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Dark matter (DM), in spite of being stable or long-lived on cosmological scales, can decay in the
early Universe due to finite-temperature effects. In particular, a first order phase transition (FOPT) in
the early Universe can provide a finite window for such decay, guaranteeing DM stability at lower
temperatures, consistent with observations. The FOPT can lead to the generation of stochastic
gravitational waves (GW) with peak frequencies correlated with DM mass. On the other hand, early
DM decay into neutrinos can create a large neutrino asymmetry which can have interesting
cosmological consequences in terms of enhanced effective relativistic degrees of freedom N,
providing a solution to the recently observed helium anomaly among others. Allowing DM decay
to occur below sphaleron decoupling temperature, thereby avoiding overproduction of baryon
asymmetry, forces the FOPT to occur at subelectroweak scale. This leaves the stochastic GW within
range of experiments like LISA, #ARES, NANOGrav etc.
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I. INTRODUCTION

As suggested by several astrophysical and cosmological
observations [1,2], approximately 26% of the present
Universe is made up of DM, the particle origin of which
is not yet known. Similar observations also suggest that the
baryon content of the Universe is highly asymmetric
leading to the longstanding puzzle of baryon asymmetry
of Universe (BAU). This observed excess of baryons over
antibaryons is quantified in terms of the baryon to photon
ratio as [3]

1878 62 % 10710, (1)
y

Np =

based on the cosmic microwave background (CMB)
measurements which also agrees well with the big bang
nucleosynthesis (BBN) estimates [1]. While the weakly
interacting massive particle (WIMP) [4-9] has been the
most widely studied particle DM candidate, baryogenesis/
leptogenesis [10-12] are considered to be the popular
explanation for the BAU. However, none of the WIMP
candidates nor baryogenesis/leptogenesis framework has
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been verified experimentally. While WIMP can have
observable scattering rate with nucleons, persistent null
results at direct detection experiments [13,14] have pushed
WIMP DM to a tight corner. On the other hand, baryo-
genesis and leptogenesis typically remain a high scale
phenomena with limited or no direct experimental detection
prospects. However, depending upon the particular model,
such scenarios can have promising indirect detection
prospects. One such avenue is the detection of stochastic
gravitational wave (GW) background, which has been
utilized in several baryogenesis or leptogenesis scenarios
[15-30] as well as particle DM models [28,29,31-46].
Another promising avenue is the signatures at CMB due to
enhanced effective relativistic degrees of freedom N in
certain leptogenesis and DM models like [47-52].

If amechanism to explain BAU also leaves a large neutrino
asymmetry at low temperatures, it can have interesting
implications for observations related to BBN and CMB.
Although the observed BAU restricts the net lepton asym-
metry around sphaleron decoupling temperature (7', ) to be
of same order as 7, it is possible to have a large lepton
asymmetry at postsphaleron epoch (7' < Ty, ) if the asym-
metry is stored in neutrinos.' Such large neutrino asymmetry
can enhance the effective relativistic degrees of freedom
N which can be measured at CMB experiments [53].
Additionally, a large neutrino asymmetry can also alter the
predictions of BBN with observable consequences [53—57].
A large neutrino asymmetry also allows resonant production

1Charge neutrality of the early Universe restricts the charge
lepton asymmetry to be < 5.
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of sterile neutrino DM via Shi-Fuller mechanism [58].2
Alternately, such asymmetries can also alter the cosmologi-
cal bounds on light sterile neutrinos [60]. Large neutrino
asymmetry can also have other consequences for gravita-
tional wave by turning the QCD phase transition to first
order [61], baryogenesis, [62,63], astrophysical structure
formation [64] etc.

Motivated by this, we propose a new mechanism to
create such large lepton asymmetry at postsphaleron epoch
in order not to be in conflict with the observed baryon
asymmetry. While it is possible to create large lepton
asymmetries in individual flavors at high scale while
keeping the net lepton asymmetry ~O(#) [65], there exist
tight constraints on such setup due to the generation of
helical hypermagnetic field which can source a new
contribution to the baryon asymmetry of the Universe,
as pointed out recently in [66]. Among the scenarios
considered so far to generate large neutrino asymmetry,
one recent attempt [67] along with a few related earlier
works [65,68,69] have utilized the Affleck-Dine mecha-
nism [70]. The authors of [71] considered TeV scale
leptogenesis from decay and scatterings as source of such
lepton asymmetry generated at low scales while also
creating the required lepton asymmetry at 7' = Ty, to
generate the observed BAU. In [72], a two-phase lepto-
genesis model was proposed where subelectroweak scale
right-handed neutrino (RHN) can generate lepton asym-
metries at two different scales due to finite-temperature
effects on its mass. In this work, we consider the possibility
of generating such large lepton asymmetry from forbidden
decay of DM. Although DM is stable on cosmological
scales, it can decay in the early Universe due to finite-
temperature effects. Role of such forbidden DM decay on
generating BAU was discussed in earlier works [29,73]. We
consider initially overproduced asymmetric DM [74-80] to
be the source of such large neutrino asymmetry. The decay
of DM into neutrino is facilitated by a first order phase
transition (FOPT) providing a finite window in which DM
can decay, while ensuring its stability at later epochs. In
addition to the cosmological consequences of such large
neutrino asymmetry, the FOPT at postsphaleron epoch
leads to stochastic GW in nHz-mHz ballpark capable of
explaining the recent observations of pulsar timing array
(PTA) like NANOGrav [81] as well.

This paper is organized as follows. In Sec. II, we discuss
the setup to implement the idea. In Sec. III, we discuss the
generation of large neutrino asymmetry from forbidden
decay of DM followed by brief discussion of N due to
large neutrino asymmetry in Sec. IV. In Sec. V, we discuss
our results followed by brief remarks on possible UV
completion of our basic setup in Sec. VI. We finally
conclude in Sec. VIL

’One may refer to a review [59] for details of these mecha-
nisms and relevant experimental constraints.

II. THE FRAMEWORK

We first consider a minimal setup consisting of a Dirac
singlet fermion y, two singlet scalars ®;, as the new
degrees of freedom beyond the standard model (BSM). An
unbroken Z, symmetry under which y, ®, are odd while all
other fields are even ensures the stability of DM. The low
energy effective Lagrangian is

—L D (y1y@ov +H.c.) + moZy + y,0 1Py + V(P, D)
(2)

where V(®,,®,), the tree level scalar potential involving
the singlet scalars, is given by

A 2 vh\? 2 2
Vieee = v(¢)1’¢)2) = Z (I)l _7 —|—,Ll¢2|(1)2|

j’(b D,
+,12|q>2|4+#q>%|q>2|2 (3)

In the above scalar potential v, is the vacuum expectation
value (VEV) acquired by the real scalar field ®; while
driving the FOPT. It is worth mentioning that terms with
odd powers of @, can also be there in the above scalar
potential as they are allowed by the chosen symmetries of
the model. We have ignored them for simplicity as it keeps
the number of free parameters minimal. The terms con-
sidered in the scalar potential of Eq. (3) are sufficient to
induce a first-order phase transition and ensure forbidden
decay of dark matter y due to sudden change of ®, mass at
nucleation temperature, the details of which are discussed
below. A dark global U(1),, symmetry is considered under
which ®; transforms trivially whereas y, ®, have U(1),
charges of 1 each.

We calculate the complete potential including the tree
level potential V., one-loop Coleman-Weinberg potential
Vew [82] along with the finite-temperature potential Vi,
[83,84]. The thermal field-dependent masses of different
particles coupled to the singlet scalar @, are incorporated in
the full potential. The zero-temperature masses of DM and
®, are denoted by m, and mg, respectively. We then
calculate the critical temperature 7. at which the potential
in the @, direction acquires another degenerate minima at
v. = ¢ (T =T.). The order parameter of the FOPT is
defined as v, /T such that a stronger FOPT corresponds to
alarger v./T.. The FOPT then proceeds via tunneling, the
rate of which is estimated by calculating the bounce action
S5 using the prescription in [85,86]. The nucleation temper-
ature T, is then calculated by comparing the tunneling
rate with the Hubble expansion rate of the Universe
I(T,) = H*(T,). We also estimate the reheat temperature
Try at the end of the FOPT due to the release of radiation
energy. It is defined as Try = Max|T,, Tiys| [21] where
T, 1s determined by equating density of radiation energy
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FIG. 1. The schematic diagram of cogenesis.

to that of energy released from the FOPT or equivalently
AV.g. The details of the FOPT is given in Appendix A.

We consider a large initial dark sector asymmetry
Y, # 0 while lepton asymmetry being of the same order
as baryon asymmetry to be consistent with the observed
BAU. At a temperature 7 =T, below the sphaleron
decoupling Ty, the decay of y into ®,v gets allowed
enabling the transfer of dark sector asymmetry into
neutrino asymmetry Y,,. At the nucleation temperature
T =T,, the decay y — ®,v gets forbidden again due to
sharp increase in @, mass. This freezes the production of
neutrino asymmetry while ensuring the stability of DM at
lower temperatures. Figure 1 represents a schematic of
this idea.
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III. COGENESIS OF LARGE NEUTRINO
ASYMMETRY AND DARK MATTER

In order to calculate the final neutrino asymmetry and DM
abundance starting with an initial dark asymmetry, we write
the relevant Boltzmann equations for y,®,,v and their
antiparticles j, (I);,z‘/. We consider temperature dependent
masses of relevant particles such that y, 7 decay is allowed
only for a finite window 7y > T > T,. While neutrinos do
not receive much thermal corrections below the electroweak
scale, the thermal mass of @, plays crucial role in determin-
ing the final asymmetries. The relevant Boltzmann equations
for generating a large neutrino asymmetry from an initial
dark sector asymmetry can be written as follows.

Y

1

Y
——(T'p,)O(mg, —m )(Y = Yo —*)
HZ () () 4 (o) q)zy)f;q

s
(ov Vo, 0,-0, <1>*>YS1;11 (Y<1>2 -
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s
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Here Y; = n;/s denotes comoving number density of species
“1” with s being the entropy density. Hubble expansion rate is
denoted by H while the variable z is m,/T. The thermal
averaged decay rate [11,87] for y — <I>2u (and its conjugate)

K (m,/T)

can be written as (I',) = 3y2‘”m (1 —m—) Ko7y Where
X X

K , are modified Bessel functions of 1st, 2nd kind, respec-
2 2

= 2L g (1 —%)2%-“6@
functions associated with these decay widths ensures the
kinematical constraints. The equations for v and o should also
have collision terms corresponding to the SM gauge inter-
actions on the right-hand side. These interactions are
responsible for keeping the neutrino number density close
to their equilibrium values. However, we have ignored those
terms as they do not contribute to the neutrino asymmetries.
The symmetric part of y can annihilate into a pair of light singlet
scalars @, with (ov,; ¢ ,) denoting the corresponding
thermal-averaged cross section [88]. A symmetry-breaking
term of the form A, (®,®,® D, + H.c.) is also introduced,
ensuring that the asymmetry accumulated in the complex scalar
®, gets washed out. While other explicit U(1),, breaking
terms like pt 1, @, @7 + u}, P3P, can also cause such washout
of @, asymmetry, we consider only the quartic term in
numerical calculations for illustrative purpose.

Next we define Y5, =Y, =Yy and Y, =Y, — ¥;. We
choose the following initial condition for solving the above
coupled Boltzmann equations

tively. Similarly, (', )

Y, 0= Y (0)=Y/-Yg,. (5)

Y,(0) =Y., Y;(0) = Y4 (6)

The initial dark sector asymmetry Y iA“X in required amount

can be generated in a variety of ways depending upon the
UV completion discussed in Sec. VI. Also, this initial DM
asymmetry can be related to the origin of baryon asym-
metry in the spirit of cogenesis within the framework of
asymmetric dark matter (ADM) [74,89] paradigm.’

IV. LARGE NEUTRINO ASYMMETRY AND N

A large neutrino asymmetry can be parametrized in
terms of chemical potential £ as follows [67],

3See [76,77] for reviews of ADM scenarios.

a=e,u,rt, (7)

v Zfa,
Av — ZYAU,, = Z

a

Mo~ Mo > 0.035¢,. (8)
s

Now, the presence of neutrino asymmetry alters the energy
density of neutrinos which is incorporated to the parameter
N, the effective number of relativistic species. Ignoring
the effect of neutrino asymmetry on neutrino decoupling,
AN, = N — N3N is given as

o ORI C

Taking into account the effect of neutrino asymmetry on
neutrino decoupling, the correction to the above expression
can be written as [90]

30 (Ea\? | 15 (&
=3 |7 (3) +7 (3)
As this is a small correction term, both Eq. (9) and Eq. (10)
give the similar change in Ny in presence of neutrino
asymmetry.

In the SM, such neutrino asymmetries do not arise and
hence there is no additional contribution to N;. The sole
contribution to N in the SM comes from relativistic
nature of light neutrinos. If neutrinos decouple instanta-
neously, then N = 3. Considering noninstantaneous
decoupling of SM neutrinos along with flavor oscillations
and plasma correction of quantum electrodynamics, the SM
N value shifts to NSM = 3.045 [91-93].* A deviation
from NSY indicates presence of BSM physics either in
terms of additional light degrees of freedom, new interactions
of SM neutrinos or large neutrino asymmetry mentioned
above. The current bound on N from Planck 2018 data is
givenas N = 2. 99+8 33§ at 20 CL including baryon acoustic
oscillation (BAO) data. This corresponds to AN < 0.285.
The latest DESI 2024 data give a slightly weaker bound
AN < 0.4 at 20 CL [97]. Similar bound also exists from
BBN considerations 2.3 < N s < 3.4 at 95% CL [98].
Future CMB experiment CMB stage IV (CMB-S4) is
expected to reach a much better sensitivity of AN = Ny —
NSM = 0.06 [99], taking it closer to the SM prediction.

00102

52] (10)

A few recent works [94-96] obtained a slightly different
prediction NSY' = 3.044.
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Another future experiment CMB-HD [100] can probe AN ¢
up to 0.014 at lo.

In addition to enhancing N, a large neutrino asym-
metry can also affect the BBN predictions of light nuclei
abundance, as pointed out recently in the light of anoma-
lous observations related to primordial helium-4 (*He)
abundance. The recent observations made by the Subaru
survey [101], together with previous observations, have
indicated a shift in primordial “He abundance Y, =
0.23797 0003 from the standard BBN predictions. While
this is slightly smaller than earlier estimates [102-104],
inclusion of the primordial deuterium constraints lead to a
>2¢ tension between the predicted number of neutrino
species Ny = 2.417077 and the SM predicted value
Negr = 3.045, referred to as the helium anomaly [101].

With a large neutrino asymmetry in electron flavor
&, =0.057093 it is however possible to obtain a large
Ng = 3.227933 consistent with SM prediction within 1o
[101]. A combined analysis of BBN and CMB observations
have also found evidence for a large neutrino asymmetry in
the early Universe at ~2¢ confidence level [105].

V. RESULTS AND DISCUSSION

We first discuss the temperature dependence of relevant
particle masses leading to the finite temperature window
allowing forbidden decay of DM. The top panel of Fig. 2
shows temperature dependence of masses of y, ®,. While
the details of scalar masses is given in Appendix A, the
thermal mass of y [106,107] is

100 =
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2 2
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= =
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FIG. 2. Top panel: finite temperature masses of y and @, for BP1 (left) and BP6 (right) mentioned in Tables I, Il with m, =
15.2 x 1073 GeV (left) and m, = 81 GeV (right). Bottom panel: evolution of comoving number densities for BP1 (left) and BP6 (right)

with y, = 7.34 x 10710 (left) and y, = 1.05 x 1077 (right).
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TABLE I. Benchmark points BP1, BP2, BP3 for different input
model parameters.

TABLEII. Benchmark points BP1, BP2, BP3 with other details
involved in the GW spectrum calculations.

Up Hao, Mo,
(MCV) (MeV) (MeV) /1"1’14)2 /11 j.z j’lq)l 112

Tc Ve Tn TRH
(MeV) (MeV) (MeV) a, B/H. v, (MeV)

BP1 20 5 20.25 1.92 0.01 0.01 0.01 1073 BP1 6.45 19.00 2.70 0.12 40.37 0.79 2.70
BP2 40 10 4049 192 0.01 001 0.01 1073 BP2 1292 38.00 545 0.12 4641 0.79 545
BP3 60 20 63.48 201 001 001 0.0l 10-3 BP3 19.87 57.00 9.04 0.08 5693 0.76 9.04
2 . .
Voo TABLE III. Benchmark points BP4, BP5, BP6 for different
2 2 2x®
my(T) = my + 161 =, (11) input model parameters.

with the correction being solely due to its Yukawa
coupling. The top left and top right panel plots of Fig. 2
correspond to the benchmark points BP1, BP6 given in
Tables I and III, respectively. Due to the small values of
Yukawa coupling y,q, chosen, y does not receive notice-
able thermal corrections to its mass. Clearly, there exists a
finite window T, <T <T, during which m, > mg,
allowing the decay y — ®,v and its conjugate process.
We also show the sphaleron decoupling temperature 7', ~
130 GeV to indicate that the large neutrino asymmetry is
produced only at 7' < T, and hence cannot get converted
into baryon asymmetry. The bottom panel plots of the same
figure shows the corresponding evolution of comoving
number densities of y, y, ©,, @; and AL,. Starting with an
initial asymmetry Y, — Y5 # O, the plots clearly depict the
transfer of asymmetry in y into a neutrino asymmetry
during T, < T < T,. For T < T, the neutrino asymmetry
saturates while y, 7 abundances continue to fall due to
efficient annihilation yy — ®,;®,. Due to the finite temper-
ature window and choice of Yukawa coupling y; control-
ling the decay rate, all dark asymmetry does not get
transferred to neutrinos, leaving a remnant asymmetry.

10°

1073

10°°

Qcwh?

107’ SKR

10~

1081

107°

f (Hz)

FIG. 3. GW spectra for BP1 to BP6 of Tables II, IV.

Up Ho, Mg,
(GQV) (GGV) (G€V) A‘Pl‘Dz /11 22 /1)(¢‘| /112

BP4 1 0.2 098 1.86 0.01 0.01 0.01 1073
BPS 10 0.2 934 1.74 0.01 0.01 001 1073
BP6 100 20 98.36 1.86 0.01 0.01 0.01 1073

The remnant asymmetric relic for the chosen benchmark
points agree with the observed DM relic. Note that, @, decay
for T < T, cannot alter asymmetries in dark sector or
neutrinos as ®, does not store any asymmetry due to efficient

o, —» CI); interactions. This is seen from the evolutions of @,

and @} which almost coincide with each other. The details of
this conversion process can be found in Appendix C.
Figure 3 shows the GW spectra for the benchmark points
given in Tables [-IV. Tables II and IV contain the details of
the GW related parameters used for calculating the spectra,
while Tables I, IIT contain the corresponding model param-
eters. In the total GW spectrum shown in Fig. 3, the sound-
wave contribution dominates, with the peak corresponding to
the sound-wave generated GW amplitude. This is the case for
all benchmark points as the order of a, and f/’H,, are similar.
The details of these GW sources during a FOPT can be found
in Appendix A. Clearly, the peak frequencies can remain
within the sensitivity of planned future experiment like LISA
[108], »ARES [109], THEIA [110], GAIA [110], SKA
[111], and NANOGrav. The black colored violin-shaped
points correspond to the recent NANOGrav data [81]. Due to
the restrictions of having the FOPT below the electroweak
scale, the peak frequencies do not come within reach of
experiments like DECIGO [112], BBO [113] among others.

TABLE IV. Benchmark points BP4, BP5, BP6 with other
details involved in the GW spectrum calculations.

T. v, T, Tru
GeV) (GeV) (GeV) a. B/H, v, (GeV)

BP4  0.32 0.95 0.13 0.12 63.64 0.78 0.13
BPS 3.14 9.50 .12 0.23 51.01 0.83 1.12
BP6 32.14 9500 1230 0.15 33.64 0.80 12.30
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FIG. 4. Left panel: dark matter mass versus effective Yukawa coupling y, for different residual neutrino asymmetry in case of BP1
given in Table I. Right panel: parameter space in m, — AN plane with color code indicating SNR greater than 5 for future experiments

and greater than 1 for ongoing experiments.

We show the summary in Figs. 4 and 5. The left panel of
Fig. 4 shows the parameter space in effective Yukawa
coupling y; versus DM mass plane for benchmark point
BP1 shown in Table I. Different contours correspond to
different values of neutrino asymmetry. The region preferred
to explain the “He anomaly is shaded in blue color. The other
experimental sensitivities and Planck 2018 bounds are also
shown as different colored shades. For a fixed value of DM
mass, larger y; leads to larger neutrino asymmetry as more

100F 777
10-
2
S 1t
g
=
0.1
0.01F ‘ ‘
107 0.01 0.1
m, (GeV)
FIG. 5. Parameter space in m, — mg, plane with color code

indicating SNR greater than 5 for future experiments and greater
than 1 for ongoing experiments.

and more dark sector asymmetry gets transferred into
neutrinos. The right panel of Fig. 4 shows AN versus
DM mass parameter space while different shapes of points
indicating the prospect of GW discovery in terms of signal to
noise ratio (SNR). The SNR is defined as [114]

QGw(f )hz]

/fmdx
p =
fmm eXpt f)h2

with = being the observation time for a particular detector,
which we consider to be 1 yr. We set the criteria SNR >
5(> 1) for future (present) GW experiments to identify the
parameter space. Clearly, the parameter space remains within
reach of several GW experiments while at the same time
offering complementary probe at future CMB experiments.
As expected, lower values of DM mass requires the FOPT to
occur at a lower scale to generate the finite temperature
window for DM decay, pushing the corresponding peak
frequencies toward the PTA ballpark. For the summary plot
on the right panel of Figs. 4 and 5, vy is varied from
1072 GeV to 10> GeV, Ag, o, is varied from 1 to 3 and Y »,
is varied between 5x 10™ and 5 x 1072, y, is varied
from 8 x 10719 to 1 x 1077, while 1, = 4, = 0.01, and
A1» = 1073, In Fig. 5, we show the zero temperature masses
of dark sector particles namely DM and ®, satisfying all
requirements and being within sensitivity of different GW
experiments indicated in terms of color code and point shape.

(12)

VI. POSSIBLE UV COMPLETION

In the above discussions, we considered a low energy
effective framework with explicit coupling among y, ®,
and SM neutrinos. Due to the singlet nature of y, ®, under
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the SM gauge symmetry, such a coupling is not allowed.
However, it can arise at low energy limit of a UV complete
theory. The same UV completion can also explain the
origin of dark sector asymmetry with possible connections
to the baryon asymmetry of the Universe. There have
been several proposals for asymmetric DM in the literature
[73-75,78-80,89,115-126].

For simplicity, here we consider a low scale seesaw
scenario based on inverse seesaw [127-129] where the
desired dark fermion coupling to active neutrinos via
active-sterile neutrino mixing can be realized while being
consistent with light neutrino mass and subdominant
washout of dark fermion asymmetry. Inverse seesaw
scenario requires two types of sterile fermions N, S with
the following Lagrangian

. _ 1 —
—EDyDLHN—f—MSNS—l—E,uSSCS—i—H.c. (13)

Here pg is the only lepton number violating term which can
be naturally small. After electroweak symmetry breaking,
we have a Dirac mass term Mp = % with v being the VEV

of the SM Higgs doublet H. In the limit g < Mp <K My,
light neutrino mass at leading order is given by

m, = MpM'us (M)~ M, (14)

Thus, smallness of ug keeps active neutrinos light while
also allowing large active-sterile mixing
ml/

In order to generate effective y — v coupling at low energy
[given by Eq. (2)], we couple the RHN N and dark sector
particles y, @, as

~L£ 2y, 7®,N +H.c. (16)

After the electroweak symmetry breaking, the heavy RHN
mixes with the active neutrinos which opens up an effective
interaction y,y®,v, where y; ~y, 0,y with 6,y being the
active-sterile neutrino mixing angle given by Eq. (15).
Given an alternate source of dark sector asymmetry, DM
can carry this large asymmetry until it gets partially
transferred to the neutrino sector below sphaleron decou-
pling temperature.

In order to generate the large initial dark sector asym-
metry, we outline a setup based on the Affleck-Dine (AD)
mechanism [70]. While the same mechanism can also
explain the observed baryon asymmetry of the Universe,
we focus only on the aspect of generating large neutrino
asymmetry, which is the focus of this work. Consider an
Affleck-Dine field @ singlet under the SM symmetries but
charged under a dark global U(1), symmetry. Let the
U(1), charge of ® be —2 while that of dark matter y is 1.

The relevant part of the Lagrangian involving @ is
LD —(Ypyy®+H.c.) - V(D), (17)
where
V(®) = m3|® + 1o|®|* + (em3®@* + H.c.)  (18)

For ¢ # 0, the last term in the potential V(®) breaks global
U(1), explicitly. While there can be other terms too
breaking U(1), explicitly, the quadratic term used here
helps to obtain an analytical expression for the asymmetry
[130]. For small explicit U(1),, breaking term, we have an
approximately conserved Noether’s current given by

J, = qu,[d)Ta”CD - (8M<I>T)q>}, (19)

with Qg being the global charge of ®. Using

® = (¢ + igh,)/+/2, the number density of the approx-
imately conserved charge is

ny, = Qo1 — P1dh). (20)

Due to this explicit violation, a nonzero lepton asymmetry
is created through the cosmic evolution of @ which gets
transferred to the dark sector as ® decays into y. For ® >

\”/1;’_ (=®*) (where Mp denotes reduced Planck mass), the
{0]

quartic term Aq|®[* dominates and ® o 1/a. Once ®
reaches @, difference in the real and imaginary values
of @ creates an asymmetry in the ® condensate which
oscillates with period T, = _2-. Now, the comoving

o
asymmetry (N, (1) = (%))311 (1), with a; being the scale
factor at the end of inflation) generated for ¢ > 7, can be

written as [125,130]

Nayl0) =400Adr s () [ costom (¢ = 1)

1,

x cos(my (1 —t,))e Tolr 1) (21)

where I'g indicates the total decay rate of the inflaton ©
to y. ¢ ¢, indicate the initial values of the real and
imaginary parts of @ and ¢; = /(¢ )’ + ($21)%,
while m? = m2 —2A, m3 =m2 +2A with A= em3,.
Asymmetry thereby created is transferred to the dark sector

through decay @ — yy. Under the assumption of
2A >3 Tgmg, for t > 1/, the integral above simplifies to®

Here, we have used the analytical expression derived
in [130] Z = [! df cos(m, (' —t.)) cos(m,(f —t,))e ol =) ~
_r 1 1 .
g (2+y2—2\/m + PYWRTY wy and assume 2¢ > y or equiv
alently, 2A > I'ymg to maximize the asymmetry.

115044-8



LARGE NEUTRINO ASYMMETRY FROM FORBIDDEN DECAY OF ...

PHYS. REV. D 112, 115044 (2025)

Yp=4.2+10"%, mp=10° GeV, m,=14 MeV, e=2+10""
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FIG. 6. Evolution of dark sector asymmetry with time for a
benchmark choice of model parameters. The final asymmetry is
of the same order as the one required to address the helium-4
anomaly.

4

Ny, (t)=C s
A){() 8e%mg

(22)

where y =T'g/mg and C = 4Q¢A¢1J¢2,1(%). Also, we
have y <« 1 for narrow width and € < 1 for soft breaking of
global symmetry. In Fig. 6, we show the evolution of the
comoving asymmetry N, (¢). The asymmetry initially rises
from zero and then oscillates until > 1/I'g,, when its
amplitude exponentially damps to reach the constant value
given by Eq. (22). The final constant value of the
asymmetry is consistent with the neutrino asymmetry
required to solve the recently reported helium-4 anomaly.

If the same decay of the AD field @ to dark matter also
reheats the Universe to a temperature 7, then we can
relate its decay width I'q, to the reheat temperature
Ty, ~+/I'eMp. The lepton asymmetry initially rises from
zero and then oscillates until 1 2 1/T', when its amplitude
exponentially damps to reach the constant value given by
[125,130,131]

(n)( - n)?)

in
YA;(_

_ Nay(Twn) (ﬂ>3

s T a s(Tm) \am

Using a x 1/® for a <a, and a xt*? < H™?/? for
a, < a < ay, we obtain

in NA)((Trh) o, 3 Hrh 2
Yo, ~———— — . (24)
s (Trh) ¢l H,
. > T 2 o2 .
Using ‘H3, = &5 9. Tt H2 = ";‘]“’4% and the expression for

N, (Ty) given in Eq. (22), we obtain

: 3 /n? 1\2 T3
Yy, =~ 1\ 909" Qob1192.1 <E) emgjwp

3 [n? 3
~—\[—g, 20,). 25
£\ 56900 o sin(26,) (25)

Here 6, is the phase of @, which we can consider to be of
O(1). Now, the presence of lepton number violating
interaction given by e can lead to the washout of the
generated asymmetry. This can happen through scatterings
violating U(1),, charge by 4 units: yy <> 7}, mediated by
@ exchange and the e term. If the decoupling temperature
of such process is higher than the reheat temperature T,
the washout effect would be absent. This leads to the
following condition

2,
907 My~
(26)

4 272
e S H(T) =

[yoAL = 4) =T7 <
wo " 64zmy

Additionally, demanding the AD field to be not part of the
thermal bath requires T, < mg which ensures washouts
due to inverse decays being subdominant. Figure 7 shows
comoving dark asymmetry as a function of ¢ for a bench-
mark choice of parameters. The pink shaded region
corresponds to the region where analytical approximation
of asymmetry given by Eq. (22) does not apply. The entire
parameter space shown in Fig. 7 correspond to subdomi-
nant washouts mediated by ® or washouts due to inverse
decay into ®.

Another washout of dark asymmetry can arise due to the
coupling of y with Majorana heavy fermions N;. One can
have AL = 2 washout process like )(CI); < y®, mediated
by N,. Demanding this process to be inefficient at 7 = Ty,
leads to

Yp=4.2%10"%, me=10° GeV, m,=14 MeV

1
0.1
hsy
£
i
v
107 §
k-
S
107
1040 L L L L L L L
10 10" 10°* 10°
€
FIG. 7. Comoving dark sector asymmetry as a function of e for

one benchmark choice of model parameters. The analytical
expression for asymmetry is not valid in the pink shaded region
requiring numerical estimates.
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Comparison of asymmetry washout rates I',,(AL = 4), T',,,(AL = 2) and asymmetry transfer rate 'y, With Hubble

expansion rate H as a function of reheating temperature. The blue, magenta, and red color dashed lines denote the interaction rate given
in Egs. (26), (27), and (29) whereas black solid line denotes the corresponding Hubble expansion rate.

4.2 4.2
_ YyMs YiHs
[yo(AL =2)=T3 2455 3 IS <y,
WO( ) rh 647TM§ rh 64”(9yNMS)4 ~ ( h)
Y
= _g*_7 27
907 M, (27)

where we use y; =y,0,y. Using active-sterile mixing
given by Eq. (15), this leads to the following upper bound

2 2 4
90 J’? Mp \ ps

For y; ~107 and m, < 0.1 eV, Ty, can be as large as
10'6 GeV for Mg/ug ~ 10*. For larger Mg/ug which is
generic in inverse seesaw scenarios, this bound can be
satisfied trivially.

In order not to overproduce baryon asymmetry of
Universe, it is also required to ensure that the large dark
fermion asymmetry does not get transferred to SM leptons
via scatterings like )(d); — [H mediated by N. Keeping this
AL = 0 conversion process out-of-equilibrium at 7 = Ty,
leads to

2.2 2 2 72
by y L
— 73 X3 21 = b
Divanster = Thy 6471'M§ =Ty 32702 SH(Tw) = %9* ﬁrp’
(29)
where we use y, = 5= = %

To verify the out-of-equilibrium conditions given by
Egs. (26), (27), and (29) for the benchmark plots shown in
Figs. 6 and 7, we plot the Hubble expansion rate and
interaction rates for washout and transfer processes as a
function of reheating temperature in Fig. 8. The region
below the black solid line denotes the out-of equilibrium

regime. The blue, magenta, and red colored dashed lines
denote the interaction rate given in Eqgs. (26), (27), and (29)
respectively. The rest of the parameters are kept fixed
at Yp =42x107%, mg = 10° GeV, m, = 14 MeV, and
€ = 2 x 107!2 (same values as in Figs. 6 and 7). In addition,
we use y; = 107 which is consistent with left plot of
Fig. 4. For the condition in Eq. (27), we consider the ratio

% to be 10*. With these, the maximum reheating temper-

ature to keep all the washout and transfer processes out-of-
equilibrium is found to be ~10° GeV.

VII. CONCLUSION

We have proposed a mechanism to produce large
neutrino asymmetry at low scale from dark matter decay.
While dark matter is cosmologically stable, it can decay in
the early Universe due to finite temperature effects and if
DM is asymmetric like the visible matter, its decay into
light neutrinos can transfer some of the dark sector
asymmetries into neutrinos. The decay of DM is enabled
in the vicinity of a first order phase transition which leads to
sharp change in one of the dark sector particle’s mass. The
large neutrino asymmetry can have interesting cosmologi-
cal consequences like altering light nuclei abundance which
can solve the recently reported helium-4 anomaly. Such
asymmetry can also lead to observable AN at future
CMB experiments. In order to be in agreement with the
observed baryon asymmetry, such decay of DM and hence
the FOPT is required to occur below the electroweak scale.
This keeps the corresponding gravitational wave peak
frequencies in nHz-mHz ballpark. Due to the presence
of new physics below the electroweak scale, the model can
have other detection prospects the details of which we do
not discuss here. We briefly comment upon interesting
direct detection prospects of DM via Higgs portal inter-
actions in Appendix B. While we have not explored the
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possibility of explaining the observed baryon asymmetry
within the same setup, it can be generated independently
from heavy right-handed neutrino decay [132]. Given the
upper bound on reheating temperature T, < 10° GeV
from the requirement of keeping washout and asymmetry
transferring scattering processes out of equilibrium, the
leptogenesis is likely to occur via resonant enhancement or
nonthermally. We leave such possible extensions of the
framework to future studies.

ACKNOWLEDGMENTS

The work of D.B. is supported by the Science and
Engineering Research Board (SERB), Government of India
Grants No. MTR/2022/000575 and No. CRG/2022/
000603. The work of N.D. is supported by the Ministry
of Education, Government of India via the Prime Minister’s
Research Fellowship (PMRF) December 2021 scheme.

DATA AVAILABILITY

The data are not publicly available. The data are
available from the authors upon reasonable request.

APPENDIX A: DETAILS OF FOPT AND
GRAVITATIONAL WAVES

The dark sector went through a first order phase
transition driven by scalar ®; and the tree level scalar
potential can be written as

y Z}Z 2
V(®),@,) = Zl (‘D% —7D> + U, | Do + | D[

A
+ =R 0, . (A1)

Here, vp is the vacuum expectation value (VEV) of the
singlet scalar ®,(=¢,). The Coleman-Weinberg (CW)
potential [82] can be written as

<8zlr>2,.,,,§z,,(”"M?<¢”{l°g () e}

D

Vew(d) =

(A2)
Where’ n¢1 = 1’ nd’z = 2’ n)( =4 and C¢1;¢’2J( = %

The physical field-dependent masses of particles coupled
to @, are

Ao,
M3 (1) = ua, +— =91

> M3 (1) = (mo + y,0,01)*

Now, the thermal contributions [83,84] can be expressed as

niT4 Is <Mi2(¢1)

V(. T) = Z

2 2
I r

)y

where

Jp(x) = Aoo dyy? log {1 —e” -VZJ”‘Z].

In the thermal contribution, the Daisy corrections [133—135]
are also added to improve perturbative expansion following
Arnold-Espinosa method [135] where Vgemma(@,T) =
V(1. T) + Vaaisy(¢1. T). The Daisy contribution can be

written as

=5 Y nlM@LT) - M)
i=$, D,

Vgaisy (¢1, T)
(Ad)

where, M?(¢p;, T) = M?(¢) + I1;(T) and the relevant ther-
mal masses are

A A
M3 1) =03, ) + (),

b oo,
1) = 00+ (55 )

Hence, the effective potential at finite temperature can be
written as

Veff(¢l ) T) = Vtree(¢l) + VCW(¢1) + Vthermal(¢l ) T)'
(A5)

The above effective potential shows different profiles
depending on the temperature. When the temperature
reaches a critical point, the potential develops two identical
minima separated by a barrier. Below the critical temper-
ature, the nonzero minimum becomes the true vacuum,
while the zero minimum becomes the false vacuum. Due to
the presence of the barrier, the Universe remains in the false
vacuum, and then transitions from the false vacuum to the
true vacuum by tunneling through the barrier. The rate of
tunneling per unit time per unit volume can be estimated
as T(T) = A(T)e=")/T, where A(T)~T* and S5 is
Euclidean action. Here, the Hubble parameter is given
by H(T) ~1.66,/g.T?/Mp with g, being the dof of the
radiation component. The energy difference between the
true and the false vacuum is AV s = Vig(Prae, T) —
Veit(@uues T). The amount of vacuum energy released
during FOPT can parametrized as a, = -, where radiation

Prad ’

energy density of the Universe, pnq = ¢.7°T*/30 and

€, = [AVeg — %%‘#“’]T:Tn. The inverse duration of FOPT

is defined as % ~T4 (S—T“) |7—7, - In this work to calculate

the Euclidean action, we fitted the effective potential to a
generic potential for which action -calculations are
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described in [86]. This prescription of action estimation is
described with details in [27].

As the FOPT progresses, bubbles of true vacuum form
and expand to cover the whole Universe. Then these
bubbles start to collide with each other and generate
stochastic gravitational waves. The gravitational waves
are produced from three primary sources: bubble collisions,
sound waves in the plasma, and turbulence due to MHD of
the plasma. Now, considering these three contributions to
GW production, the corresponding GW power spectrum
can be written as [136]

Considering bubble collision as one of the source, the
spectrum can be written as [137-139]

100\ 1/3 /H,\ 2 \2
Qi = 1.67 10-5< > <H—> ( Tt >
Jx p 1+ a,
Ala+b)

[ (f/fpeak) afe + a(f/fpeak>b/c]c ’

where,a =241, b =242, ¢ =4.08 and A = 5.13 x 1072
and the peak frequency being

_ g \"o( T, p
—2.02x 10 H ) (2.
e x Z<100> <100 Gev ) \ M,

(A8)

(A7)

During bubble collision, the energy transfer can be para-
metrized by the efficiency factor x, [140]

1
=1 10715a,

4 [Ba,
A ) (A9)

The Jouguet velocity for bubble can be written as v; =

<O 7150, +

VYAV @120./3 [141] and the bubble wall velocity can be

estimated as [142]

AVeir  if
Qs Prad

. AV,
1 if /== > ;.
A Prad

(A10)

vy, =

The GW spectrum generated from the sound wave in the
plasma can be written as [138]

1/3 2
Q. h% = 2.59 x 1076 (10()) (1) (ﬂ>
G p)\1+a,

7> 5<f/ peak)\
(4 + 3(f/ peak) ) 33

(Al1)

The corresponding peak frequency is given by

1/6 1 T
-6 n
pea = 8.9 107 Hz <100> on (100 GeV)
X VAYES
1. )\10

The efficiency factor for sound waves is [141]

(A12)

[oF
0734 0,083, + a,

(A13)

Here, T =1- is a suppression factor [143]

1
v/ 1427, H,

where 7y, ~R,/U ¢, mean bubble separation, R, =
(87)3v,p~'  and rmms fluid velocity, U;=
V3K /41 + a,); 7, ~ 10. The spectrum generated
by the turbulence in the plasma is given by [138,139,144]

Quph? = 3.35 x 107 (100) v <l> (M> -
9. p )\l +a,

. (/)
(L /) O+ 8af /b))

(A14)

with the peak frequency being [144]

1/6 1 T p
urb - - + 100 Gev H,

peak -
(A15)

The efficiency factor for turbulence is gy, =~ 0.1k, [144]
and

g \'"( T,
h, = 1.65 % 10~ H T ). (Al6
x Z(100) (100 Gev) (A16)

APPENDIX B: DIRECT DETECTION
OF LIGHT DM

DM y, can interact with nucleon due to Higgs portal
interactions facilitated by the mixing between ®; and
the SM Higgs h, parametrized by sinfg ;. The spin
independent DM-nucleon cross section for a target nucleus
with atomic number Z and mass number A can be written
as [46]

2
oSt — Py
N 4nA?

(pr + (A - Z)fn)z’ (Bl)

where p,y = is the reduced mass of DM-nucleon

(m +m )
system and the interaction strengths f,, f, of proton and
neutron with DM are given as
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FIG. 9. Left panel: variation of spin-independent DM-nucleon elastic scattering cross section with DM mass for different choices of
the singlet-Higgs mixing parameter. Right panel: same as the left panel but for DM-electron scattering. For both the panels, mq, =

10 MeV and 4,4, = 0.01.

~ (B2)

foa= D1 7, %

p.n
+
q=u,d,s q

m

Z fr6% “e )

g=c,t,b my

where f%l =0.018, fl;d =0.027, fIT)Y = 0.037, f;ku =

0.013, f7,=0.040, f7 =0.037 and fre=1 —f%{—
7, = f7. fic=1=f1 —ft, —f+ [145]. The a, is

defined by

(B3)

m 1 1

— ; N
a, = lﬂ,l smé?q,lh . <m2 mz),

@, h

with my, ~ 125 GeV being the mass of SM Higgs.

Moreover, the dark matter electron scattering in direct
detection experiments XENONIT [146], PandaX-4T [147]
can also provide bound on DM mass. The DM-electron
cross section is given by [46,148,149]

6000, sin® Og, 1,

o, % 7 F(q)I, (B4)
M,
with a,q, = 24 /47 and u,, = mm](;il—mm refers the reduced

mass of DM-electron system. a denotes the fine structure
constant, and F(q) =1 for a massive mediator. The
variations of DM-nucleon and DM-electron scattering cross
section with DM mass in the range of our interest are shown
in Fig. 9.

APPENDIX C: EFFICIENT CONVERSION
OF @, — @}

The decay of asymmetric y can also create asymmetry in
®,, but due to the scalar coupling 1;,(®,®,d, P, + H.c.),
efficient conversion of @, — CD; can happen before

and during FOPT, effectively washing out the asym-
metry stored @,. The cross section for this process is
Ceony = A1,/ (167s). The corresponding thermal averaged
cross section [150] can be written as

1
8Tm3, mg, K (mg, /T)K>(me,/T)

o0 ﬂ’ bl 9
X / ds (s mq)] m<D2) Kl <\/§> Oconv
(m<1>1+m<1>2)2 \/E T

<GU>COHV =

\
o |
H ——
gs r
=
z
B
>
cl
1074+
60 |
10 — Ap=10?
—  Ap=10"
—  Ap=10"
T T
10—75 1 1 : 1 n
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z(m,/T)

FIG. 10. Comparison of conversion rate of @, — (D; for
different value of 1;, and other parameters same as BP1.
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where, the Mandelstam triangular function A(s, m, m,) =
(s = (m; +my)?)(s — (m; —my)?). Figure 10 shows
the comparison of this conversion rate with Hubble
for different value of A,,, and other parameter same as

benchmark point BP1 in Table I. Clearly, the process
remains in equilibrium around the phase transition
epoch, efficiently washing out the asymmetry stored
in (DQ.
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