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We propose a scenario where dark matter (DM) can be generated nonthermally due to the presence of a
light Dirac neutrino portal between the standard model (SM) and dark sector particles. The SM is
minimally extended by three right-handed neutrinos (vy), a Dirac fermion DM candidate () and a complex
scalar (¢), transforming nontrivially under an unbroken Z, symmetry while being singlets under the SM
gauge group. While DM and vy couplings are considered to be tiny in order to be in the nonthermal or
freeze-in regime, ¢» can be produced either thermally or nonthermally depending upon the strength of its
Higgs portal coupling. We consider both these possibilities and find out the resulting DM abundance via
freeze-in mechanism to constrain the model parameters in the light of Planck 2018 data. Since the
interactions producing DM also produce relativistic vk, we check the enhanced contribution to the effective
relativistic degrees of freedom ANy in view of existing bounds as well as future sensitivities. We also
check the stringent constraints on free-streaming length of such freeze-in DM from structure formation
requirements. Such constraints can rule out DM mass all the way up to O(100 keV) keeping the AN <
O(1073) out of reach from near future experiments. Possible extensions of this minimal model can lead to

observable AN which can be probed at next generation experiments.
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I. INTRODUCTION

As suggested by irrefutable evidences from astrophysics
and cosmology based experiments gathered over several
decades, we live in a universe whose matter content is
dominated by a nonbaryonic, nonluminous form of matter,
known as dark matter (DM) [1,2]. While it is approximately
five times more dominant than ordinary baryonic matter, its
total contribution to the present universe’s energy density is
around 26%. Present abundance of DM is often quoted in
terms of density parameter Qpy; and reduced Hubble
parameter h = Hubble parameter/(100 kms~! Mpc™') as
[2] Qpyh? =0.120 £ 0.001 at 68% C.L. In spite of so
many observational evidences, the particle nature of DM is
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not yet known. However, it is known for sure that none of
the standard model (SM) particles can satisfy the criteria for
being a particle DM candidate, leading to several beyond
standard model (BSM) proposals in the literature. Among
these proposals, the weakly interacting massive particle
(WIMP) paradigm is one of the most well-studied ones. In a
WIMP paradigm, a particle DM candidate having mass and
interaction strength (with SM particles) typically around
the electroweak ballpark can give rise to the observed DM
abundance after thermal freeze-out, a remarkable coinci-
dence often referred to as the WIMP miracle [3]. The same
interactions responsible for thermal freeze-out of a WIMP
can also lead to its promising direct detection prospects like
observable DM-nucleon scattering. However, the direct
detection experiments have not seen any such scattering yet
leading to tighter bounds on DM-nucleon couplings.
Similar null results have also been reported at indirect
detection as well as collider experiments. A recent review
on the status of WIMP type DM models can be found in [4].
The null results in WIMP detection have also motivated the
particle physics community to look for other viable alter-
natives like freeze-in or feebly interacting massive particle
(FIMP) dark matter [5—18] where DM, due to its feeble
interactions with SM bath, never enters equilibrium in the
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early universe. A recent review of such models can be
found in [19]. While a FIMP offers a viable alternative to a
WIMP, such models are often difficult to probe due to tiny
DM interactions except some special cases [20-22].

In this work, we propose a FIMP scenario by connecting
it to neutrino physics. While the origin of neutrino mass and
nature of neutrinos (Dirac versus Majorana) are not yet
known, we consider the presence of right-handed neutrinos
which couple to the left-handed ones via tiny SM Higgs
couplings resulting in light Dirac neutrinos. The right chiral
part of a Dirac neutrino, being singlet under the SM gauge
symmetry, can act like a portal between the dark and visible
sectors. To be more precise, we consider a minimal
framework where the SM is extended by three right-handed
neutrinos, one singlet fermion DM candidate, and one
additional singlet scalar to facilitate the coupling of DM
with right-handed neutrinos. Additional discrete symmetry
Z,4 is imposed in order to forbid unwanted couplings while
keeping DM stable. While a thermal as well as a non-
thermal singlet scalar can decay to produce DM as well as
right-handed neutrinos, the latter can lead to additional
relativistic degrees of freedom or dark radiation which can
be probed at cosmic microwave background (CMB) experi-
ments. Existing data from CMB experiments like Planck
constrains such additional light species by putting limits on
the effective degrees of freedom for neutrinos during the era
of recombination (z ~ 1100) as [2]

N = 2.99703% (1)

at 20 or 95% C.L. including baryon acoustic oscillation
(BAO) data. At 1o C.L. it becomes more stringent to
Negr = 2.99 £ 0.17. A similar bound also exists from big
bang nucleosynthesis (BBN) 2.3 < N < 3.4 at 95% C.L.
[23]. All these bounds are consistent with SM predictions
NSM =3.045 [24-26]. Future CMB experiment CMB
Stage IV (CMB-S4) is expected to reach a much better
sensitivity of ANy = N — N3M = 0.06 [27], taking it
closer to the SM prediction. Light Dirac neutrino models
often lead to enhanced AN, some recent works on
which can be found in [28—40]. While Planck bound on
AN put moderate constraints on the model parameters,
the structure formation bounds on DM free-streaming
length turn out to be severe, disfavoring DM masses all the
way up to O(100 keV). This also leads to small enhance-
ment AN < O(1073) which, though safe from Planck
bounds, remain out of reach for next generation experi-
ments. Suitable extension of this minimal model can,
however, lead to enhanced AN which can be probed in
the near future.

This paper is organized as follows. In Sec. II we discuss
our basic setup including the model description and
relevant Boltzmann equations required to compute the
abundance of DM as well as AN. In Sec. III we discuss
the constraints from structure formation followed by the

details of our numerical results related to DM and AN in
Sec. IV. In Sec. V we discuss possible UV completions of
our minimal setup and finally conclude in Sec. VL

II. THE BASIC SETUP

There have been several BSM proposals to realize light
Dirac neutrinos. In order to keep our framework minimal,
we consider only three types of BSM particles sufficient to
highlight the interesting phenomenology. They are namely,
right-handed neutrinos v, fermion singlet DM y, and a
complex scalar singlet ¢ transforming nontrivially under an
unbroken discrete Z, symmetry. The right-handed neutri-
nos couple to left-handed lepton doublets via SM Higgs
with fine-tuned Dirac Yukawa couplings to generate sub-
eV Dirac neutrino masses. All SM leptons as well as vg
have Z, charge i which keep the Majorana mass terms
away. The Z, charges of y,¢ are chosen to be —1,i
respectively which ensures DM has only one tree-level
coupling of the form y rg¢. On the other hand, v, ¢ can
have other couplings as well. For example v, couples to
SM lepton doublet # and Higgs H as yyZ Hvg. On the
other hand, the scalar singlet ¢ can have quartic interactions
with the SM Higgs as Ay,(H'H)(¢'¢). Thus, the
Lagrangian involving the newly introduced fermions can
be written as

'Cfermion = iDR)’”aﬂUR + ”/_/7”0/41// - ml//lilll/
— (yu? Hug + y v + Hee.). (2)
Similarly, the scalar Lagrangian of the model is
ﬁscalar = (DHﬂH)T (D’IJJH) + (audj)T (aﬂ¢)
—[~up(H'H) + Ay (H H)? + 5 (4 $)
+g(0° )+ Aug (H H) (@' ) + 2 (4" + (67)*)].

3)

where, the covariant derivative for H is defined as
Dyt = (0, +i%e,we+ LB, \H 4
Huptd = | Oy ’26a ﬂ+l2 u |11 (4)

Here, g and ¢ are the gauge couplings for SU(2),
and U(1), respectively while the corresponding gauge
bosons are denoted by W} and B,. Since Z, needs to
remain unbroken, the singlet scalar does not acquire any
vacuum expectation value (VEV). After the neutral
component of the SM Higgs doublet H acquires a
VEV v = 246 GeV, the physical masses of the scalars
can be written as

m2 = 2y, (5)
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While Dirac Yukawa coupling yy remains suppressed
from neutrino mass criteria, without much relevance to
the phenomenology of DM and ANy, the two other
couplings namely, y,, 154 play crucial roles along with
the masses of ¢,y denoted by my, m, respectively.
Therefore, the relevant free parameters of this model
are the following couplings and the masses:

m(/,, my,, y¢, AH(/) (7)

Since both DM and vy will be dominantly produced
from ¢, it is important to track the evolution of ¢ in the
early universe. Depending upon coupling of ¢ with SM
Higgs and its mass m,, production of DM, v can occur
while ¢ is either in equilibrium or out of equilibrium. In
order to discuss our results in details, we consider three
different scenarios and write the corresponding Boltzmann
equations as follows. For the detailed derivations of the
Boltzmann equations for each of these scenarios, please
refer to Appendix A.

A. Case I: ¢ in equilibrium

In this case, ¢ remains in equilibrium with the SM bath
during DM and vy, production from ¢ decay. Thus ¢
abundance can be considered to be its equilibrium abun-
dance throughout while for the other two species v, v, the
relevant Boltzmann equations, in terms of comoving
number densities of ¢ and y, and comoving energy density
of vy, are given by

le//_ :B K]()C) eq
dx — xH 7K, (x) Yy ®)
dy s .
pr T ®)
where x = m,/T and
Tdg,/dT
f= [1 +%], (10)
| |—>yR ( _m2)2
(ET) = gy, 0. (11)

32z mj
Here H is the Hubble parameter in a radiation dominated
universe and K; is the modified Bessel function of ith order.
While the comoving number density Y, =n,/s, the
comoving energy density of vz which remains relativistic
during the CMB formation, is defined in terms of its energy
density as ¥ = p,, /543

B. Case II: Freeze-out of ¢

For certain choices of model parameters, one can have a
scenario where ¢ gets thermally produced first followed by
its freeze-out and only after that dominant production of
DM’ and vy take place from decay of ¢. Since ¢ can no
longer be taken to be in equilibrium throughout, we need to
track its evolution using the corresponding Boltzmann
equation. The system of Boltzmann equations in this case
is given by

dd);(ﬁ B % <_<0v>¢¢uxx((Y¢)2 - ()
LKt/ 1)
) Kz(mqa/T) 4)) (12)

¥, p KW
dx  aH P K, (x)

Yy, (13)

dYy

I Hs/f/3 (ET)Y,. (14)
Here (6v)4r_xx is the thermally averaged annihilation
cross section [42,43] of ¢ into the SM particles via Higgs
portal interactions. These include the contact interaction of
¢ with the Higgs (h) along with all other Higgs portal
interactions ¢¢p" — ff,VV, hh, where f denotes the SM
fermions (quarks and leptons) and V denotes the SM gauge
bosons. The definition of other parameters remain same as
in case I discussed eatlier.

C. Case III: Nonthermal ¢

Finally, we consider the remaining possibility where ¢
can be out of equilibrium throughout due to tiny couplings
with the SM Higgs. Thus, the initial abundance of ¢
remains negligible, like FIMP DM, and then it starts to
populate the universe due to decay or annihilation of SM
bath particles. Since ¢ has only Higgs portal couplings, the
relevant production mechanism is from Higgs decay or
Higgs annihilation depending upon m,. The distribution
function for ¢ can be calculated by solving the following
equation:

af_‘/’ —Hp, af_‘/’ = Ch=td" 4 Chh=0d" 4 Co=rv  (15)
ot dpl

the details of the collision terms on the RHS are given in

Appendix A. Once the distribution function f'; is evaluated,

it can be used to find the evolution of DM and vy densities

by solving the following Boltzmann equations:

"This production mechanism of DM is known as super-WIMP
formalism, first proposed in [41].
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(A%)sé:zf(/)(é:v r)

6(11_1;/: 9P <EF>LZA°°( mo) E1,(E r)de, (16)

rHs*3 2w

ay, _ gyPLymy
dr rHs 22

dé,

where r = m/T with m being an arbitrary mass scale and
details of A, & are given in Appendix A.

III. STRUCTURE FORMATION CONSTRAINTS

Fermion DM with mass roughly below a keV is ruled out
from galactic phase space arguments [44,45]. This implies
that a fermion DM with mass above a keV can still allow, in
principle, the formation of structures as we observe in the
universe. However, such generic lower bound on fermion
DM mass based on phase space arguments, can become
more stringent depending upon the production mechanism
of DM. Such bounds can be imposed on a particular DM
scenario by calculating the free-streaming length (FSL) of
DM. While hot DM is already ruled out, warm DM with
FSL kg, < 0.1 Mpc is still allowed, and can be favorable
over cold DM of FSL Agg; < 0.01 Mpc due to the small-
scale structure problems associated with the latter [46].
Dark matter free-streaming length can be estimated from
the matter power spectrum inferred from the Lyman-a
forest data [47,48]. This has been done in several earlier
works including [49]. Quasar data have also been used for
studying free-streaming properties of DM [50]. For theo-
retical and simulation based studies of dark matter free-
streaming properties, one may refer to [51-54]. For some
recent discussions on structure formation constraints on
DM production mechanisms, please see [55-57] and
references therein.

The free-streaming length can be defined as

o = [ S, %

prod

where T, is the temperature of the universe at the time of
matter-radiation equality while T'0q denotes the temper-
ature during maximum production of DM. The average
velocity of DM ({(»(T))) at a temperature T can be
expressed as

&
Zi 2,f]3f1//(p1’ )

7 .
zflﬁfl//(pl» )

((T)) =

(18)

Here p; is the momentum of DM particle y having energy
E|. The above integration over p; are for all possible values
of the momentum (p;) of . In terms of two new variables
¢, and r as defined in Appendix A, the above definition of
(v) becomes

/ fy/ fx/n )dfy/ .
fé fl// dfw \/ L mv,)2

(19)

(v(r)) =

The function A(r) is defined in Appendix A with m, being
a reference mass scale, considered to be 125 GeV in our
analysis. Now, in terms of r the above definition of FSL
takes the following form:

11\1/3 Teq 1/3 ﬂ dr
_ 13 P2 0
ApsL <43> ro [pmd (v(r))g H(P) 7 (20)

Therefore, in order to calculate the free-streaming length
of dark matter y, we first need to find the distribution
function f,, (&, . r). The nonthermal distribution function of
y depends mostly on two factors. One of the factors is the
momentum distribution of the parent particle ¢ while the
rest is the production mechanism of y from the parent ¢. In
our case, y can be produced from the decay of ¢ as the
decay is always kinematically allowed. The Boltzmann
equation for f,, due to the process ¢(K;) — w(P;)+
Ug(P,) is given by

of, af, 1 Kk dk,

—_—— — T —— k

o g, 16nEp]plAm Ey, MGz o (K1),
(21)

where

rlnin:m —pl(mi—i-m,%,)

o\ R 03 )2 = i {4 — (o — )},

(22)

) 1
krlndx :W |:p1 (mé + m%,)

+\/P (m¢+mv/ _mt//{4plm¢ (mé_mi)z}},
(23)

and when m, > m,,, the above limits on k; reduce to the
following simplified forms:

o M my
K (—m +y[pi =45t +m$,>, (24)
v b

m2
kllndxﬁﬁ (Pl +4/pi—
W

Now for the different cases:

my,
my
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FIG. 1. Left: LHC constraintin m, — Ay, plane showing the region excluded by upper limit on invisible decay width of the SM Higgs.
Right: interaction rates of ¢ in comparison to the Hubble expansion rate for benchmark choices of my — Ay, used in our analysis.

(i) Case I: fy(ky) = e BT, shown in Appendix B. Since the region of validity for these
(ii) Case II: we can find f(k,) after the freeze-out of ¢p  three cases crucially depends upon the parameters involv-
by using ing complex scalar singlet ¢, we first show the parameter
space in terms of its mass and Higgs portal couplings in the

iy Hik iy CH—vr (26) left panel of Fig. 1 indicating the region excluded by the

ot ! ok, ' constraints from the Large Hadron Collider (LHC) on

invisible decay of the SM Higgs boson into a pair of ¢. The

(iii) Case III: we can find fj(k;) by using ATLAS and the CMS collaborations have put the limit on
invisible Higgs branching ratio as BRy_,;,, < 14.6% [58]

af_¢ —Hk, af_¢ — Ch=' - Chi=dd' | cd=Trw and BRy_;,, < 18% [59] respectively, of which we use the

ot ok, stronger ATLAS bound in the left panel of Fig. 1. In the

(27)  rightpanel of Fig. I, we show the interaction rate of ¢ (I') in
comparison to the Hubble expansion rate for three bench-

Once we find f, from the above equations, we can use mark values of mg, Ay, to indicate typical Higgs portal
that to find f,, which we can use again to find thermal  couplings required to consider thermal production of ¢ in
average velocity and free-streaming length. We can also  the early universe. Clearly, for Higgs portal coupling 45,4 <
cross-check the numerical calculations by obtaining 1078 validates the nonthermal nature of ¢ as we consider
ny =gy (‘1237")13 fp and n, =g, [ (d;_!’)g f,, and comparing while discussing details of case II. In the following, we

will choose the benchmark points as well as the scan range
while keeping Fig. 1 in mind.

In addition to bounds on Qpyh?, ANy, and the
(mgy, Any) plane mentioned above, we also note the model
independent bounds on DM mass. If DM is very light, it
can remain relativistic for a long time after being produced
from ¢ decay resulting in large free-streaming length.
While hot dark matter is ruled out, a warm dark matter

TV. NUMERICAL RESULTS (WDM) component is still allowed provided certain bounds

In this section, we discuss our numerical results for all  are satisfied. Depending upon the details of the production
the three cases mentioned above. After solving the mechanism, warm dark matter mass below a few keV is
Boltzmann equations for comoving densities of dark sector ~ ruled out as shown in several works incorporating different
species, we can find the observable quantities like DM observations [52,60,61]. Coincidentally, a similar lower
abundance Qpyh® and AN, by following the procedure  bound exists on fermion DM mass from galactic phase

it with the previous section’s results. Note that the same
expression for n,, also appears in the denominator for the
expression of (v(T)).

We will discuss the results for free-streaming length for
each case together with DM and AN results in the
upcoming section.
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FIG. 2. Evolution of dark sector particles (¢, y, vg) in case I considering ¢ to be in equilibrium throughout. All the lines denote the
total comoving number/energy densities of dark sector particles. The left and right panel plots show the change in evolution for two
different choices of y,, m, respectively. Chosen sets of points keep the DM abundance within the Planck limit.

space arguments [44,45]. While these lower bounds can
vary slightly depending upon the production scenario and
observational constraint imposed, we consider a lower
bound of O(1) keV in our analysis. We also consider a
conservative upper bound on ¢ lifetime such that its decay
is complete before the BBN epoch Ty ~ O(10) MeV.
This ensures the production of dark matter as well as dark
radiation before the onset of the BBN epoch.

A. Case I

In this case, ¢ remains in equilibrium while DM and vy
production takes place. This is the simplest scenario where
we need to solve only two coupled Boltzmann equations
fory, v while using equilibrium abundance for ¢ through-
out. Figure 2 shows the evolution of dark sector particles as
functions of temperature for different sets of parameters.
The magenta, blue, and green lines correspond to the
comoving number densities of ¢ (in equilibrium) and v,
and comoving energy density of v respectively. The three
free parameters mg, y 4, and m,, are taken in such a way that
DM abundance Qpyh®> is always satisfied. While ¢
abundance follows the equilibrium abundance as shown
by the magenta line, DM and vy freeze-in from decay of ¢
and get saturated after ¢» abundance gets Boltzmann sup-
pressed for T' < my.

Now, let us discuss the phenomenology for this situation
with respect to the parameters m, y,, and m,, governed by
Egs. (8) and (9). The approximate analytical solutions of
these two equations are given in Appendix C. Equations in
(C1) say that for my > m,,, both ¥, and Y depend on mg
and y, only, making AN independent of m, (from
equations in Appendix B). Equation (C4) that gives a
relation between AN, and Qpyh? carries DM mass as an
independent parameter. For correct relic abundance, a
minimum value of DM mass will provide a maximum

contribution to extra radiation energy density. Keeping this
in mind, we plot the solid line in the left panel of Fig. 2,
where we keep DM mass to be 10 keV. We see that the
corresponding AN value is 0.002. This is the maximum
value of effective relativistic degrees of freedom and it is out
of the reach of both Planck 2018 and the CMB-S4 limit. An
approximate analytical approximation also gives the same
value AN =~ 0.0016 [from Eq. (C3)]. For the dashed line in
the left panel, we have changed y, and observed its effects
on AN In order to satisfy the DM abundance, m,, has to be
increased accordingly for the dashed lines. As expected,
AN, is reduced further. The right panel in Fig. 2 has been
plotted for a different value of m,,. Here, due to a larger mass,
¢ gets Boltzmann suppressed earlier resulting in a smaller
Yl,, and Y. In both the plots, we show a horizontal line
denoting the comoving energy density of a single species of
right-handed neutrinos that corresponds to the 2¢ upper
bound from the Planck 2018 data. In conclusion, for this
situation when ¢ is always in bath, the contribution of dark
radiation to effective relativistic degrees of freedom is
beyond the reach of future CMB experiments.

1. Structure formation constraints

For case I, where the particle ¢ is always in thermal
equilibrium, we have calculated the free-streaming
length for three different benchmark points. Here, we
already know the distribution function of ¢ using
which the distribution function of y can be calculated.
Equation (17) tells us that the free-streaming length is
mainly dependent on two factors: the production temper-
ature (Tp,q) and the injected energy to the DM from the
decaying particle which will determine the average thermal
velocity of the latter. In this section, we will see that if the
production temperature is the same and injected energy to
DM is more, one can expect a larger free-streaming length
as the dark matter particle will be relativistic for a longer
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FIG. 3. Average velocity of DM as a function of temperature in case I for different benchmark combinations of relevant parameters.

duration. If the production temperature is high but the
injected energy is the same, one can expect a smaller FSL
due to higher red-shift of DM momentum which will make
the DM to be nonrelativistic at an earlier epoch.

In Fig. 3, we have shown the average velocity of DM as a
function of temperature for two different values of ¢, my, =
10 GeV and my = 50 GeV. The values of dark sector
coupling y, is the same in the upper panel plots of Fig. 3. In
all the figures, the red lines show the average velocity of y
for which m,, gives the correct DM relic. As can be seen
from all the three plots, for mwi 10 keV, the free-streaming
length is less than 0.1 Mpc, that is, they are in the warm DM
region. From the first two plots, we see that for a particular
value of m,, (e.g., m, = 1000 keV), both the plots give
very similar values for free-streaming length. This is
contrary to the expectation as for higher mass of decaying
particle, the injected energy to the DM should be more. The
reason why the FSL is still small for higher decaying
particle mass is that the production of DM from ¢ also
occurs at an earlier epoch (see benchmark plot in Fig. 2). As
a result although the DM has higher momentum, its
momentum gets red-shifted more. These two different
phenomena compete with each other and as a result, we
get similar FSL values in both of the plots. In the top right

panel plot and in the bottom plot, we have kept ¢ mass to be
the same and have changed the dark sector coupling, y,.
Due to the same mg, the initial energy of DM will be the
same. Also we have already seen that that changing y, does
not change T4, the production temperature of dark
matter. Hence we can expect the same FSL for the same
DM mass. This is exactly what we can see from the top
right plot and the bottom plot. The only difference in these
two plots is that the y mass satisfying the correct DM relic
is different. From the above analysis, we have found that
the FSL for DM mass corresponding to the correct DM relic
falls under the warm dark matter region.

We summarize our FSL results for case I in Table I, by
including only those benchmark points from the above

TABLE 1. Table for case I.

Parameters FSL
my (GeV) Vo m,, (keV) Qpyh? AN (Mpc)
10 5x 10710 81 0.12 1.6x10™* 0.0141
50 5% 10710 440 0.12 29x 107> 0.0030
50 10~° 110 0.12 12x10™* 0.0105
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FIG. 4. Evolution of dark sector particles (¢, y, vg) in case II considering ¢ to freeze out from the bath while decaying into (y, vg).
Top left, top right, and bottom panel plots show the change in evolution for two different choices of y,, Ay, my respectively. Chosen

sets of points keep the DM abundance within the Planck limit.

analysis which satisfy the correct DM relic. Clearly, the
constraints on DM mass from FSL criteria can be as severe
as O(100 keV) keeping AN < O(1073).

B. Case I1

We now discuss the results for the intermediate scenario
where ¢ gets produced thermally followed by its freeze-out.
This requires solving the Boltzmann equation for ¢ as well
together with the ones for v, vg. Therefore, in addition to
mg, Yy, My, the Higgs portal coupling Ag, can play a
crucial role in deciding DM abundance as well as AN_-.
We show the evolution of dark sector particles for case Il in
Fig. 4. The top left, top right, and bottom panels in this
figure show the comparisons for two different choices of
Vg Ang, my tespectively. Similar to case I, the magenta,
blue, and green lines correspond to the comoving number
densities of ¢ (in equilibrium) and y, and comoving energy
density vy respectively. The red line corresponds to the
actual comoving number density of ¢ which undergoes
thermal freeze-out at an intermediate epoch followed by
complete decay at later epochs. In all these plots, one can

clearly see the production of y, v to be taking place during
equilibrium as well as frozen-out phases of ¢ separated by a
kink in between, as seen from the blue and green lines. The
Higgs portal coupling of ¢ is chosen in such a way that the
freeze-out abundance of ¢ is non-negligible in order to play
a substantial role in y, v production. This is clearly visible
from the plots shown in Fig. 4, where the production of
v, vg from frozen-out ¢ appear to be significant. Another
significant improvement from case I is that mass of DM can
satisfy the lower limits discussed earlier even when AN,
saturates the Planck upper bound.

In the top left panel plot of Fig. 4, we show the evolution
for two different values of y, while keeping other param-
eters fixed. Since y,, dictates the decay width of ¢, a lower
value of y, delays the decay of frozen-out ¢». Change in y,,
however, keeps DM density the same as the number of ¢
gets transferred to the number of v, both of which behave
as nonrelativistic particles. On the other hand, a lower value
of y, or delayed production of v; from frozen-out ¢
increases the comoving energy density of v which behaves
as radiation with comoving energy density defined as

Y = % This can be understood if we solve the coupled
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FIG. 5.

Parameter space plot for case II obtained from numerical scans, shown in terms of AN vs m while 4, (left) and m,, (right)

are shown in color code. The other relevant parameter y,, is kept fixed at 100, The magenta and gray shaded regions indicate the current
and future bound on ANy from Planck 2018 (26) and CMB-S4 respectively.

Boltzmann equations given in Eqs. (12)—(14) analytically
after the freeze-out of ¢. Equations (C5) and (C6) give the
approximate analytical expressions for YT, ¥, and Y. As is

evident from Fig. 4, the freeze-out abundance of ¢ namely,

Y;?, gets converted to Y,; whereas, ¥ « % °‘ )’%1'

In the top right panel plot of Fig. 4, we show the evolution
for two different choices of Higgs portal coupling A4,. As
expected from the freeze-out mechanism of WIMP type
particles, a larger value of Ay, leads to smaller freeze-out
abundance of ¢ and hence smaller yield of y, vy at later
epochs. On the other hand, for larger benchmark value of
Ang resulting in smaller yield of Y, we choose a heavier DM
mass in order to keep Qpyh? within Planck bounds. Finally,
in the bottom panel plot of Fig. 4, we show the evolution of
dark sector particles for two different choices of ¢y mass. Due
to change in Boltzmann suppression, the equilibrium evo-
lution also changes for these two values. Since the annihi-
lation cross section decreases with increase in mass, we see
larger freeze-out abundance for heavier ¢. Naturally, a larger
freeze-out abundance for heavier ¢ leads to enhancement in
comoving densities of DM and vy as well. The benchmark
values of my,m, are chosen in such a way that DM
abundance Qpyh? remains within the Planck limit while
heavier (lighter) benchmark of m, keeps AN close to the
Planck upper bound (CMB-S4 sensitivity). It should also be
noted that increasing ¢ mass also increases its decay width
(for m, < my) and hence we notice a delay in the
production of i, v, for lighter ¢p mass. Although we noticed
enhanced ¥ from such delayed production in the top left
panel plot of Fig. 4, in the bottom panel plot of the same
figure, this effect remains subdominant. The expected
increase in Y for lighter my due to delayed production

remains subdominant compared to a decrease in ¥ for lighter
my due to reduced freeze-out abundance of the latter.

Therefore, we only notice an overall increase in Y for
heavier ¢ having larger freeze-out abundance. In each of
these plots shown in Fig. 4, the two benchmark parameter
values (that is, Yo in top left, /1H,/) in top right, mg in bottom)
are chosen in such a way that one of them leads to ANy
close to the Planck 20 upper limit while the other pushes it
close to the CMB-S4 sensitivity limit.

As seen from the evolution plots of case I and case 1I
discussed above, case II becomes similar to case I if the
maximum production of y from the decay of ¢ happens
before the freeze-out of the latter from the thermal bath.
This requires either late freeze-out of ¢ (due large portal
coupling 4p) or a short-lived ¢ (due to large Yukawa
coupling y,4). Unless we consider such regimes of cou-
plings, these two cases need to be considered separately,
yielding distinct result and phenomenology.

After highlighting the interesting features of case II with
benchmark choices of key parameters, we perform a
numerical scan over the parameter space. The relevant
parameters are varied in the following range:

200 GeV < m,, <2000 GeV,

1075 < Ayy < 10733,
1 keV <m,, <10 MeV.

The value of y, is kept constant and remains fixed at 10719,
which also ensures that the decay of ¢ occurs before the
BBN epoch. The resulting parameter space is shown in
AN vs my, plane in Fig. 5. The color bar in the left and
right panel plots show the variation in Ay, and m,,
respectively. While all the points satisfy the Planck bound
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FIG. 6. Average velocity of DM as a function of temperature in case II for different benchmark combinations of relevant parameters.

on DM relic abundance, the corresponding upper bound on
AN, is shown by the magenta shaded region. The future
sensitivity of the CMB-S4 experiment is shown as the gray
shaded region. From the left panel of Fig. 5, we can clearly
see that for decrease in 1y,, while keeping m, constant,
AN, decreases. This is expected as a smaller value of
Higgs portal coupling 44, leads to a larger freeze-out
abundance of ¢ followed by enhanced production of vy
from ¢ decay. Since the same decay also produces DM, we
need to choose lower values of DM masses in order to keep
its relic abundance within Planck limits. This can be
noticed from the right panel plot of Fig. 5 where the points
with large AN correspond to smaller DM masses.
Additionally, for fixed A4, if we increase my, the corre-
sponding AN, increases. Once again, this is due to larger
freeze-out abundance of ¢ for heavier masses, as noticed
while discussing the evolution plots in Fig. 4. Accordingly,
for heavier m; with fixed 45,4, we need to choose lighter
DM masses in order to keep its relic abundance within
observed limits, as seen from the right panel plot of Fig. 5.
Thus, the FIMP type DM candidate in our setup with
masses all the way up to a few tens of keV can already get
disfavored by Planck 2018 limit (26) on AN. As we will
see in the next section, this lower bound on DM mass gets
pushed to hundreds of keV after imposing the structure

formation bounds. Accordingly, as Fig. 5 suggests, AN
gets pushed down to second or third decimal places.

1. Structure formation constraints

For case II, we have estimated the free-streaming length
of dark matter for some benchmark points. The free-
streaming length for dark matter when mj, = 1000 GeV,
Ang =5x 1077, and y, = 107" are shown in the left side
of Fig. 6 for different values of m,,. Except the red colored
lines, the other lines do not satisfy the current DM abun-
dance. As expected, for lower mass, the dark matter remains
relativistic for a longer period and hence its free-streaming
length is higher. Even for the maximum m,, in the figure, i.e.,
for m,, = 1000 keV, the free-streaming length is greater
than 0.1 Mpc, which is roughly the boundary between warm
and hot dark matter. Thus for all m,, in the figure, the free-
streaming lengths are found to be higher than 0.1 Mpc. By
decreasing the injected energy to dark matter from the
particle ¢, the dark matter can be made to become non-
relativistic at an earlier epoch. This can be obtained by
decreasing m . The top right panel plot of Fig. 6 shows the
free-streaming length for a smaller m, = 500 GeV with 14,
and y, having the same value as the top left panel plot. We
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TABLE II. Table for case II.

Parameters

mg ny, FSL
(GeV) AHgp vy (keV) Qpyh*> AN (Mpe)
1000 Sx 1075 10710 146 0.12 58x107%2 2625
500 5x 107 10710 275 0.12 22x1072 1.146
1000 1.6x107* 10=° 820 0.12 72x10™* 0.071
500 1074 1072 550 0.12 65x10™* 0.077

can see that although the free-streaming length now has a
smaller value, all the points still give hot dark matter.
Another effective way to make dark matter nonrelativistic
at an earlier time is to increase the dark sector coupling y,.
This will give a higher decay rate I'y, leading to a higher
dark-matter production temperature. The results can be seen
from the bottom plots of Fig. 6. The left-hand side is for
my = 1000 GeV and the right-hand side is for my =
500 GeV. As increasing Ay, will also increase m,, for
correct DM abundance, the other parameters are tuned in
both the figures so that we get DM mass in order of hundred

I I

T
I m, =10 GeV

of keV mass, satisfying the relic density constraint. We
summarize our FSL results for case II in Table II, by
including only those benchmark points from the above
analysis which satisfy correct DM relic density.

C. Case II1

In this subsection, we discuss the results for the last
subclass of scenarios mentioned earlier where the mother
particle ¢ never enters equilibrium due to feeble Higgs portal
coupling. In order to simplify the analysis, we consider ¢
production to be taking place dominantly from the SM
Higgs, either via decay or via annihilation. For m, < my/2,
the decay process (h — ¢¢p) dominates while in the other
limit only annihilation (hh — ¢¢) can contribute to ¢
production. To show the roles of decay and annihilation
separately, we discuss these two limits separately.

L.my <my/2

In this case, ¢ freezes in from Higgs decay and then
decays into y and vg. Similar to earlier cases, we first show
the evolution of dark sector particles for suitable choices of
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FIG. 7. Evolution of dark sector particles (¢, y, vg) in case III considering ¢ to freeze-in from Higgs decay and then decaying into
(w,vg). Top left, top right, and bottom panel plots show the change in evolution for two different choices of y,,, A, m,, respectively.
Chosen sets of points keep the DM abundance within the Planck limit.
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FIG. 8.

Parameter space plot for case III (considering ¢ to freeze-in from Higgs decay) obtained from numerical scans, shown in terms

of AN vs my while Ay, (left) and m,, (right) are shown in color code. The other relevant parameter y, is kept fixed at 10710, The
magenta and gray shaded regions indicate the current and future bound on AN, from Planck 2018 (26) and CMB-S4 respectively.

model parameters such that both DM abundance as well as
AN remain within Planck 26 limits. The corresponding
evolution plots are shown in Fig. 7. We maintain similar
color codes as before namely, magenta, red, blue, green to
show the evolution of comoving number densities of ¢
(equilibrium), ¢ (actual), DM v, vy respectively. In sharp
contrast to case I, II discussed earlier, here we see that the
initial abundance of ¢ remains negligible and then it slowly
freezes in from decay of SM Higgs. In the top left panel of
Fig. 7, we show the differences in these evolutions for two
different choices of y,. As usual, a smaller value of y,
delays the decay of ¢. While final DM density remains the
same for both values of y,, the smaller value of y, leads to
enhancement in vy density. Similar observation was noted
in case II as well. In the top right panel of Fig. 7, we show
the variation due to two different choices of Higgs portal
coupling Ayy. In sharp contrast to case II, here we get
smaller abundance of ¢ for smaller value of 45,4 which also
highlights the generic difference between freeze-in and
freeze-out production mechanisms [5]. Consequently,
smaller 14, leads to smaller yields in y, v as clearly seen
from the same plot in the top right panel. Finally, in the
bottom panel plot of Fig. 7, we show the variation due to
two different choices of m,. We see a marginal decrease in
freeze-in abundance of ¢ for larger m,, due to the fact that
as my, approaches my/2, the corresponding partial decay
width I',_, 4+ decreases suppressing the production of ¢
slightly. On the other hand, a larger m, corresponds to
larger decay width of ¢ in the limit m,, < m, leading to
depletion in ¢ abundance earlier. The increase in ¢ decay
width for larger m, also results in increased initial
production of yw and vgp. While final DM abundance

decreases slightly for larger mj due to smaller freeze-in
abundance of heavier ¢, the abundance of vy gets slightly
enhanced for larger my due to larger decay width. Thus,
there exists a competition between two effects: (i) decrease
in v production due to decrease in freeze-in production of
¢ for larger m, and (ii) increase in v production due to
increase in ¢ decay width for larger m,, and the final results
will be decided by the dominance of either of these, to be
discussed below. In all the plots shown in Fig. 7, we notice
an intermediate plateau region for ¢» abundance. This arises
when the freeze-in production rate of ¢ from Higgs decay
and decay rate of ¢ into y, vz remain comparable.

We then perform a numerical scan to show the parameter
space assuming ¢ to be out of equilibrium throughout
which freezes-in only from the SM Higgs decay. In the
scan, we vary the relevant parameters in the following
range:

5 GeV <my <60 GeV,
1079 < Ayy <1078,
1 keV <m, <1 MeV.

Here also y, is kept fixed at 10710, The resulting parameter
space is shown in AN vs m plane in Fig. 8 with the color
bars in the left and right panel plots showing the variation in
Ang and m,, respectively. Similar to case II, here also the
scattered points satisfy the Planck bound on the DM relic
abundance while the corresponding upper bound (future
sensitivity) on ANy is shown by magenta (gray) shaded
region. With an increase in 45,4 while keeping m,, fixed, we
get enhancement in AN as seen from the left panel plot of
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FIG. 9. Evolution of dark sector particles (¢, y, vx) in case III considering ¢ to freeze-in from Higgs annihilations and then decaying
into (y,vg). Top left, top right, and bottom panel plots show the change in evolution for two different choices of y,, Ay, m,
respectively. Chosen sets of points keep the DM abundance within the Planck limit.

Fig. 8, in sharp contrast with the corresponding results in
case II. As discussed above, this trend is expected as an
increase in Ay, leads to increased freeze-in production of ¢.
Since DM number density also increases from the same ¢
decay, we need to choose lighter DM masses for larger 44,
in order to keep Qpyh? within observed limits, as seen
from the right panel plot of Fig. 8. On the other hand, if ¢
mass increases for fixed A4,, we first see an increase in
AN followed by decrease for my closer to my/2. The
initial rise in AN can be explained by noting the increase
in ¢ decay width for larger m,. However, if we continue to
increase my, taking it closer to m,/2, the partial decay
width of the SM Higgs I',_,,+ decreases leading to
suppression in freeze-in abundance of ¢. Consequently,
this leads to decrease in vg,y densities. Correct DM
abundance can be obtained by choosing heavier DM
masses in the high m, regime, as seen from the right
panel plot of Fig. 8. Similar to case II discussed before, here
also the bounds on DM mass become more severe, after

imposing the structure formation constraints, as we discuss
in the next section.

We now briefly discuss the essential features of the
nonthermal ¢ scenario where its freeze-in production is
dominated by annihilations only and decay is forbidden
kinematically due to my > m;/2. The evolution of dark
sector particles in this case are shown in Fig. 9. Once again,
the choice of benchmark parameters is made in such a way
that the final DM abundance and AN remain within Planck
2018 limits. In top top left panel of Fig. 9, we show the
variation in evolution for two different choices of y,. As
expected, this only alters the decay width of ¢ and hence the
production of vg,w. While final DM density remains the
same for both choices, late production of v, due to smaller
Y4 leads to an enhancement in Y, an observation which was
also made in other scenarios discussed above. In the top right
panel of Fig. 9, we show the difference in evolution due to
variation in Higgs portal coupling 4. Naturally, a smaller
Ang results in smaller freeze-in abundance of ¢ from
annihilation and hence smaller yields in vg,y. Variation
due to change in m, is shown in the bottom panel plot of
Fig. 9. We do not see much difference between the two
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values except for the fact that a larger m, increases ¢ decay
width leading to early depletion. Since the overall features in
this case remains similar to the earlier case where ¢ is
produced from decay only, we expect the parameter space to
remain similar. Therefore, we do not perform any numerical
scan in this case.

3. Structure formation constraints

For case III, we have considered the situation when
my < my;,/2. Here, we have considered the same bench-
mark point as in the bottom plot of Fig. 7 for two different ¢
masses, m, = 10 GeV and m; = 50 GeV. The production
temperature for both situations is around 10 MeV (pro-
duction temperature of DM for m, = 10 GeV and m, =
50 GeV are about 10 and 30 MeV respectively). Figure 10
shows that the FSL for a particular dark matter mass is more
in the right plot where m,, is 50 GeV. This is expected as the
production temperature is almost the same, so an increase
in mass of a decaying particle injects more energy to the
dark matter particles. For the left plot, the DM relic is
satisfied when m,, = 3.42 keV and for the right side plot
when m,, 5 keV. For both cases, the FSL. when DM mass
gives correct DM relic is larger than 0.1 Mpc making the
DM “hot.” For these two benchmark points, the AN is
within the current CMB bound. In principle, by increasing
the dark sector coupling y,, the production temperature can
be increased making the FSL small.

TABLE III. Table for case III.

Parameters

ny, n,, FSL
(GeV) At Yo  (keV) Qpyih? AN (Mpc)
10 48x10™° 10710 342 0.12 27x107! 942
50 48x107° 10710 5.63 0.12 36x107" 155

o1k Me=30 Ge\x N\, )
0.01k N ]
> 107 ]
N
= m, =1keV, Ass. = 46.73 Mpc

107 4| == m,=5keV, A = 15.93 Mpc -
= m,=50keV, hps. = 2.54 Mpc \
= m,=0.5MeV, ks, = 0.35 Mpc q
105k == m,=1MeV, ks =0.19 Mpc -
= m, =10 MeV, Aps. = 23.99 kpc E

107 \ \ 1 1 \
1 107 10°° 107

T (GeV)

Average velocity of DM as a function of temperature in case III for different benchmark combinations of relevant parameters.

We summarize our FSL results for case III in Table III,
by including only those benchmark points from the above
analysis which satisfy correct DM relic density. Clearly, the
constraints on DM mass from FSL criteria can be as severe
as O(100 keV) keeping AN < O(1072). In the next
section, we briefly comment on possible UV completions
which can bring the AN, within CMB-S4 sensitivity while
keeping the DM phenomenology similar to the above
analysis.

V. POSSIBLE UV COMPLETIONS

We have discussed a minimal scenario to illustrate the
essential results of freeze-in DM via a light Dirac neutrino
portal. The minimal nature of this model with only three
new BSM fields has led to strong predictions on DM mass
as well as AN,y allowed from experimental constraints.
Possible UV completions of this model can, in principle,
give rise to a natural origin of light Dirac neutrino masses,
a gauge symmetric realization of the discrete Z, symmetry
while also giving a flexibility to enhance AN to bring it
within future experimental sensitivity.

One simple possibility is to introduce an additional
Higgs doublet H,, responsible for generating a light
Dirac neutrino mass [62]. While the freeze-in contribution
to ANy from the Dirac Yukawa interaction with the SM
Higgs doublet is negligibly small due to tiny Yukawa
couplings [34,35], the neutrinophilic Higgs doublet H, can
have a larger Yukawa coupling leading to either thermal-
ized vy or large freeze-in contribution to AN.y. We can
choose the Z, charges of SM leptons, v, v, ¢, H, to be
i,—i,—1,i,—1 respectively, so that the Yukawa interaction
L H, vy is responsible for light Dirac neutrino mass. This
charge assignment leaves the dark sector interactions the
same as in the minimal model. The second Higgs doublet
can have a tiny soft-breaking term with the SM Higgs
uH H, by virtue of which its neutral component can
acquire a tiny VEV, leading to a larger Dirac Yukawa.
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Due to the presence of multiple sources of AN, we can
have correct FIMP DM phenomenology while enhancing
ANy to remain within the sensitivity of next generation
experiments.

Another possibility is to consider a gauge extension of
the SM which naturally accommodates three right-handed
neutrinos required to realize a Dirac neutrino scenario.
Perhaps the simplest possibility is to consider the gauged
B — L extension of the SM [63-68] where three right-
handed neutrinos arise a minimal possibility to keep the
model anomaly free. Depending upon the scalar content,
light neutrinos can be purely Dirac in this model [30,36,69—
73]. The B — L gauge charges of SM leptons, vy, yw, ¢ are
—1,—1, 0, 1 to realize the minimal possibility. The fermion
singlet DM couples via the same portal yrp¢ while light
Dirac neutrino mass arises from the SM Higgs Yukawa
couplings. Although the contribution to ANy from SM
Higgs Yukawa interactions remain suppressed, there can be
sizable enhancement to it due to B — L gauge interactions
of vi. The DM phenomenology will remain similar to the
minimal setup except for the fact that ¢ can now interact
with the SM bath via Higgs as well as B — L gauge portal
interactions. Therefore, such nonminimal FIMP DM via a
light Dirac neutrino portal can lead to observable ANy
which can be probed at CMB-S4 as well as other planned
experiments like SPT-3G [74] and Simons Observatory
[75]. We leave detailed phenomenological studies of such
nonminimal scenarios to future works.

VI. CONCLUSION

We have studied a minimal scenario where the origin of
neutrino mass and dark matter remain connected with
interesting observational prospects at CMB experiments.
Assuming light neutrinos to be of Dirac nature necessitates
the inclusion of right-handed neutrinos v which can also
act like a portal to a dark sector comprising of a fermion
singlet DM and a scalar singlet ¢p. While the scalar singlet
can be directly coupled to the SM bath via a Higgs portal
coupling, a fermion singlet DM can couple only to v via ¢.
We have studied in details the freeze-in production of y and
vy from ¢ decay, by considering three different possibilities
with (i) ¢ in equilibrium, (ii) ¢ undergoing thermal freeze-
out, and (iii) ¢ getting produced via freeze-in. Since vy
couples to SM leptons very feebly due to the requirement of
generating sub-eV scale Dirac neutrino mass, the corre-
sponding freeze-in production of vy directly from the SM
bath remains suppressed. Since the same coupling with ¢
leads to freeze-in production of both DM and v, with the
latter remaining relativistic throughout, we show the
possibility of correlating DM parameter space with effec-
tive relativistic degrees of freedom AN.g. We find that the
scenario with ¢ in equilibrium throughout leads to tiny
enhancement in AN ¢ while being consistent with DM relic
criteria. However, for the other two scenarios, due to one
additional free parameter in the form of a Higgs portal

coupling 4, at play, we can have correct DM phenomenol-
ogy while getting a sizable enhancement in AN at the same
time. Additionally, depending upon the choice of parameters,
existing bounds from the Planck experiment can also rule out
DM mass up to a few tens of keV. However, structure
formation constraints on such nonthermal DM rules out DM
masses all the way up to a few hundred keV. Since DM and v
are produced from the same decay in this minimal model, the
resulting AN also gets reduced to < O(1073) to be in
agreement with required DM properties. We briefly discuss
two possible UV completions which can disentangle the
production of DM and v while still maintaining the light
Dirac neutrino portal scenario, such that correct DM proper-
ties can be realized even with enhanced AN within
experimental sensitivity.

Since the scalar singlet can be light in these scenarios
opening up the possibility of a SM Higgs decaying
invisibly into a pair of ¢, future LHC measurements will
be able to constrain the Higgs portal coupling further from
measurements of Higgs invisible decay rates. In addition to
these specific signatures of our model keeping it very
predictive, one can also pursue such neutrino portal dark
matter scenarios from the point of view of easing cosmo-
logical tensions between early and late universe cosmo-
logical observations [76]. There have been a few works
already in this direction [77,78] which we plan to explore in
future works.
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APPENDIX A: DERIVATION OF BOLTZMANN
EQUATIONS

The Boltzmann equation in differential form can be
written as

F _pp%

Clf]. Al
S -npS (A1)
where H is the Hubble expansion rate and C[f] is the

collision term for a species with distribution function f. In
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this section, we discuss the derivation of the Boltzmann
equations for the relevant species (¢, v, vg) in all the cases
considered in this work.

1. Case I: ¢ in equilibrium
a. For y abundance

For the process: ¢(K) — w(P;) + Ug(P,). Integrating
both sides of Eq. (Al) over the three momentum p; of
species v, we get

/ d’*p, af—"’—H af / &p,
Wamy Lo opy| ) M2y
Using the definition of n,, and integration by parts method

for the term proportional to H, the left-hand side (LHS) of
Eq. (A2) becomes

Clfyl (A2)

d
ﬂ-f—?an

dt V&l (A3)

where

& p
% :/gl//Wfl/ﬂ

with g, being the internal degree of freedom of y. The
right-hand side (RHS) of Eq. (A2) is

d%pl
[ swiamicis
& p, Bk

=[]
=] W an)2E, | T 2n)2E, " (20)2E,
x (2x)* 6" (K =Py =Py)IM5 5, (f3' = Fufu)-

(A4)

(AS)

We assume that the initial abundances of both y and vy are
negligible, so both f,, and f,, can be set to zero. Thus we
can omit the backreaction term in the above equation.
Now using the definition of decay width of ¢ in the rest
frame of ¢ i.e.,

ro_ ! / 9 &P1 9,4 P2
? " 2m, | (27)2E, (27)%2E,
x 2n)*'6 (K = Py = Py)M[5_;,,.  (A6)
we get
Bk 2my o

Here, the decay width I';, is given by

r, = Jv9u |\ LMy
¢ = 167m,, Ui mé

and

| 2
()—>17Rl//

————yg(mg — my). (A8)

9p 9w vy

Using f;)q = ¢ E/T | the Maxwell-Boltzmann distribution,

we get,

&'k 2my
RHS =959 / T
T

Putting n = 7% m3TK,(my/T), the RHS becomes

K (mzil/T) nsd
Ky(my/T)" "

Finally, after equating LHS and RHS of Eq. (A2), the
Boltzmann equation for n, becomes

RHS =T, (A10)

dn,, L Ki(my/T)

(A11)
Now,instead of n,,, we can write the equation in terms of a
new variable Y, = n, /s, known as comoving number
density. Using the fact that sa® = constant with s, a

being the entropy density and cosmic scale factor of the
FLRW metric respectively, the LHS of Eq. (A11) becomes

dy, dn,

v
Sa = ar T
dy, 1 [3 dg,/dT dn,
=T __3Hs[ L ](dt 3y
_ 1 [3 dg,/dT Ky(my/T) ye
T g [ K )
1 Tdg,/dT l(mqb/ ) eq
—— |1 : r Y9 (A12
HT{ + 39, } Ky(my/T)"? (812

Now defining x = m,/T, we can write the above equation
in terms of dimensionless variables x

le//_ .ﬁ Kl(x) eq
o xH K ¢ (A13)
where
Tdg,/dT
= |1+ Al4
/ [ 39s } (A14)

015015-16



FREEZE-IN DARK MATTER VIA A LIGHT DIRAC NEUTRINO ...

PHYS. REV. D 107, 015015 (2023)

b. For v, energy density

Let us start with the differential Boltzmann equation
for vp

0f vy 0f
=C . AlS
S Hp = CIf (A15)
Integrating both sides with [ g,,REz zﬂ)g, we get
d3p2 afu afu
E R __ H R
d’py

= E,—=C . Al6
[ st R A (16

The LHS, after simplification becomes

d3p2 afl/ afu dpu
E R _ R\ _ R 4 ,
/gI./R 2 (271_)3 < ot sz ap2 dt + HIOIJR

(A17)
where
&’ py
= —=E>f, . Al8
pyR /guR (271_)3 quR ( )
Expanding the collision term, the RHS becomes
&’ py
/gDREZ( ) [ I/R}
| @py 1 / dp &k
~ 9w | 222 2E, | W (20)2E, % (20)2E,
X Ey(22)*6* (K — Py = Py)|M5 [ (A19)

Let us perform the following integral first:

We first perform the integration over p, using the Dirac
delta function,

1 d3p1
= O(E, — E
4(2”)2/ E, (Ex :

2z /p%dpld(cose)
74(271')2 El

Here, 0 is the angle between k and p) and f(0) = E; —

E1 - Ek—l with Ek—l =
root of f(0), we set

- Ek—] ) |M|§$—>ER1//

S(f(ONIMG 5, (A21)

(k — p1)? + m2. Now to find the

f(0)=0
= Ek_El _Ek—l :0
2ELE| — (m3 + m, — m?
= cosf = e (j’é v )ECOSHO.
2[K||p:|
(A22)
Also,
d k||p
dcost cos O=cos 6, Ek - El
Thus, the integral I reduces to
/pldp, 5(0059 cos@o)| M|
Pk
2” dcos@'é‘ 0 v
|M ()—le/I/p%dplEk_El
87 EvJkl|py]
M 7 Emax
_IMIg R‘”/ ' dE\(E - E)). (A24)
87z|k| min

In the above, implies | M| at @ = 6. The limits of the

d*p, d*p, 4cd integration will come from the condition
I_/(277.')32E1 (27T)32E2 (2”) 0 (K Pl P2)|M|(/)—>UR1//
) &£ —1 <cosfy < 1. (A25)
e | B K=Pi=P) My, (A20) | |
4(2x) 1 Working through it, we get
|
. Er(m3, + my, —my) \/E2 mg 4 my, — my)* — mg (A + 4E;my,)
EYT = 3 = g1(Ev)
mg
Er(mg + my, —m; +\/E2 mg 4 my, = my)* — mg (A + 4E;my,)
EP = = 92 (Ey). (A26)

2m¢
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where

A = (mg + my, —mg)* — dmimy,. (A27)

7

Hence, I becomes

I— 9%(Ex) — g1 (Ek) M2 _ 9(Er) + 91(E)
8a1/k| p 2
- \/E%(mé—l—mg,—mz)z — mg (A + 4Ezmy,) v Ei(m3, + m}, — m?)
- P | |{/)—>pr k— 2m2
8ﬂ1khn¢ p)
\/Eﬁ(mé oy, — ) = m3 (A +AEIY) i o 4 2
|M|¢—>DR1’/ ) Ek 2 . (A28)
8ﬂ'|k|m¢ 2m¢
Finally, the RHS becomes
(M35 (mg, — my, +m?)
RHS = 9,9,9,, 32¢ Ty ¢ 5 — / Efy \/E2 (m3 + m2 —m2)? = m3(A + 4E}m? )dE,
My mg
| s URy (mé - mgl)z e €
=g, PRy E f3 —m2dE, (m,~0 A29
9oy Yok 32”3 2m3) L(/) kf(/) m¢ k ( my, ) ( )
Moz (mg = my)* oo
= = - Epe BT\ JE} — mydE,
g(/)gx//gyR 307 3 2m3§ /n¢ k€ m k
|M|¢—> (mg) - m2
= g(/)gl//gzzR 32 3DRW Zmz v méTIQ (m(/,/T)
= (ED)ny, (A30)
I
where a. For y abundance
M2 (m2 — m2)? The procedure to obtain the Boltzmann equation for y in
(ET) = 9,9, ¢—iry ¢ Y2 (A31)  this case is the same as the above case from Eq. (A2) to

4
32 n,

So, the final form of the evolution equation of p,, is

dp,
4 4Hp,, = (ET)n
av__ B o Pu,
éﬁ——HTﬁB(EDn(/) (whereY—s“T)

(A32)

In terms of x = m, /T, the above equation becomes

dy B
EZW(EDYZ‘*. (A33)
2. Case II

In this case, ¢ is not in equilibrium always. It is produced
in equilibrium and at some epoch it goes out of equilibrium
due to thermal freeze-out.

Eq. (A7) except that fy! is now replaced by f,. Thus, the
Boltzmann equation for y is

/ &k 2m,
~ 9 | ny2E,

Since ¢ was in equilibrium earlier and goes out of
equilibrium after freeze-out, we can write the general form
of the Maxwell-Boltzmann distribution function for ¢ with
a chemical potential that is nonzero only after the freeze-out
of ¢ ie., fy=e"'Te /T, The chemical potential y is

defined as p = Tln("é/él ) Substituting f, in Eq. (A34),

the Boltzmann equatlon becomes

Cyfy- (A34)

d

dn

— +3Hn, = g¢e”/T/

&k 2my
dr

—E/T
()P 2E, ¢

(A35)
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The RHS of the equation is the same as Eq. (A9) in case I
except for the e*/T factor. Hence, following the same
procedure as Egs. (A9)-(Al1) and replacing ¢ by number
density, we get

dn 1(my/T)
Vi3 u/TT —4’ e
ar T TR ()
K (my/T)
—_— A36
=0 Roimy )™ (430
We can write the above equation in terms of

Y, =n,/s, Yy =ny/s, and x = m;/T. In terms of these
J

dimensionless quantities the above equation takes the
following form:

ar,
dx

_ﬁr K (x)
TxH TKy(x)

(A37)

b. For v, energy density

To find the energy density of vy in this case, we will
follow the same procedure as in the previous case, the only
difference will be that now fu’ will be replaced by
fy = e"/Tel/T Hence starting from Eq. (A29), the RHS
of the Boltzmann equation for p, can be written as

de./R | |(/)—>1./Ry/ ( - m%/)z © 0 >
d + 4HPVR 9 Gy v 3277 3 zmé g Ekfdl \/ Ek - mgﬁdEk’
|M|¢—>v W (mé —my)? o T EJT 12 2
= 999y v 37 3 . Zmé /n{p Eke"/ e W/ Ek -—m,,
= 999y v 37 ;RV Zmé eﬂ/Tjn EkeEk/T\ / Ei — Wlév
o
(MG, (miy —my,)?
= 949y 9oy 32(/ el (lzm; T m3TKy(my/T).
= (ET)et/Tngl,
d
= R | 4Hp,g = (ET)ny (A38)

Now expressing p, by the comoving energy density, Y, the above equation in terms of 7 and x = my/T are given by

ay

p

dT ~  HTs' (ED)Y .
dy Vi
dx  Hs'Px (ET)Y,. (A39)

c. For comoving number density of nonthermal ¢

The calculation of the number density of ¢ will involve two processes: X(K}) + X(K5) = ¢(K;) + ¢'(K,) and
¢(K) = w(P;) +Ug(P;,). Hence, the differential form of the Boltzmann equation is (X is any SM particle)

of 4 0f(/,

- XX’ Dy
a g =€ [fyl = €771yl
Pl (%4 7y Lhy X5 o
/% (2n)} ( o TR Gk > /9¢ 2ny € [£4] = CO=v2[£4)). (A40)
The LHS is
&k, of ¢ af ¢ dn¢
/g¢ (27)3 ( ot ~ Mk 0k1> dt + 3Hny. (A41)
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The first term of RHS is

Kt g
20 oXX=dg )

&Pl 1 &K, AA &k,
= 27)* 64 (K" +K)— K, —K,)|M|>. fr— ,
/ g"’(zn)32Ek,/ (271')32Ek// gX(Zﬂ)32Ek’2/ 9 Cmpag,, o) O KK =K = Ko) Mls Ui = F i)

nx\_ (e \\ (.. T g7 M
_<nzﬁq)2<0'”>¢¢*—>xx<<ﬁ> —<n—éq i = g ),
X ¢ i

= <‘7”>¢¢+—>x5{((”;}q)2—(”q&)z)v (ny' =ny) (A42)

where
o= s [ap Pl [P [ OE [,
ov) =
(52 ] 7 (am) 2, (2n)32Ek/ (2n)32E 9 (ary2E,

% (27[)454(1{/1 + [{’2 — K] - K2)|M|XX—>¢¢“6 (Ex, +Ew,)/T ,

1 / &Pk, / &Pk, 1 / &K, / d*K,
= g g P pa—
(ng)? ) 7" 2n)d ] 7 (2n) 4B Ey, ) 7Y (2n)2Ey | X (20)2E,,
x (2m)* 84 (K + Ky = Ky = Ko)|MUj o yge PP/,
2 3 3
9; &Pk, Bk _
N (ne(/l))z / L2 (00) gy oxge” E TR

(27)* (27)°

f(d;Tk)gféff)z (61})¢¢T—>XX6 (B )T

fg:)]}féjgé e~ (B +E,)/T

( |M|XX—>¢¢ |M|¢¢—>XX)

1

_W/ (0) gt oxx(s = 4mg)\/sK (V/s/T)ds. (A43)

We have obtained the last expression following the prescription given in [42]. Now the second term in the RHS is

d’%kl d3k| 1 d3p| d3p2
CP=ver[f | = = (27)**(K, = Py = P,)f,. (A44
/g¢ 2n)° [fgl = /94, (2)° 28, /gv, (27[)32E1/gm (2”)32E2( m)*6 Ky — Py — Py)f,. (A44)

Here due to the nonthermal nature of y and vy, we have omitted the backreaction term which otherwise will be there in
Eq. (A44) and is proportional to f, f,, . This is the same decay process that we have worked through in Sec. A 2 a when ¢ is
not in equilibrium. Therefore, from Eq. (A36) we obtain

&’k my/T
/ 9o (2;;)13 Cr=vn(fy) = ¢Emi§T§ p (A45)

Finally, the full equation for the evolution of n is

dn e 1(my/T)
S 3y = (o1} sl ) = (1) =T (ad0)
In terms of comoving number density Y,
Y, _ ps e Ty Ki(my/T)
Tt == (om0 = (050 L, ),
¥y ps w2 veayay  Lg Ki(my/T)
= dx = Hx (_<U”>¢¢f—>xx(<y¢) - <Y¢q) )_ s Kz(m,/,/T) ch : (A47)
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3. Case III 9fy _p Af g
1

= =0 4 CHh=0dT L 0ot (A4S)
a. Distribution function of ¢ ot P1

The case III, where ¢ never attains thermal equilibrium
with the SM bath, has the same forms of Boltzmann
equations for n, and p,, as those are in case I except here Here C'#' is the collision term for production of
we need to replace the thermal distribution function of ¢ by the ¢! pair from the decay of the SM Higgs boson
the nonthermal distribution function. The differential form P . y ) ggh A
of the Boltzmann equation to find the distribution function h(K) = $(Py) + ¢'(P2). The expression of C'~%7" is

of ¢, f, is given by [79,80] given by

4 1 & Pk
Cht — / P2 ()8 (K = Py = POIME L, (F200) = £ (p) fr (p2),

2E, | 2E,,(27) 2E,(27)}
o 1 d3p2 eq
- 2Ep1 (2ﬂ)2/4Ep2Ep]+p2 5(Ep1+p2 - E >|M|h—>¢¢ ( h (k) —f¢(p1)f(/ﬁ([72)). (A49)

Now we can write d° p, = p3dp,d(cos 0)d¢p, where 0 is the angle between p) and p,. Therefore, the Dirac delta function

8(E, +,, —E, —E,)) actually fixes the angle 6. So, from the condition E,, . ,, = E, + E, , we will get
2m3 —mj, +2E, E
cosf=—2 " PP = cos 6. (A50)
2pip2
Therefore,
; 1 p3dp,(27) 1 d(cos0)5(cos O — cos Oy)
crt = [remen | ME_ g U3y, ) = Folp1)f (p2)). (A1)
N o\P1)J] ¢i\DP2))s
28, (22)* ) 4E, Jo E, | gikgle-s, i e
where f(cos) =E, ,, —E, —E, with E, ., =+/|p\ + ps|* + mj, and
dcosOy_y E, +E,
EP1+172|9:90 - EPI + Epz' (A53)
After some simplification, the collision term takes the following form:
Sbd 1 Py p2dp2
e 16ﬂEp/ £ MBS ER G () = £ g (P2): (A54)
The limits of the integration are obtained from the condition —1 < cos#, < 1. This condition translates to
i | P12 - i (= 4m3) (p} + m3)
2 = 2 g
2my
pi(m} = 2m3) + my [ (3 — 4m3) (p} 4 m3)
Py = . (ASS)

2
2m¢

Here we have neglected the inverse decay term in Eq. (A54) as it is substantially smaller compared to the decay term as long
as ¢ is nonthermal. Therefore, the collision term C' h=$¢" becomes
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i 1 pmax d
h—>¢¢1: 2 padp 2 -E, /T ,~E, /T
C 71677:Ep1p1 /pgﬂin Epz |M‘h—>¢qﬂe nrte Tt
M|? Te En/T - .
_ | ‘h—>¢¢’( (e BT — g ERIT), (AS6)
]67TEPI P1

max (min max (min) \ 2
and Ej. ):\/(Pz min)) + my,.
Now, we will briefly discuss the derivation of the collision term C"*~%%" for the production of the ¢¢' pair due to the
scattering of the Higgs boson h(K,) + h(K,) = ¢(P;) + ¢'(P»),

o Pl Py, Pp
=19 =3%E /2Ek (21ﬂ)3 2, (22”)3 E (2271)3(2”)454(& +K,—P, —Pz)\Mﬁh_,Mr (frlk) falka) = fp(P1)fyr (P2)),
P 1 2 P2

: / & p [/ &k, dky
_ (27)**(K\ + K, — P — P,)
2E, | 2E, (22) | ) 2E, (22) 2E,, (22)° T

X |M|ﬁh_,¢¢+ (fn(ki)fu(ka) = fy(Py )fq;+ (P2))- (AS57)

The term inside the square brackets is Lorentz invariant, and we can perform that integration easily in the center of
momentum frame. Here, for calculational simplification, we assume that the matrix amplitude square | M |i hp depends

only on the Mandelstam variable s which is true for s-channel scatterings and contact interactions. For a general matrix
amplitude square depending on all three Mandelstam variables one can use the prescription given in [81],

I / 'k Phy (27)*6* (K| + K, — P, — P,) (A58)
= z -P - .
2E;, (27)} 2E,,(2x)° PR

This will give

1 B 4m%.

[ =—
87 K

(A59)
Now, since / is a Lorentz invariant quantity, we can use this result in any inertial frame of reference with a proper
definition of s. In any arbitrary reference frame, the Mandelstam variable is s(pi, p,,cosa) = (P, + P,)* =
2m(2/) +2E, E,, —2|pi||p>| cos a, where a is the angle between p; and p, which is 7 in the center of momentum frame.
Hence, the collision term in an arbitrary inertial frame of reference is given by

1 &p 4m?
hh—pd' _ 2 3 z s ~ +
¢ 167E), /ZEp2(2ﬂ>3 \/1 s(p1» pa.cos a)'M hh—p¢* ($)(falk)fr(ke) = f(P1)f g (P2)),
2 p3dp,d(cos a) 4m? ,
16”EP12(2”)3/ Ep, S(pl’pz,COSa)|M|hh"l/’l/)T(s)fh(kl)fh<k2)v (A60)

where, in the last step we have neglected the backscattering term. Now using the Maxwell-Boltzmann distribution function
for the SM Higgs boson and f,(k;)f(ky) = e FutE)/T — o= +E0)/T e obtain

-E, T 2 2
bt e “n o ps5dp, B COS Gmax 4m
R s /O 2992 _ yory, T / | d(cosa)\/ L o M () (A6D)
P -

\/m P12, cos a)

.. . .. dm? . .. .
The limit on cos a will come from the condition that 4/ 1 — S(# is real. This is possible only when s > 4’”%, and
P1.P2,C08 @)

therefore
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2mg —4mj 4 2E E

cosa < A = CcoS . (A62)
2|pillp2| ’
Thus the upper limit of the integration is
COS Umax = Min[Max|cos ag, —1], 1]. (A63)

And, lastly, the collision term C#~%#¥ is for the decay of
¢ into v; and w (¢(P;) — Ux(q) + w(q')) and it has the
following expression [80]:

mg
T
pl + m¢

The LHS of Eq. (A48) can be greatly simplified if we
transform the variables from p; and T to new variables

r=my/T and £ = (270 TTO;

mass scale. In terms of the two new variables, the LHS of
Eq. (A48) depends only on r [79,80]

Tg(T)\~'9fy
r”<1 * 3gs<T>> or

CI=Tv = —f, (A64)

)1/ } 2t where my is any arbitrary

0f¢ —Hp ldf¢

A65

Therefore, the full Boltzmann equation for f is

ol&r) =g ) gz

or rH
+ O (£, r) + TRV (E, 7).

(A66)

Now, the number density of ¢ can be written as

no) = 2 Aw? (") [ aeesoen. o)

272

where

Alr) = (M) " (AGS)

Is (mO/TO)

After solving Eq. (A66) for the nonthermal distribution
function f,(&,r), we can now calculate the comoving

number density of y and ¥ using the following Boltzmann
equations:

(ABPEf(E0) |

ar, 9¢/3F¢m¢/°°

dr  rHs 2x° (EAZ)2 4 m? ’
dy  g,p L [/ my\3,
i ur s [ (4%) eryiende (a6

APPENDIX B: EQUATIONS FOR
Qpyh? AND AN

The effective number of relativistic degrees of freedom
N.g can be defined as

8 [11\*/3 Prad — P
Nt == () (),
o560

where ppq4, p, denote total radiation and photon
densities respectively. The change in N is defined as
ANt = Nogr — NSM. While the expected value in the SM is
close to 3 due to three left-handed neutrinos, in our scenario
this can increase due to the presence of three right-handed
neutrinos v which are relativistic. Thus, taking p,, to be
part of p.4, we can write ANy as

ANeff=2x3<’ﬁ>
Pv./ cMB
=2x3 Pug p oci'p o<L
Pu) omey\ o at T a

43§
—2x3 <s > ,
Puy /10 Mev

where in the second step, we equate the ratio p, /p,,
at the scale of recombination or CMB to that of
BBN ~ O(10) MeV. This is possible as we ensure the
production of vk is complete before the BBN epoch.
Similarly, final DM abundance Qpyh? can be written in
terms of corresponding comoving number density as

(B1)

(B2)

0 0 0
2xp"'h2 2 x 7Y"’h2 25 Wy

C pC pC

Qpyh? = h2.

(B3)

Since we have taken g, = 1 throughout (the value of g,, and
9y, are taken as 2), this implies that we are considering
either the equations for ¢ or ¢. Hence, Y y» and Y are only
for either particles or antiparticles. So, in the expressions
for AN, and Qpyh? above, we have included a factor of 2
to incorporate both particles and antiparticles. Also a factor
of 3 is included in ANy for three flavors of vg.

APPENDIX C: APPROXIMATE ANALYTICAL
SOLUTIONS FOR CASE I AND CASE II

1. Case 1

Equations (8) and (9) for case I can be solved analytically
neglecting the variation of g, and g,. The expressions of ¥,
and Y after freeze-in are
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Y 1.66 x 87:39_3.\/@ mfb
6759¢ ( 45 >1/3MPZ<EF>

1.66 x 87°g,,/7, \27%9, my

Y= (C1)

where g and g, are effective number of degrees of
freedoms at the freeze-in temperature T ~ m, and

2
m¢ mv,
ET)y =—(1—-— |T.

(€2)
With this, the ratio of ¥ to Y,, in the limit m, > m, is

given by
Y 675(45\'3 1
Y, 270\2z°) gl*

Using this ratio, we can easily establish a relation between
ANeff and QDMh2 as

(C3)

Cy Qpyh?
Cymy, 9.1/3

AN = 3.29 , (C4)

where C; =2 x 2.755 x 108 GeV~! and C, = 3 x 1.16 x
(43/4)*/3 are constants.

2. Case II

For case II, we have solved Eq. (12) neglecting its first
term i.e., after the freeze out of ¢. This gives

__ yfo  1e6x jjmiz 2
Yy = Yioe VI

(C5)

Now this expression can be used to solve Eqgs. (13) and (14)
analytically (once again we are neglecting the temperature
dependence of g, and g,),

~ f0
Y, ~ Y¢ ,
P oy 5 M (ET) | e#07 <o
~U13 12 3 Y
Qs/ gﬂ/ my 2/
where
1 w45\ 1/3
fi=v—\/5l532
1.66 \/ 2\ 2x
rym, I’
£ T (C7)

1.66,/g,m3  H(my)’

Here Y{’;o is the abundance of ¢ just after freeze-out. The

expression for ¥ given in Eq. (C6) is valid as long as the
product f(x/)* < 1. Now in the limit m > m,, the ratio
of ¥ to Y, is given by

¥ o1 M, 2P
v XU s 2 J17 32 >
Y, glg? 2mg " f)

(C8)

and finally,

My Ty e C, Qpuh®

2 J17 32 1/3 1/2°
2m¢ fz/ Clmll/gs/ gﬂ/

ANeff ~
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