(z) ~ % < 1 [56],

which results into the same reaction rate for both BE and MB distributions.

4 Conclusion

We analyse the freeze-in production of a scalar dark matter in an extended gauged B — L
model where a complex scalar field ¢p is the dark matter candidate. To evaluate its relic
abundance, we follow a relativistic formalism, where we consider Bose-Einstein and Fermi-
Dirac statistics. Due to a very tiny charge of the dark matter under B — L gauge symmetry,
that in turn leads to a suppressed interaction of dark matter with the B — L gauge boson,
its production from the Zp; gauge boson is negligible, and hence not important for our
study. We rather focus on the annihilation and decay of the SM and B — L Higgs boson
hh,SS — ¢p¢p, and h,S — ¢H¢p that contribute primarily to the relic density. In
evaluating the annihilation contribution, we consider all possible processes, namely, the
contribution from the four-point contact interaction involving Higgs/B — L Higgs boson
and dark matter, that directly contribute to hh/SS — ¢},¢p, as well as, any other s-
channel mediated processes. The t-channel diagrams give suppressed contribution in our
case, and hence have not been considered. Additionally, we also consider the annihilation of
SM particles, such as WHW =, ZZ, bb, tt — ¢%,ép that contribute at most by 1% to the relic
density. Depending on the mass of dark matter, and the primary production mechanism,
we consider five different scenarios Scenario 1-5. We show that thermal correction to
the SM Higgs mass has a significant impact on different annihilation channels, such as,
hh — ¢1H oD, bb — ¢H¢p, where, a few of these processes undergo resonance enhancement
in their respective reaction rates, due to the on-shell mediation of h, S states. We consider
a fixed mass mg = 200 GeV for this study. The entire discussion have been sub-divided
into the following few scenarios.

e In Scenario-1 and Scenario-2, we explore the freeze-in production assuming a dark
matter with mass 250, 150 GeV, respectively. The primary dark matter production
mechanism is the hh — ¢ ¢p for the 1st scenario, and SS — ¢,¢p for the second
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scenario. Due to the choice of the mass of dark matter, neither the SM or B— L Higgs
boson decays to dark matter state. We find for a large Apy, coupling, the hh — ¢, ép
dominates the production, whereas for a large Agp, the S5 — ¢},¢p gives dominant
contribution.

e In Scenario-3, we consider dark matter mass to be 80 GeV. This serves as one of the
illustrative cases, where both the annihilation of SM Higgs boson hh — ¢1,¢p, and
the decay of B — L Higgs boson S — ¢1,¢p contribute to the relic density. The SM
Higgs annihilation channel serves as a primary production channel at an early epoch,
while the S — ¢},¢p channel becomes dominant at a later epoch. Due to choice of
dark matter mass, the Higgs boson decay is kinematically forbidden.

e In Scenario-4 and Scenario-5, we consider the dark matter mass to be significantly
lower than the SM Higgs boson mass, mgp,, = 1 GeV. For Scenario-4, both the h, S
decays contribute almost equally to the relic density. For Scenario-5, the primary
production mode is the SM Higgs boson decay to dark matter particle.

This article presents a comparison between the relic density obtained by using BE
statistics, with the one obtained by using MB statistics. We see for the annihilation
dominated scenarios, Scenario-1,2, where freeze-in occurs during EWSB, the final ratio
of relic density obtained using BE and MB statistics is large, R = 83’;222 varies between
1.42-1.62. For the other three scenarios, where the decay of SM and B — L Higgs bosons

dominate the relic density and freeze-in occurs at a much later epoch for the Scenario-3,4,5,

the enhancement factor is much less ~ 1.04.

This effect is inherently linked with thermal mass correction of SM Higgs boson, which
is considered in this study. However for the scenarios considered here, the thermal mass
correction to S and dark matter are not relevant. We consider the EWSB as a crossover and
explore the effect of thermal mass correction of SM Higgs boson on dark matter abundance.
It is noticed that due to the low mass of the SM Higgs boson i.e., mj = 10 GeV at EWSB
temperature 7' = 160 GeV, the relativistic reaction rate for hh — ¢},¢p via contact term
becomes significantly enhanced. This occurs as the correction terms in the relativistic
reaction rate obtained using BE statistics become significantly large during EWSB. This
results in an enhanced reaction rate of hh — ¢¢p during EWSB, when BE statistics
being used in particular relevant for the light dark matter mass. The relative enhancement
is more pronounced for annihilation (almost ~ 2.3), as compared to decay (=~ 1.5).

The relative enhancement in the reaction rates also result in a distinct kink in the
R around EWSB for Scenario-4,5, where SM Higgs boson decay or annihilation processes
contribute significantly in the dark matter relic abundance. For Scenario-2,3 since the S
decay or annihilation are dominant, therefore, we do not see such an intermediate kink in
the ratio of relic density plot.

We conclude with the observations that quantum statistics, along with the thermal
mass correction are essential to capture these enhancement effects in dark matter relic
density in freeze-in scenario which otherwise would be overlooked.
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Finally, we make qualitative remarks about few other possible extensions. Allowing a
large dark matter self-interaction, its coupling with the SM and BSM Higgs field, and also
a much suppressed gauge coupling ggr, will lead to a different freeze-in dynamics. In this
work, we have assumed dark matter self-interaction is negligible. For a large dark matter
self-interaction, dark matter will thermalise with itself via 2 — 4 processes in the early
Universe [36, 57, 58]. We have also considered, that the quartic interactions of the dark
matter with SM and BSM Higgs is negligible. For our assumptions about the dark matter
self-interaction, and quartic coupling with the scalar fields, dark matter in our scenario
is non-thermal. Furthermore, due to small couplings associated with quartic interactions
their impact on the thermal correction of dark matter mass is negligible. Allowing a large
quartic coupling, the thermal correction to the dark matter mass will be sizeable, which
needs to be included in the study. For a large dark matter self-interaction, 2 — 4 processes
will also be important.

Furthermore, for a suppressed gp; coupling, freeze-in dynamics will be much more
involved. For our chosen benchmark points, which includes a large gauge coupling ¢ggy,
and the charge of BSM Higgs, the BSM Higgs S quickly thermalises with the SM particles.
Hence, sequential freeze-in [59], i.e., production of S and then production of the dark
matter from S can not be materialised. However, for a very suppressed gauge coupling
gpr by many orders of magnitude, and also suppressed quartic interactions of the BSM
Higgs with SM Higgs field, most of the BSM (BSM Higgs, heavy neutrino N, Zpg, etc)
particles in our model will be non-thermal. Their evolutions in the early Universe will be
highly dynamic and coupled which will be determined by solving sets of coupled Boltzmann
equations. The detail analysis of these few interesting possibilities is beyond the scope of
this paper, and will be explored in a further study.
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A Relativistic rates with the Bose-Einstien distribution and Fermi Dirac
distribution function

The dark matter can be produced via annihilation and decay, that may occur in relativistic
regime, i.e., when the temperature of thermal bath exceeds the dark matter mass. The
incoming states for a particular production mode can be boson or fermion. Accordingly,
either the Bose-Einstien or Fermi-Dirac distributions are required in the evaluation of the
reaction rates for the relevant processes. The relativistic formalism for reaction rates have
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been derived in [34, 36]. Here, we briefly summarise the results. The reaction rate per unit
volume has the generic expression:

d*p; d*p;
r — L (. I (1 ; Mo_p|?(27)4 5% (pa — po).
a—b / (H (277)32E¢f(p2) H (27‘r)32Ej( + f(pj) | [ Ma—sp|”(27)"0% (Pa — pb)
i€a jeb
(A.1)
Here M, is the transition amplitude and f(p) is the momentum distribution function.
In thermal equllibrium, f(p) can be written in a covariant form as

1
f(p):uiilvu

7 = (1,0,0,0)7, (A.2)

eT
where the upper(lower) sign is for fermionic (bosonic) particles. The final states can ei-
ther be in equilibrium or non-equilibrium with thermal bath. For the final states, not in
equilibrium with the thermal bath implies a negligible initial abundance, leading to the
final state enhancement factor 1+ f(p;) ~ 1. Similarly, for the final states which are in
equilibrium with thermal bath, one can neglect the pauli-blocking /stimulated emission

effects, i.e., 1 + f(p;) = 1. For 2 — 2 processes, cross section is defined by

1 2

= [ |Myyo|*(2m)*s* —k A3
o(p1,p2) 1F(p1.pa) /| 252]°(2m)76" (p1 +p2 — k1 — 1;[ 5 32Ek (A.3)

The reaction rate can be written in terms of cross section which is given by
Iyp = (2m)7° /d3p1d3p2f(P1)f(P2)U(p17pQ)Umol, (A4)

where vy, is the moller velocity of the incoming particle, and is given by,
F (p1-p2)? — mim3

(p1,p2) _ \/ 172 (A.5)

Ymol = P T E,E,

The reaction rate can be easily evaluated in centre of mass (CM) frame. See [34, 36] for the
details. Following [34, 36], we define two new variables p = (p1 +p2)/2 and k = (p1 —p2)/2
for a pair of momenta p; and ps. The vector p can be Lorentz transformed to the form

E

8 = A(p)"'p. (A.6)
0

In the above, E represents the particle energy in CM frame. In terms of half of the centre
of mass energy F, rapidity n and angular coordinates 6,¢, the vector p can be expressed
as [34]
p® = E coshn,
1 . . .
p- = Esinhnsinfsin ¢,
s (A7)
p° = E'sinhnsinf cos ¢,

p> = Esinhn cos 6.
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A.1 Annihilation

The reaction rate for ab — cd processes of incoming bosons is given by

T . EJrk O h7]+ k i h’l} . E*k O h7]+ k i h’l]
F /oo 2/ smh n 1 Sll’lh ( O)C 32T | ISI Sln[ ( O)C 32T | ISl
22 = 14 dEE n 2E I n . _ i . _ _ i
4 min 2F coshn 1 inl (E+ko)coszhn |k| sinh n inl (E k())cos2h77 |k| sinh n

x 4Fa“M(E), (A.8)

; m2+m?2 m2—m?2)2 m2—m?2
where PN = max[metm metma) g\ fpr M Do) g g o e

We derive the reaction rates for 2 — 2 processes of incoming fermions which has the

following expression:

T [ 0 sinh n cos
o / dEE? / dn—peog— In
252~ pin 0 ”e% 1 |cosh

x 4Fc“M(E). (A.9)

h (E+ko) cosh n+|k| sinhn h (E—ko) coshn+|k| sinhn
2T 2T

COSs

(E+ko) cosh n—|k| sinhn h (E—ko) coshn—|k| sinhn
2T 2T

COS

At the low temperature 1" limit,

sinh (Etko) Cos2h%7+|k| sinh 7 sinh (E—ko) 005517117+\k| sinhn 2|/€’ sinh 7
In Linh (E-l—ko)cos;j?] |k| sinhn sinh (E_kO)COS;g—klsinhn] S T ,
| [cosh LRl cos s ogy (E-o)co s} o sinh
n [COSh (E+k0)cos2hjzy—|k|sinhn cosh (E—ko)COS;I%?—kISinhn] T

Therefore, at the low temperature 7" limit, eq. (A.8) and eq. (A.9) reduces to the reaction
rate which is equal to the reaction rate obtained by MB distribution,

T [ 2F
e, = ywe: / dEE|k|K, ( 0 ) 4Fc“M(E). (A.10)

min
1

For the incoming particles having same mass m = m, = my, eq. (A.8) and eq. (A.9) reduce

to
e _ T /°° JEE? /OO gy 2sinhn | jsinh B cosh VB —m? sinh FoCM (B)
n g s
292 = 47’[‘4 min 0 ne% 1 sinh E'cosh'r]—\/QE’Tz—m2 sinhn

(A.11)

Me+mgyg ]
2

for the incoming bosons where Ei" = max[m, and

T 00 00 9 sinh cosh E coshn++v E?2—m?sinhn
riD, = — / dEE? / Ay 1y 2| 4FeM(E).
47 min 0 6% 1 cosh Ecoshn—\/Q];j]T —m?sinh 7
(A.12)
for the incoming fermions. At low temperature 7' limit, the eq. (A.11) and eq. (A.12)

reduces to the reaction rate which is equal to the reaction rate obtained by MB distribution,

T [o° e 2F
2
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A.2 Fusion
The reaction rate for aa — b for incoming fermion is given by

my, cosh n++/m?2—4m?2 sinh
T my sinh cosh 2= V/mi—Amg sinhy
rf —2mg) d b n In AT

2%1 167 3 a mb COShn 1 osh my, cosh n—y/m2—2m2 sinhn

c aT

] Mo 2

(A.14)

Similary, the reaction rate for aa — b for incoming boson is given by
. my, cosh n+4/m? —4mZ sinhn
sinh 1T
n
sinh my, coshn—+/mZ—4m2 sinhn

4T

T mysinh n
P2~>1 167 3 2ma / d mb co<hn 1

] |M2—>1|2-

(A.15)
At the low temperature T' limit,

cosh my, coshn++/m2—4m2 sinhn sinh my coshn++/m?2—4m? sinhn /2 — 4m2 sinh n
AT —In AT ~ b a
cosh ™ coshn—y/mZ—2m2 sinhn sinh ™ coshn—y/mZ—4mZ sinhn 2T

4T 4T

In

Therefore, at the low temperature T' limit, eq. (A.14) and eq. (A.15) simplifies to a form
which is equal to the fusion rate obtained by MB distribution,

T
P2~>1 3973 oz t(my — 2ma)\/mK1 ( ) |M2_>1| (A.16)

A.3 Decay

Considering decay mode, the reaction rate for this process is given by

a3 a3 a3
' = /(Qﬂgp;&f(pl)/ (27r)§22E2 (27r)?]’323E3\M1—>2|2(27r)454(p1 — (p2+p3)). (A7)

The general expression of decay width is given by

d*py d*p3
= 51 | s oy Ml @0 0 0~ et (A8)

So, the eq. (A.17) can be written as

d3
P = /(27r)§)21Elf(p1)2Mr' (A.19)

Using the eq. (A.19), we can write the decay rate for the mother particle being boson
having mass M as

FM3 <t TM2T & M
]1322 / d Mt '~ Z Kl (n) (A.20)

272

Similarly, for the mother particle being fermion having mass M, the decay rate is given by

LA Tyt <<1 FMQTZ( 1)%1}(1 (nM) (A.21)

reo
1=2 — 272 1 e T My +1 272 —
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At the low temperature T, eq. (A.20) and eq. (A.21) reduces to a simpler form which is
equal to the decay rate obtained by MB distribution,

T M?T M
MB _
e =— 5K (T) (A.22)

Next to the leading order terms contribute in eq. (A.20) and eq. (A.21) substantially

when M < T. Therefore, the I'E, is enchanced and I'f'Y, is suppressed when compared

1—-2
with TM5,.

B Analytical expressions of relevant cross sections and decay widths

We provide the expressions for the relevant cross sections in half of the centre of mass
frame and decay widths, that have been used in the Boltzmann equations.

B.1 Cross sections for different processes

Below we consider that the B — L Higgs boson ~ S, and SM Higgs boson ~ h, and we
neglect the mixings between SM and B — L Higgs boson. As considered in the text, the
SM and B — L Higgs boson mixing angle sina = 1074 — 107°.

1. hh — ¢Lép

1 E2—m?
U(E) _ $DM
64m E2 E?2—m3

6U2)\h)\Dh
(4E2—m3)+impTy,

VB ASRADR
(4E?—m3%)+imgTg

Aph+ +0(Toy—T)

The first term is from contact term Ap H<I>T<I>¢erj¢ p. The second and third terms are via
mediation of S and A respectively, where third term appears only after EWSB.

2. S5 — ¢Lop

2__ 22
1 E M pom

_ V2 AsnADn GU%L)\S/\SD
64n E2 EQ—m%

(4E?2—m%)+imply,  (4E2—m%)+imsls

o(E) Asp+0(Tow—T)

The first term is from contact term ApgS TS(bTqu p. The second and third terms are via
mediation of A and S respectively, where second term appears only after EWSB.

3. NN — ¢l dp

2 2
(E2 — m?\/) E= - M6 UJZBL)‘?VS)‘%D
167s E? —m} (4E2 — m2)® + m3I%

o(E) =

We consider the S mediated diagram, and ignore the Zp;, h mediated processes. For
Zpr, the Zgr, — ¢p — ¢p coupling is vanishingly small. Since we consider the SM and
B — L Higgs boson mixing to be very small, hence, we ignore the h mediated diagram.
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_ H(Tew B T) E2 B miDM
7B =" 6em J (B2 — (i + o)) AE2 — (o, — mg)?)

2
VUBLASKASD VUBLASKADR

(4E? —m%) +imgTs  (4E% —m3) 4+ impTy,

This process is mediated by h,S. The WW,ZZ, ff — gb}ngZ)D processes are mediated
via only h. Since the SM and B — L Higgs boson mixing angle is tiny, we neglect the S
mediated contribution.

5. WHW— = ¢l ép

2 2
O'(E) — m%/VAZDhe(TC’w - T) E2 B 7/nQﬁDM 1 _,’_ (4E2 — 2m12/V)2
3247 E?((4E% —m3)2 + miT?)\ E? —m3, 8miy,
6. ZZ — dhép
2 2
g(E) = m%/\%)ha(Tew - T) E? — Mo 1+ (4E2 - 2m2Z)2
324w E2((4E%? — m3)?2 + miT3)\ E? —m5 8miy,
7. ff = ¢hép
2 .2 _ 2 2 242
O’(E) _ (E mf) H(Tew T) b= - Mo mf)\Dh
327 E?n, E? — mfe ((4E? —m3)? + mil'?)

In the above, n, is the color charge, and is 1 for leptons and 3 for quarks.

B.2 Decay widths of S

The expressions for the decay widths of S:

v
o T(S = ¢hop) = Agir, /1 - 731
4
. T(S = 22) = omsy 1 -2 <1 4mZ + >sin2a
4
S —Wtw-) = 16”21/ < 4mW + 7:35 )sm2a

ShU?S’L mi
« (S — hh) = ggbe, )1 - T

_ 2 2\ 2
o T(S — tf) = 20smi ( — 4”?) sin? o

8mv?
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3
— 2 2\ 2
o I'(S — bb) = S (1 — %’) “sina

2
8mv %

2

3
e I'(S— NN) = myms <1— 4mr}’>200520z

2
16mvg mg

2
3 M3 .
. F(S%NV)—yfg:;S( —M%’) sin? o

B.3 Decay widths of Zp,

T 9L9DMMZ 4m3 ’
o I'(ZpL — ¢pop) = prrl [N el

\T gl23LmZBL 4m3, :
. F(ZBL%NN):T 1 - —2

1
r nedbMzp; m} Am :

« U(ZpL = ff) = P20 (1+ 5 -5
In the above, n. represents the color charge, and is 1 for leptons, and 3 for quarks.

C Thermal correction to SM Higgs mass

In this work, we have considered the electroweak phase transition to be crossover in which
Higgs remains massive at critical temperature (7, = 160 GeV). We have assumed m,(1;) ~
10 GeV. When the temperature is greater than the critical temperature 7. In this regime,
the mass of Higgs bosons is given by [35],

mi(T) = ¢(T? — T?) + m3(T.). (C.1)

For temperature smaller than the critical temperature 7., the mass of Higgs boson is
given by
w3 (T) = 2¢(I% — T%) + m},(T.), (C.2)

where ¢ is a constant determined by the requirement my,(0) = 125.5 GeV.
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