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We study a class of leptogenesis scenarios with decay or scattering being the source of lepton
asymmetry, which can not only give rise to the observed baryon asymmetry in the Universe but also
can leave behind a large remnant of neutrino asymmetry. Such large neutrino asymmetry can not only
be probed at future cosmic microwave background experiments but is also motivating due to its
possible role in solving the recently reported anomalies in “He measurements. Additionally, such large
neutrino asymmetry also offers the possibility of cogenesis if dark matter is in the form of a sterile
neutrino resonantly produced in the early Universe via Shi-Fuller mechanism. Considering 1 — 2,
1 — 3, as well as 2 — 2 processes to be responsible for generating the asymmetries, we show that only
TeV scale leptogenesis preferably of 1 — N(N > 3) type can generate the required lepton asymmetry
around sphaleron temperature while also generating a large neutrino asymmetry ~O(1072) by the
epoch of the big bang nucleosynthesis. While such low scale leptogenesis can have tantalizing
detection prospects at laboratory experiments, the indication of a large neutrino asymmetry provides a

complementary indirect signature.

DOI: 10.1103/PhysRevD.108.035015

I. INTRODUCTION

The baryonic matter content in the present Universe is
highly asymmetric leading to the long-standing puzzle of
baryon asymmetry of the Universe (BAU). This observed
excess of baryons over antibaryons is quantified in terms of
the baryon to photon ratio as [1]

np

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 [2]. In order to generate
the observed BAU dynamically, Sakharov’s conditions [3]
are required to be satisfied which the standard model (SM)
of particle physics fails to do in the required amount.
One appealing way to achieve baryogenesis is the lepto-
genesis [4] route where a nonzero lepton asymmetry is
first generated which later gets converted into the BAU
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via electroweak sphalerons [5]. While the observational
constraints related to BAU restrict the net lepton asym-
metry around sphaleron decoupling temperature (7). it
is possible to generate large lepton asymmetry at lower
temperatures (7' < T,;,) while being consistent with the
observed BAU. However, charge neutrality of the early
Universe restricts the asymmetry in the charged lepton
sector to be at most of the order of 5. This leaves us
with the only option of storing large lepton asymmetry in
the neutrino sector. Interestingly, such large neutrino
asymmetry can be probed experimentally via precision
measurements of relativistic degrees of freedom N at
CMB experiments. Additionally, it can also affect BBN
estimates, as pointed out recently in the light of
anomalous observations related to primordial Helium-
4 (*He) abundance.

The recent near-infrared observation of ten extremely
metal-poor Galaxies by the Subaru Survey [6], along
with 54 previously observed Galaxies, has led to the
determination of the primordial abundance of “He as
Yp = 0.237910505,. While this is slightly smaller than
earlier estimates [7-9], inclusion of the primordial deu-
terium constraints leads to a > 20 tension between the
predicted number of neutrino species Ny = 2.41%0,7 and
the standard model expectation N = 3.046, referred to as
the Helium anomaly [6]. Allowing a large neutrino asym-
metry, quantified in terms of the degeneracy parameter of
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the electron type neutrino {, = 0.05J_r8j833 ,1

possible to obtain a large N = 3.22f8§8 consistent with

the SM prediction within 16 [6]. A more recent analysis of
the BBN data jointly with information from the CMB
observations also found evidence for a large neutrino
asymmetry in the early Universe at the ~2¢ confidence
level [10]. While we consider a large neutrino asymmetry
solution to this helium anomaly, there exists another
solution too as considered in [11] proposing a modified
gravity origin.

While these indications are only suggestive at this stage,
it is tantalizing to consider beyond standard model (BSM)
scenarios which can create such large neutrino asymme-
tries. Even if the helium anomaly disappears with future
observations, large neutrino asymmetry can be probed
experimentally at CMB experiments. Also, from a dark
matter (DM) model building point of view, such large
neutrino asymmetry allows for resonant production of
sterile neutrino DM via the Shi-Fuller mechanism [12]
which is relatively less constrained from x-ray bounds
compared with production via the Dodelson-Widrow
mechanism [13]. One may refer to a review [14] for details
of these mechanisms and relevant experimental constraints.
Among the BSM scenarios to generate large neutrino
asymmetry, one recent attempt [15] along with a few
related earlier works [16-18] has utilized the Affleck-
Dine mechanism [19]. However, no studies have been done
to relate it to conventional leptogenesis scenarios, from out-
of-equilibrium decay or scattering of heavy particles. We,
for the first time, point out that even in out-of-equilibrium
decay leptogenesis, it is possible to generate such large
neutrino asymmetry at late epochs while producing the
required lepton asymmetry at sphaleron temperature (7, )
consistent with the observed baryon asymmetry. Since
there exists only a single source of lepton asymmetry
in such minimal setups, one requires the yield in lepton
asymmetry to continue over a long period T € (T gn, TgpN)-
This also ensures that the small lepton asymmetry required
for successful baryogenesis via leptogenesis [4] is pro-
duced by T'g,, which later gets enhanced to a large neutrino
asymmetry ~O(1072) by Tgpx.” While it is possible to
create a large neutrino asymmetry in electron neutrino type
at high scale and be consistent with the observed baryon
asymmetry by considering cancellation among lepton
asymmetries of different lepton flavors [16], we do not
consider such a fine-tuned scenario here. The requirement
of a prolonged yield in lepton asymmetry even below

it is however

'Neutrino asymmetry parameter is related to Ny as
AN = %Za £2. The total neutrino asymmetry is defined as

2
Nar, = (n, —ng)/n, = #@Z“ ¢, Here a = e, u, t.
*While BBN occurs over a range of temperatures below
10 MeV, we consider Tggy = 10 MeV in order to ensure that

the large neutrino asymmetry is produced before the onset of
BBN.

sphaleron temperature requires the scale of leptogenesis
to be low and also the mother particle to be out of
equilibrium in order to avoid Boltzmann suppression in
its number density.

Starting with a model-independent approach, we first
consider decays of heavy Majorana fermions or right-
handed neutrinos (RHN) as the origin of lepton asym-
metry by taking the mass of RHNSs, their decay widths,
and the CP asymmetry parameter as free parameters. We
then show that it is not possible to fulfill both the criteria
mentioned above with this simple vanilla leptogenesis
setup [4,20], even with the resonantly enhanced CP
asymmetry parameter [21]. We then consider the RHNs
to have additional scattering processes responsible for
keeping them in equilibrium at early epochs followed by
late freeze-out, a characteristic feature of (but not limited
to) the three-body decay origin of leptogenesis [22-31].
We also consider the possibility of leptogenesis from
scattering, similar to the WIMPYy leptogenesis [26,32-36]
and find it to be unsuccessful in generating the required
asymmetries. We show that TeV scale leptogenesis
of 1 -2 type decay having additional interactions
responsible for producing the mother particle in equilib-
rium can, in principle, generate such large neutrino
asymmetry with resonantly enhanced CP asymmetry
while being consistent with the observer baryon asym-
metry. On the other hand, in leptogenesis of 1 — 3 type
decay which naturally leads to additional interactions
keeping the mother particle in equilibrium in the early
Universe, the desired asymmetries can be generated
without any additional ingredients. Finally, we propose
a concrete model for three-body decay leptogenesis
consistent with successful leptogenesis, large neutrino
asymmetry, as well as light neutrino masses. While we do
not discuss DM phenomenology in this work, such large
neutrino asymmetry can lead to resonant production of
sterile neutrino DM [12,14,37]. In fact, a recent work [38]
has shown that such large neutrino asymmetry required
for resonant DM production can be generated in a
minimal setup where oscillation is the primary source
of asymmetry.3 Thus, our proposal also offers a DM-
baryon cogenesis setup in the context of TeV scale
leptogenesis and keV sterile neutrino DM.

II. LEPTOGENESIS

Leptogenesis is an appealing framework to generate
the observed baryon asymmetry of the Universe, denoted
by the baryon to photon ratio 75 defined earlier. A nonzero
lepton asymmetry is first generated through lepton
number (L) violating decays or scatterings which can later
be converted into the observed baryon asymmetry through

’See [39] for earlier work on generating large neutrino
asymmetry from oscillation.
*See [20,40] for reviews of leptogenesis.
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(B + L)-violating electroweak sphaleron transitions [5].
The sphaleron factor is given by

8Nr +4Ng )
@b = 20N, + 13Ng )
where N is the number of fermion generations and Ng is
the number of Higgs doublets. For the vanilla leptogenesis
scenario, we have Ny =3,N¢ = 1 leading to ag,, = 28/79,
requiring the lepton asymmetry at the epoch of sphaleron
decoupling to be of same order as the observed baryon
asymmetry.

In the absence of any fine-tuned cancellation between
lepton asymmetries stored in different lepton flavors and
considering only a single source of lepton asymmetry, one
needs to ensure that a lepton asymmetry 7, ~ O(107%)
around the sphaleron decoupling epoch (T'gy, ~ 131 GeV).
In order to create a large neutrino asymmetry at later epochs,
it is also necessary to ensure that the lepton asymmetry does
not saturate at 7'>Tgy, but continues to increase during
Topn ST < Ty 10 7p, = #2(3)5 ~O(1072), which is
required to explain the Helium anomaly. Additionally, it
is also important to ensure that no asymmetries are
generated in the charged lepton sector during this late
epoch, which is ruled out from electric charge neutrality of
early Universe. In vanilla leptogenesis this can be naturally
ensured as the charged components of the SM Higgs are no
longer physical at subelectroweak scale to appear in decay
processes of type N — e"H™'. In extended and nonmini-
mal scenarios, this can be prevented kinematically by
choosing the mass spectrum of BSM particles accordingly.

Following the detailed derivation in Appendix A, the
most general Boltzmann equations for leptogenesis from
decay can be written as

W= (14103 (1,755 08 = )
le (Z) eq f<T>
ZﬁKz(Z) (ny —ny )) _7’71\/
d’7 L fK <Z) e
di =1+ £(T)/3) (Zerﬁm(ﬂzv -y

NaL r K, (Z) eq f(T)
’ﬁq ZHKz(Z) ’1N> NaL» (3)
where ny = ny/n,.na; = (n, —ng)/n, are the number
densities of N, AL normalized with respect to photon number
density with 73!, 7, being the equilibrium normalized den-
sities. Also, in the above equations, z = M /T with M being
the mass of the mother particle, H = /4x3g,(T)/45M /M,
[9.(T) is the relativistic degrees of freedom in energy density
at temperature T, 77, = n,/T* = 2¢(3)/2* ({(3) = 1.202),

(ov) = M?{ov) (for simplicity we have taken (ov) ~ g*/M?

with ¢ being the coupling of N with the SM bath), and
['=T/M. Here T denotes the total decay width of N, which
decays into lepton and Higgs of the SM in the vanilla
leptogenesis scenario. The function f(T), details of which

can be found in Appendix A, is defined as f(T) = ql % with

g.s being the relativistic entropy degrees of freedom. The CP
asymmetry parameter is denoted by er while K; represents the
modified Bessel function of i-th order. The CP asymmetry
parameter, assuming two-body decay of N into lepton and
Higgs doublet of the SM, is defined as

Uyoro —Iyoior
€r = T To - (4)
NoLo T 1 NS ior

Interestingly, the CP asymmetry parameter has quadratic
dependence on Yukawa couplings (y) even if the decay
is two body or more (i.e., e ~ y*/(167)). Now assuming
y ~ 0.8 the CP asymmetry is ep ~ 1 x 1072, However, if
we consider the resonant regime with dominant self-energy
corrections [21], the Yukawa dependence of CP asymmetry
can disappear allowing us to consider a large er while
varying the decay width of the mother particle independ-
ently. We consider the coupling involved in (ov) to be
different from Yukawa coupling, in general, in order to
vary the decay width and annihilation cross-section
independently.

In Fig. 1, we show the evolution of leptonic asymmetry
for different choices of ' x Mp /M while considering
resonantly enhanced and hence near maximal CP asym-
metry parameter ep ~ sin2¢/(8z) ~0.01 with mother
particle mass M = 10 TeV. The annihilation cross section
of the mother particle is assumed to be negligible. While we
do not impose any bounds from the neutrino mass criteria
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FIG. 1. Evolution for leptonic asymmetries for pure decay
scenario considering benchmark points BP1 (solid), BP2 (dashed),
and BP3 (dash-dot) corresponding to I x Mp/M = 0.1, 0.01,
0.001 respectively with e ~0.01 and M = 10 TeV. The annihi-
lation cross section is assumed to be negligible.
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applicable for specific seesaw models, the requirement of
producing enhanced neutrino asymmetry below the spha-
leron decoupling epoch forces the decay width I to be
extremely small. For such small couplings, the mother
particle is produced via freeze-in from the bath and
decays later to produce the leptonic asymmetry. Once
the decay is complete, the leptonic asymmetry gets frozen
out leaving a saturated value, followed by a late dilution
due to change in g,, [See Appendix B for the details of
temperature variation of ¢,,(7)]. In this and subsequent

figures, nfﬁt‘ired,nrAeEUired(PLANCK) denote the required

neutrino asymmetry and total lepton asymmetry at BBN
and sphaleron decoupling epochs respectively. It can be
seen from Fig. 1 that even for maximal CP asymmetry, we
cannot get the required leptonic asymmetry at 7 = Ty,
while producing a large neutrino asymmetry by 7 = T'ggn-
This is due to the limited freedom one has in such a
minimal setup where the decay width of the mother particle
decides its production from the bath as well as the
subsequent generation of lepton asymmetry. If we decouple
the interactions responsible for production and decay of
the mother particle, it is possible to generate the desired
asymmetries simultaneously, as shown in Fig. 2. Here, we
have considered a nonvanishing annihilation cross section
of the mother particle which can lead to its production from
the bath by virtue of scattering while the production from
inverse decay can be subdominant. In such a case, the
decay width can be chosen to be small in order to have a
prolonged production of lepton asymmetry without com-
promising the production of the mother particle. Choosing
the cross section appropriately leads to early decoupling of
the mother particle from the bath, leaving a large freeze-out
abundance without any Boltzmann suppression. A small
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FIG. 2. Evolution for leptonic asymmetries for decay scenario
with nonzero additional annihilation cross section of mother
particle considering benchmark points BP4 (solid), BP5 (dashed),
and BP6 (dash-dot) with e ~ 0.05 and M = 10 TeV. The other
details are shown in Table 1.

decay width and a large CP asymmetry can then lead to the
desired lepton asymmetry at 7' = T, while producing a
large neutrino asymmetry by 7 = Tggn, as seen from
Fig. 2. Since such a scenario can arise, in principle, for
both two-body and many-body decays, we briefly comment
on the viability of two-body and three-body decay lepto-
genesis below.

(1) For the two-body decay, as in the vanilla lepto-
genesis scenarios, the reduced decay width of the
mother particle depends on the Yukawa coupling as
[~ y?/16z. The decay widths chosen for bench-
mark points shown in Figs. 1 and 2 correspond to
Yukawa couplings shown in the second column of
Table II assuming it to be a two-body decay. Clearly,
for the benchmark points BP4-BP6 satisfying our
criteria correspond to tiny Yukawa couplings. In a
realistic scenario like type-I seesaw leptogenesis
with RHN decaying into lepton and Higgs, this
will not only create hindrance in generating the
desired large CP asymmetry except in the resonant
regime [21], but will also be inconsistent with
the neutrino mass criteria for TeV scale RHN.
Therefore, the two-body decay origin of such large
neutrino asymmetry consistent with successful
leptogenesis is highly disfavored, at least within
simple setups.

(2) In the simplest realisation of three-body decay
leptogenesis, the relevant process involves a mother
particle decaying into lighter particles via a heavy
mediator with mass denoted by a scale A. Assuming
the Yukawa coupling involved in the two vertices
involved in the decay process to be equal (~y), the
reduced decay width is '~ y*/(1927%)(M/A)4,
assuming all final state particles to be massless.

TABLE I. Details of the benchmark points shown in Fig. 2.
['x My /M <‘7A”/>XMP1/M
BP4 3.1 x 10710 10
BP5 10~ 100
BP6 3.2x107° 1000
TABLE II. Yukawa couplings (y) and mediator scale A to get

the desired decay width shown in Table I considering two-body
and three-body decay origin of leptogenesis.

y (Two-body) A (Three-body decay, y = 0.8)

BP1 7.08 x 1078 9.1 x 10° GeV
BP2 22x10°% 1.62 x 107 GeV
BP3 7.09 x 107° 2.88 x 107 GeV
BP4 3.9 x 10712 1.22 x 10° GeV
BP5 7.08 x 10712 9.1 x 108 GeV
BP6 1.2 x 10711 6.8 x 108 GeV
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The decay widths chosen for benchmark points
shown in Figs. 1 and 2 correspond to the mediator
mass shown in the third column of Table II assuming
it to be a three-body decay with Yukawa coupling
y~0.8. As we will show below, such Yukawa
couplings and mediator mass can easily lead to
the desired CP asymmetry without any resonant
enhancement while being consistent with light
neutrino masses if accommodated in a realistic
seesaw scenario.

In order to complete the discussion, we finally consider
the case where the leptonic asymmetry is generated via
2 — 2 scattering processes [41-43], similar to DM annihi-
lations in WIMPYy leptogenesis scenarios. In such a scenario,
one can satisfy all the Sakharov’s conditions [3] with DM
annihilations such that some of the processes responsible
for WIMP freeze-out can also create a baryon or lepton
asymmetry. In order to keep the washout scatterings under
control, one has to ensure that the washout scatterings freeze
out before WIMP freeze-out [44]. Adopting a model-
independent approach, the Boltzmann equations for comov-
ing number densities of the mother particle (denoted by N)
and lepton number can be written as

diy _ {ov) 5 €q\2
W (1453 (1, 55 08 - 050
- @’m,
et 11 1) (e S50 - )
-2t e ) -, 5)

where z = M /T with M being the mass of the annihilating
particle. The detailed derivation may be found in
Appendix A. We denote the annihilation cross section with
leptonic final states by a subscript € which together with the
CP asymmetry parameter ¢, is defined as

e, = Uovn = lov) ¢

({ov) + (ov)z)

Choosing some benchmark values of this CP violating
cross section, we show the evolution of N and lepton number

densities in Fig. 3. Here 7™ (PLANCK) denotes the
required comoving density of DM to satisfy the relic criteria
at the present epoch. This can be estimated from the DM
density parameter at the present epoch Qpyh?> = 0.12 [1]
with & being the reduced Hubble parameter. Clearly, the
simplest WIMPy leptogenesis setup cannot generate the
required lepton asymmetry and a large neutrino asymmetry
simultaneously.

10!
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FIG. 3. Evolution of leptonic asymmetries originating from
2 — 2 processes for benchmark points BP7 (solid), BPS
(dashed), and BP9 (dash-dot) with (6v), x Mp /M = 107,102,

10,3 x 1073 respectively with (cv)Mp /M ~ 6.7 x 10!, ¢, ~ 0.5
and M =1 TeV.

Therefore, only the scenario where the mother particle
has a small decay width with an additional production
channel via scatterings and a sizeable CP asymmetry, can
the requirement of generating the correct lepton asymmetry
by sphaleron decoupling temperature and a large neutrino
asymmetry by BBN epoch be satisfied simultaneously.
We have also argued that it is more natural to fulfill these
requirements in a three-body decay scenario. We now give
some examples of such three-body decay model.

From the above model-independent discussions, we
arrive at the certain constraints on decay width and CP
asymmetry from the requirement of producing the
correct lepton asymmetries. First of all, we notice that
the dependence of the decay width ['Mp/M is only on
the scale or the mass of the decaying particle. However, the

required CP asymmetry e depends upon (cv)Mp /M.
When one tries to constrain the lepton asymmetry needed at
the electroweak scale (7'~ 130 GeV) for successful lepto-
genesis and the late time neutrino asymmetry 7,7, ~ 0.01

simultaneously, we see that I'Mp, /M shifts the evolution of
the asymmetry horizontally, i.e., the freeze-out epoch of the

asymmetry. Furthermore, the (6v)Mp /M controls the final
saturated value of asymmetry at freeze-out. So, to get the
correct asymmetry at the electroweak scale we would need
to fix the F'Mp,/M for a particular mass scale M, and to get
the correct late-time asymmetry 7,;, we would need to fix

the er for a particular (cv)Mp;/M. In Fig. 4 we show this
correlation for particular benchmark choices, consistent
with the required asymmetries. While we choose a fixed

value of (6v)Mp /M for the left panel plot, we do not see
much deviation from this pattern for a different choice.
Similarly a different choice of I'Mp;/M will not lead to a
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FIG. 4. Left panel: variation of I" with the scale of leptogenesis for coMp /M = 10, er = 0.05. Right panel: variation of er- with oo for
M =1 TeV,'Mp /M = 4.4 x 1073, The choices of parameters are consistent with the required lepton asymmetry around the sphaleron

epoch as well as the large neutrino asymmetry at a later epoch.

significant deviation from the pattern seen in the right panel
plot. Based on this observation, we obtain the following fit
for TMp /M and CP asymmetry parameter er- consistent
with the requirements of lepton asymmetries at two differ-
ent temperatures. The fit corresponding to Fig. 4 can be
obtained as

. My o (1TeV\2 1 TeV
Px—2=320446x 108 —— ) (140.1212
X =320446 %10 ( m ) +0 v

+0.243 (1 EV>2>, (7)

—M 1/2
er = 0.045974 +9.84534 x 10~ (<av> 7"‘)
— M
+7.78338 x 1073 <<av>ﬁm)

P 2
110118 % 10_8<<av>%) . (8)

III. CONCRETE MODEL FOR THREE-BODY
DECAY

As a concrete realization of three-body decay lepto-
genesis, consider an extension of the minimal gauged
B — L model [45-50]. In the minimal version of this
model, the SM particle content is extended with three
right-handed neutrinos (Ny) and one complex singlet scalar
(@) all of which are singlet under the SM gauge symmetry.
The requirement of triangle anomaly cancellation fixes the
B — L charge for each of the RHNs as —1. The complex
singlet scalar having B — L charge 2 not only leads to
spontaneous breaking of gauge symmetry but also gen-
erates RHN masses dynamically. In order to realize the

three-body decay leptogenesis, we extend the model with a
scalar singlet S and impose a Z, symmetry under which §
and one of the RHNs denoted by y are odd while all other
particles are even. The usual three RHNs, even under Z,
symmetry are denoted by N; where i = 1, 2. The relevant
particle content of the model is shown in Table III. The
relevant part of the Yukawa Lagrangian is

—Ly Dy, Ly®N; +y,:w°SN; + Hec., 9)

where ® is the SM Higgs doublet. While two-body decay
of the usual RHNs namely N; can lead to lepton asymmetry
at high scale, there exists a new source of lepton asymmetry
at lower scale due to three-body decay of v, as shown in
Fig. 5 using the two spinor notation [51]. The nonzero CP
asymmetry will arise from the imaginary part of the
resummed propagator [31]. Additionally, the two RHNs
N, can lead to the generation of light neutrino masses
via the type-I seesaw mechanism. In order to include the
constraints from neutrino data we have adopted the Casas-
Ibarra parametrization [52] for Dirac Yukawa coupling as

Vi, = (A_l/zomyz U;MNS) (10)

i

TABLE III.  Relevant particle content of the U(1),_, model for
three-body decay leptogenesis.

Field SUR2), xU(1)y xU(1)p_, Z,
Ny, 1,0, -1) 1
v (]7 07 _1) -1
S (1,0, =2) -1
0] 2,1,0) 1
@, (1,0,2) 1
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FIG. 5. Process responsible for three-body decay leptogenesis
in the U(1),_, model.

where A = v?/M, with My being the right-handed neu-
trino mass and O an arbitrary complex orthogonal matrix.
Also, 1, is the diagonal light neutrino mass matrix, and
Upnmns 18 the standard Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) leptonic mixing matrix. Since only two RHNs take
part in a seesaw mechanism, we parametrize the orthogonal

matrix O as [53]
0 sin
0= < e )
0 coS Z1p

The Yukawa coupling between y and N; namely, y,,. in
our analysis is parametrized as

COS Z12

(11)

—Sinzlz

(12)

The three-body decay width of y (shown in Fig. 5) and
the corresponding CP asymmetry, in the limit of massless
particles apart from N;,yw come out to be

Yyi = pwei¢i .

Yy 1, I my
Slo*) = e 13
My = Z 7687° m,z\, (13)
Frow = Dy = SI®") + Ty — 510)
6 =T(y - SI®*) —T'(y — S*ID)
3
- Z yl//,yl//,yl,uyl } - [I,-I%] m—;P,
7687 ! my,
. ylm)’/l,, ~ . 3
— 20;4/)3, sin(¢p; — ) 68~ ST ] N;
. |yl,;k|2 (m\y>2
er = ~ sin(¢ — | — .
g Total ( )%; 167 my
SITED ST () (14)
J 167 \my/) ~

where /; is the resummed propagator of the N;. While y has
Yukawa interactions with other right-handed neutrinos, its
dominant annihilation channel into SM particles is via the
B — L gauge portal, the cross section for which can be
approximately written as

, (15)

with gy_;.mz,  being U(1)p_; gauge coupling and the
mass of the corresponding gauge boson respectively. Using
the benchmark parameters shown in Table IV, we get

f% = L@ ~7.1x 10710,
My My My
—~ M M
(ov) =2 = mi(ov)—|  ~587, (16)

my |,

which can lead to successful leptogenesis and a large
neutrino asymmetry at late epochs. Note that large gauge
portal interactions lead to thermal production of y followed
by its freeze-out followed by late decay into SM leptons
required to produce a large neutrino asymmetry while being
consistent with successful leptogenesis. We implement the
model in the package MARTY [54] to extract the amplitude
squared for relevant processes which are part of the
Boltzmann equations. For a typical benchmark choice of
parameters shown in Table IV, the corresponding evolution
of y and lepton asymmetry in terms of comoving number
densities are shown in Fig. 6. Clearly, the evolution of y
makes a departure from equilibrium at an early epoch with
its slow subsequent decay leading to the generation of
required lepton asymmetry by a sphaleron epoch while also
producing the large neutrino asymmetry at late epochs.
While the model predicts a vanishing lightest active
neutrino mass, the Z,-odd singlet scalar S can be a dark
matter candidate whose thermal relic can be generated due
to scalar and B — L gauge portal interactions.

While the particular version of the U(1),_; model with
type-1 seesaw origin of light neutrino mass discussed
above is for illustrative purposes only, implementation of
another seesaw mechanism is also viable. For example, it
is possible to have a scotogenic [55] realization of this
model by considering the presence of additional Z,
symmetry under which the RHNs N; and an additional
scalar doublet # are odd while all other fields are even.
This allows more freedom in choosing the values of my

TABLE IV. Benchmark values of key parameters to get the correct lepton asymmetries from three-body decay of
w in the U(1)z_; model. The other right-handed neutrino mass is fixed at my, = 49 TeV.

my 1y Py ¢

1

er 212 9B-L My, ,

40 TeV 10 TeV 2.3 %107 /4

0.021 4.2825x1 0.001 100 TeV
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FIG. 6. Evolution for leptonic asymmetries for the U(1),_,
model while choosing the relevant parameters as mentioned in
Table IV.

and y; as the radiative origin of light neutrino mass
involves additional free parameters.

IV. CONCLUSION

Motivated by the interesting experimental signatures of a
large neutrino asymmetry in the early Universe, we have
studied the possibility of accommodating the same in
conventional leptogenesis scenarios. Considering a single
source of lepton asymmetry, we have first checked if the
vanilla leptogenesis scenario with two-body decay can
generate such asymmetries and arrived at a negative con-
clusion. We then consider additional interactions of the
mother particle which keep it in the bath in the early
Universe and show that for suitable scattering and decay
rates with a maximal CP asymmetry parameter, it is possible
to generate the required lepton asymmetry for baryogenesis
and a large neutrino asymmetry at later epochs. Such a large
neutrino asymmetry, via its enhancement effect on AN not
only leads to observable signatures at CMB experiments, but
can also affect BBN estimates in order to provide a solution
to the recently reported helium anomaly. We then argue in a
model-independent way that the required decay width and
CP asymmetry can be naturally realized in a three-body
decay without requiring any resonant enhancement.
Additionally, such a three-body decay scenario, when
implemented within a realistic seesaw model, can lead to
a successful prediction of light neutrino data as well whereas
the simple two-body decay scenario fails to do so. We have
shown a specific example of such a model by considering a
gauged B — L scenario. Growing evidence suggesting the
presence of large neutrino asymmetry around the BBN
epoch will lead to stronger hints at a TeV scale leptogenesis
scenario with three-body decay origin of lepton asymmetry.
This is also interesting in view of the tight constraints on

high scale leptogenesis scenarios which create large
individual lepton flavor asymmetries while keeping the
total lepton asymmetry small, for successful leptogenesis.
Such constraints arise due to the generation of a helical
hypermagnetic field which can source a new contribution
to the baryon asymmetry of the Universe, as pointed out
recently in [56]. Since only low scale leptogenesis
scenarios are capable of producing such a large neutrino
asymmetry at late epochs while being consistent with the
correct baryon asymmetry of the Universe, other labo-
ratory based experiments can offer complementary probes
keeping it verifiable in the near future. Future CMB
experiments like CMB-S4 [57] with sensitivity up to
AN, = 0.06 will also be able to constrain the neutrino
asymmetry significantly, keeping the verifiability of our
setup promising. Converting this sensitivity to neutrino
asymmetry gives ¢, ~ 0.37 withy, = 0.1. A large neutrino
asymmetry in the early Universe can also reduce the
Hubble tension [58]. Additionally, from a model building
perspective, if dark matter in the Universe is composed of
keV sterile neutrinos, the proposed scenario can offer a
DM-baryon cogenesis setup by generating the required
neutrino asymmetry for resonant production of DM [12].
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APPENDIX A: DERIVATION FOR THE
BOLTZMANN EQUATIONS

We start with the general Boltzmann equation for a massive
particle whose number can change due to decay as well as
2 <> 2 annihilations into standard model bath particles. In
terns of number density, this can be written as [59]
dnp _ 2 eqy2 eq
W+3HVLF*—<UU>(”F—(”F) )=Tp(np—ng).

Similarly, the most general equation for asymmetry
number density nyy = ny — ny considering it to be gen-
erated from both annihilation and decay of heavy particle F
can be written as

(A1)

dl’lAf
dt

+3Hnyy = €,(o0) (nf — (n3)?) + erTp(np — i)
nSd

- nAfn_gq (Tp + (ov)ng),
f

(A2)

where 7 is the number density, (6v) is the thermal-averaged
cross section [60], and ', =TK(M/T)/K,(M/T) is the
thermal-averaged decay width [40,61]. H is the Hubble
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parameter related to energy density via Friedman’s equation
as H> =%C . Using p = ’3’—(2)g*(T)T4 in a radiation domi-
nated Universe, we get
4n°Gg.(T),, _ [An’g.(T) T*
Mp,

In order to absolve the expansion of the Universe we start
with the invariance of the total entropy of the Universe
S = sa’:

dS_ds 5 ) da_
E_dta + 3a sdt—O,
ds
§ = -3H § = —, A3
§ s $=— (A3)

where s = 24—722 g.sT? and a are the entropy density and the
scale factor respectively. Now, defining comoving number
density Y = ny/s, the lhs of Eq. (A1) will be rewritten as

nr.,

§
s s

SYF = T;ZF +3HI’IF.

. n
YF: r

(A4)
In order to change the variable from 7 to z = M/T we start

from Eq. (A2):
|

. HT d (ﬁy
sYp=—s

(1+ f(T)/3)dT

§

iy ,7F>

dT ds
i § 4 |
arar = s
drT (3
dit \T = g.; dT
dT -
ar_ (1, T 99\ yp
dt 395 dT
. T dg*v - dYF
g ( 3., dT) dr
v 1 dYrp
Tt A(T)y3) At
T dg.,
T) = — , A5
f0) =t (45)
considering z = M/T as the variable leads to %z
—ddi;%. Using these in Eq. (A1) and ignoring the second

term on the rhs leads to the well-known equation [62]

dy 7 h*m .
d—zF =~V 2 (ov)(YE — (Y3)?),

(A6)
where

1/2 _ Yxs
h. —\/g_*(1+f(T)/3).

In order to rewrite the equations in terms of #p = np/n,,
we make the following rearrangements:

B H T dg., HT _ dir
~ U A(T)/3) <; dT )’“” ~ U (T)/3) dr
) HD _ HT  die
S AT T U AT)/3) dr (A7)
where (oAvJ) = M*(ov),I' =T/M, 5 = s/T°, and #i, = n,/T>. This is the same as the first equation in Eq. (3).
Now, using this in Egs. (Al) and (A4), we have
Hf(T HT d e e
ny(l%éTimﬂF —n, W£ = —”3<0”>(7]12v - ('IFq)z) - nyrD<’7F - 7]1~"q)
HT  d . . HF(T
-y W£ = —”3<0”>('I12r - ('Ipq)z) - nyFD<’7F - ’7Fq) —-n, %W
HT  dge (o0 ‘ . Hf(T)
AT 7(0)/3) dz —nyTZ—z(n% — (7)) =Tplnr —ng) — WW
d (0) . Ik . T
e~ 1073 (3, S 0 = ) + e S ) ) =L
(A8)
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where A = HM/T? and z = M/T. Now, moving over to
the Boltzmann equation for the asymmetry (A2)

dnay c
P (1-+1(1)/3) (o, )

Ny

(nF = (n%)?)

f Kl (Z) e
erﬁKz(z) (nr — ’7Fq)

nar [ T Ki(z) eq | ~ @ eq 2))
-——g | = +n ~
ﬁ(ﬂ&@w S

+z

s,

- (A9)

APPENDIX B: TEMPERATURE VARIATION
OF g * 7g *§

The effective relativistic degrees of freedom contributing
to the energy density of the Universe is defined as

T\* 7 T\*

9.0)= > gl=] +5 > al=]). B

) T 8. 4 T
ieboson iefermion

Similarly, the relativistic entropy degrees of freedom is
defined as

9u(T) = gi<%>3+% > gi(%f- (B2)

i€boson iefermion

Here, only the particles with mass m; < T contributes. Also
T; = T when the particle species i (with internal degrees of
freedom g;) is in equilibrium with the photon bath. At very
high temperature 7 > 200 GeV, when all the standard model
particles are relativistic, g, = 106.75 is maximum. Also, at
high temperatures g, = ¢,,. Only after neutrino decoupling
around T ~ O(2 MeV) leading to different neutrino and
photon temperatures T,/T, = (11/4)'/3, we have g. # g.,
with the latter being slightly larger. We start with g, = ¢,, =
106.75 at T > 200 GeV and calculate them at lower temper-
atures by removing the contribution of those standard model
particles which become nonrelativistic, simply by using the
criteria m; > T. As the temperature falls, heavy particles
becomes nonrelativistic and stop contributing to g¢,(7),
9.s(T). Below the QCD phase transition temperature
T ~ O(200 MeV), we drop the contributions of light quarks
and gluons to g, (7T, g.,(T) due to the formation of hadronic
bound states. At temperatures below 100 MeV, only electrons,
neutrinos, and photons contribute to g, (T'), g.,(T). Finally, at
even lower temperatures, below MeV (after neutrino decou-
pling and e~e™ annihilation), only neutrinos and photons
contribute to relativistic degrees of freedom keeping g,, > g.
as mentioned earlier.
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