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Abstract We point out qualitatively different possibilities
on the role of CP-conserving processes in generating cos-
mological particle—antiparticle asymmetries, with illustra-
tive examples from models in leptogenesis and asymmetric
dark matter production. In particular, we consider scenarios
in which the CP-violating and CP-conserving processes are
either both decays or both scatterings, thereby being naturally
of comparable rates. This is in contrast to the previously con-
sidered CP-conserving processes in models of leptogenesis in
different see-saw mechanisms, in which the CP-conserving
scatterings typically have lower rates compared to the CP-
violating decays, due to a Boltzmann suppression. We fur-
ther point out that the CP-conserving processes can play a
dual role if the asymmetry is generated in the mother sector
itself, in contrast to the conventional scenarios in which it
is generated in the daughter sector. This is because, the CP-
conserving processes initially suppress the asymmetry gener-
ation by controlling the out-of-equilibrium number densities
of the bath particles, but subsequently modify the ratio of
particle antiparticle yields at the present epoch by eliminat-
ing the symmetric component of the bath particles through
pair-annihilations, leading to a competing effect stemming
from the same process at different epochs. We find that the
asymmetric yields for relevant particle—antiparticle systems
can vary by orders of magnitude depending upon the relative
size of the CP-conserving and violating reaction rates.

1 Introduction

Cosmological production of particle—antiparticle asymme-
tries through dynamical mechanisms has been a topic of
extensive studies [1]. In particular, several possible ways
of generating the observed baryon—antibaryon asymmetry
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of the Universe (BAU) have been proposed [2-9]. Starting
from a symmetric initial condition with zero asymmetry,
as implied by inflationary scenarios, achieving a non-zero
BAU requires satisfying the three Sakharov conditions of
baryon number (B) violation, the violation of charge conjuga-
tion (C) and charge conjugation-parity (CP) discrete symme-
tries, and departure from thermodynamic equilibrium [1, 10].
Two of the most well studied BAU generation mechanisms
are baryogenesis in grand unified theories (GUT) [2,6-8],
and baryogenesis through leptogenesis [9]. In both scenar-
ios, most of the implementations considered involve the CP-
violating out-of-equilibrium decay of a heavy particle in the
early Universe. Thus, the primary quantities that determine
the net asymmetry generated are the rates of the CP-violating
decay and its inverse process. If in addition CP-violating scat-
tering processes are present, they are found to affect both the
generated asymmetry, and its subsequent wash-out, depend-
ing upon the hierarchy of the decoupling temperatures for the
decay and scattering processes; for reviews, see, for example,
Refs. [11-13], and references therein.

The primary source of the CP-violation in a given sce-
nario may also turn out to be scattering processes, with
the heavy particle decay processes either sub-dominant or
absent [14—16]. Such scattering mechanisms have been stud-
ied in contexts involving the dark matter (DM) particles
as well, in achieving baryogenesis through DM annihila-
tions [17-20], in relating the baryon and dark matter sec-
tor asymmetries [21,22], in realizing the asymmetric DM
(ADM) scenario through scatterings [23], and through semi-
annihilations [24,25].

The role of CP-conserving processes have also been stud-
ied in the context of leptogenesis in see-saw models of
neutrino mass. In leptogenesis from type-I see-saw, CP-
conserving scatterings can arise from additional new inter-
actions of the SM gauge singlets [26,27]. As discussed in
Ref. [27], these additional interactions are CP-conserving by
assumption, that is in general they can violate CP if the rel-
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evant couplings have complex phases. Furthermore, it is a
specific dependence of the reaction rates on the temperature
and masses that leads to this competing effect, in spite of one
process being a decay and the other a scattering, as analyzed
in detail in [27]. In leptogenesis from type-II and type-III
see-saw, there are additional gauge interactions, which lead
to CP-conserving scatterings, see, for example [28-30]. The
rate of these gauge scatterings are usually smaller than the
CP-violating decay rates, and therefore as shown in Ref. [29],
the role of the gauge scatterings in determining the asymme-
try is small, and the efficiency factor remains close to maxi-
mal.

In this paper, we revisit the role of CP-conserving
reactions in determining cosmological particle—antiparticle
asymmetries, and point out qualitatively novel scenarios in
which their role is significantly exemplified. In particular, to
begin with, we may classify the possible scenarios into three
broad categories:

A. both the CP-violating and CP-conserving processes are
decays

B. both the CP-violating and CP-conserving processes are
scatterings

C. one of the processes is a decay and the other is a scattering

In scenarios A and B, the two processes can naturally have
comparable rates, and therefore the CP-conserving reactions
can in principle play a significant role in generating the
particle—antiparticle asymmetries. In scenario C, which is
the case so far considered in the literature, it is expected that
the CP-conserving scatterings will have a suppressed reac-
tion rate compared to the CP-violating decays, due to the
Boltzmann suppression stemming from the presence of an
additional non-relativistic particle in the initial state. In this
paper, we shall discuss examples of both scenarios A and B.

In each of these scenarios, one can further have two dis-
tinct possibilities. For processes of the form M... — D...,
where M is heavier than D, we can have a scenario in which

I. the asymmetry is generated in the mother sector, i.e., in
the M sector,

II. the asymmetry is generated in the daughter sector, i.e., in
the D sector.

In conventional scenarios of baryogenesis, we usually find
examples of type II. In this paper, we shall show examples
of both types, belonging to scenarios A and B above. In par-
ticular, we shall point out examples of type I, in which the
CP-conserving processes play a dual role. Until the decou-
pling of the CP-violating scatterings, the CP-conserving pro-
cesses tend to suppress the asymmetry generation by con-
trolling the out-of-equilibrium number densities of the bath
(M) particles. However, subsequently, once the net parti-
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cle antiparticle yield difference has been frozen, the same
CP-conserving pair-annihilation reactions modify the ratio
of particle antiparticle yields by eliminating the symmetric
component of the mother particles.! This leads to a compet-
ing effect shown by the same scattering process at different
epochs, since, unlike in the scenarios of type I, in scenar-
ios of type I the asymmetry is generated in the sector which
initiates both the CP-conserving and violating scatterings in
the first place. This dual role is highlighted for the first time
in this paper.

We shall now demonstrate the above scenarios through
illustrative examples. In Sect. 2 we discuss a leptogenesis
scenario of type A-II, in which both the CP-conserving and
violating processes are decays, and the asymmetry is gener-
ated in the daughter sector. In Sect. 3 we discuss two scenar-
ios of asymmetric dark matter production from scattering of
type B-I, in which both the processes are scatterings, and the
asymmetry is generated in the mother sector. We summarize
our findings in Sect. 4.

2 CP-violating and conserving decays and daughter
sector asymmetry

We first discuss an illustrative model which belongs to the
type A-II in the classification described in the introduction,
i.e., both the CP-conserving and violating processes are two-
body decays, and the asymmetry is generated in the daughter
sector. To this end, consider a leptogenesis model involving
two standard model (SM) singlet heavy Majorana neutrinos
N; and N, with their mass values satisfying My, > My,.
For the cosmology of Nj, the following decays of Nj to
SM charged lepton (0%), charged scalar boson (H +), neutral
scalar boson (k) and N, are important:

Ny — (*HTF
Nl — N2/’l

(CP — violating)

(CP — conserving).

In order to realize these processes obeying the SM gauge
symmetries, we need to extend the SM field content in the
scalar sector. In addition to the dominantly SM-like scalar
doublet @ which gives mass to the SM fermions, we intro-
duce a second Higgs doublet ®,, and an SM singlet scalar
field S. The relevant interaction Lagrangian terms before
electroweak symmetry breaking include the following:

S
g— . AL
Lin > =5 NIN2S — yi L& N; — il ®; %S — 7’|<1>,~|2S2

(@] D) (P Dr) 2.1

1 Since either the DM particle (x) or the DM antiparticle (x ") may
dominate the current DM density, we quantify this ratio by the asymp-
totic value of the asymmetry parameter roo = |Yy — Y, |/(Yy + Y, 1)
in the present epoch, where Y; are the respective yields; see Sect. 3 for
details.
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where d~>1 =1 O'Q(DT. Here, we have written the interaction
terms involving the SM singlet Majorana neutrinos using
the mass eigenstates N1 and N,. In order to avoid tree-level
flavour-changing neutral currents, we have also assumed an
additional Z» symmetry, under which &, — —®,, that is
softly broken by am 126131 @, term, as in the type-I two Higgs
doublet model [31]. This symmetry prohibits the y/Z®,N;
terms. After electroweak symmetry breaking, the singlet
scalar mixes with the neutral components of the scalar dou-
blets, giving rise to the decay mode N; — Nyh, while the
mixing of the charged scalars leads to the decay Ny — (T HF
through the Yukawa interaction.

Such a model was proposed in Ref. [32] as a low-scale
model for leptogenesis that utilizes the quartic scalar cou-
plings [33]. In particular, the lepton number conserving decay
mode Ni — N>h helps in satisfying the requirements of
generating a non-zero CP-violation at the one-loop level,
being consistent with the Nanopoulous—Weinberg theorem
[7,32]. However, the role of the CP-conserving decay mode
N1 — Nsh in the cosmology of Nj — and therefore in the
generated lepton asymmetry — has not been studied earlier,
and is the focus of the present study.

The Boltzmann equations determining the number density
of N1, and the lepton asymmetry produced are given by?

dYy, (Mo +<(T)a
~ — Yn, — Y
dx Hx ( Np N],O)
dyy, €(I'o
—_— >~ — Yy, — Y . 2.2
dx Hx ( N N],O) ( )

Here, Y; = n;/s is the yield of the species i, with n; being
its number density and s the entropy density in the radi-
ation bath. We also have Y, = Y,- — Y+ as the lepton
asymmetry produced, and Y, o the equilibrium yield of Nj.
Here it is assumed that at high temperatures T > My, , Nj
achieves a thermal distribution through rapid scattering pro-
cesses in the thermal plasma. The thermally averaged sym-
metric decay width is given by (I")¢, where, ' = I'(N] —
LTH™)+T'(Ny — £~ H™T),and I'4 is the decay width of the
CP-conserving mode N1 — Njh. Finally, the CP-violation
parameter is defined as

IM(Ny — ¢~ H)|> — [M(N; — ¢H™)|?
€ =
|IM(Ny — Z*H*)l2 + |M (N1 — ZJFH*)|2

(2.3)

2 Since My, > My,, during the out-of-equilibrium decay of N; at
a temperature 7 ~ My,, the N> particles are in thermal equilib-
rium through rapid scatterings in the thermal bath, and hence follow
a Maxwell-Boltzmann distribution. Furthermore, for simplicity, we
assume that N, decays after the freeze-out of N decay do not wash-out
the generated lepton asymmetry, which can be ensured, for example,
with My, < Mp=.

€=107%, My, =500 GeV
<M>=10""3GeV

<I>Al<>g
Fig. 1 The dependence of the lepton asymmetry Y, (scaled by Yg),

as a function of the ratio of CP-conserving and violating decay widths,
(I')a/(I")o. See text for details on the choice of the other parameters
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Fig. 2 The dependence of the lepton asymmetry |Y; | in the model
for low-scale leptogenesis, as a function of the ratio of CP-conserving
and violating decay widths, (I") 4 /(I")o. In this model, the CP-violation
parameter € can be expressed in terms of I"4, for fixed values of the
scalar quartic coupling A and tan 8. See text for details

Here, |M|? denotes the matrix element squared for the cor-
responding process. In writing the Boltzmann equation for
Y1, we have made the approximation that at the epoch of the
generation of the asymmetry, the two-body scattering reac-
tions have decoupled, which is as expected due to their lower
rates. We have also dropped terms in the right hand side pro-
portional to Y7, as at the epoch when Y}, is being generated,
those are subdominant.

We solve Eqgs. (2.2) for the parameter choices My, = 500
GeV, ¢ = 107 and 'y = 10~'3 GeV, where the parameters
are chosen such that the required baryon asymmetry of the
Universe may be reproduced. We show the dependence of Y7,
(scaled by Y, which is the asymmetric yield with 'y = 0)
as a function of (I') 4 /(I")o in Fig. 1. As we can clearly see
from this figure, the lepton asymmetry Y; changes by one
order of magnitude if 'y ~ 10I'¢, compared to the scenario
where I"4 is negligible. This simply stems from the fact that
the longer the CP-conserving process is in equilibrium, the
smaller the number density of the mother particle Ny, and
hence the lepton asymmetry generated from its decays.

One can simplify the analysis further in the particular
low-scale leptogenesis model discussed above. In this sce-
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nario, we can express the CP-violation parameter € defined
in Eq. (2.3), stemming from the interference of the tree and
loop level amplitudes, as follows:

€~ —2)vsinB gIm(L). 2.4

Here, v = 246 GeV is the electroweak symmetry breaking
scaleandtan 8 = v /v; is theratio of the vacuum expectation
values of the neutral CP-even components of the two Higgs
doublets ®; and ®;. We have also defined g = g sinc,
where « is the mixing angle of the scalar singlet S with the
lighter CP-even Higgs boson. For simplicity, here we have
assumed that S dominantly mixes with the SM-like lighter
Higgs state. Finally, Im(L) is the imaginary part of the loop-
factor, which is found to be:

My, 1 1

where, £ = (MHi/MNl)Z. For example, with My, = 500
GeV, My, = 300 GeV and Mpy+ = 350 GeV, we obtain
Im(L) ~ —6.7 x 1077.

Since the width of the CP-conserving decay N; — N>h
isTqg = %MNI, we can trade the coupling g in Eq. (2.4)
with the square-root of the CP-conserving decay width I'4.
In addition, if we fix the scalar quartic coupling A and tan S,
€ is determined in terms of I"'4. The residual dependence
of the lepton asymmetry |Yz| in this model as a function
of (I')4/(I")p is shown in Fig. 2, where (I")¢ is chosen to
be 10713 GeV, sin 8 ~ O(1) and the quartic coupling A ~
O(0.1). As we can see from this figure, for (I") 4 < (I")o, the
out-of-equilibrium condition for Ny is determined by the CP-
violating decay. Therefore, || increases with increasing
(I") 4, simply because the CP-violation € increases as JTa,
for a fixed scalar quartic. On the other hand, for (I')4 >
(I")o, |Yr| decreases rapidly with increasing (I") 4, as Nj
remains in equilibrium for a longer period, thereby leading to
areduction in its number density. We would like to emphasize
that 'y >> T is easily achieved in the model described
above for natural choices of the parameters.

Thus, CP-conserving processes, when at the same foot-
ing as the CP-violating ones (in this case both of them being
decays of Njp), can play a major role in deciding the lep-
ton asymmetry production in the early Universe. As dis-
cussed in the introduction, this is in contrast to the role of
such processes observed earlier in the leptogenesis models
from different see-saw mechanisms, as in those cases the
CP-conserving modes played a subdominant role, mostly
because they were scattering reactions, whereas the violating
ones were decays, and hence of a higher rate.

@ Springer

3 CP-violating and conserving scatterings and mother
sector asymmetry

We shall now discuss two scenarios of asymmetric dark mat-
ter production from scattering. These two examples belong to
the type B-I explained in the Introduction, in which both the
CP-violating and conserving processes are scatterings, and
the asymmetry is generated in the mother sector. We shall
see that due to the latter feature, there is a dual role played
by the CP-conserving processes. The ADM models under
discussion have been proposed by the present authors in Ref.
[23], which discusses ADM from scattering, and in Ref. [24]
on ADM from semi-annihilation.

Both the ADM models share some common features.
There is a complex scalar DM yx, which is stabilized by a
Zy symmetry, interacting with itself and a Zy even real
scalar ¢. The scalar ¢, taken to be lighter than x, can mix
with or decay to SM states, thereby maintaining kinetic equi-
librium of the DM sector with the SM bath.? In both cases,
the existence of a CP-conserving scattering x + x " — ¢+ ¢
immediately follows, which is the focus of this discussion.
In the ADM model from scattering, the stabilizing symmetry
is Z,, while for the ADM from semi-annihilation scenario,
it is Z3. Let us briefly discuss each model in the following.

3.1 Asymmetric DM from scattering

In this case, we have the following interaction Lagrangian,
consistent with the Z, symmetry:

Hi Al 2
— Lint D ux xop + (7)(245 +h.c.) +7 (XTX>

A A
(2 the )+ (2% +he.
4! 4
M3 As o g Ko 3
— h.c. — —
+<3!x x' + C>+ 2¢>x X+ 3!¢>
A AoH

+ 50t + SO HE + ol 3.0
Here, H is the SM Higgs doublet. The neutral particle ¢ can
mix with the Higgs boson after electroweak symmetry break-
ing, thus inducing direct detection signals for DM through
the trilinear interactions with couplings u and p . To evade
the current direct detection bounds, we have set u >~ 0 and
w1 >~ 0, rendering only the contact interactions to be relevant

for our discussion.

3 In principle, we can directly couple x with the SM Higgs doublet H
through the A, | x |2| H|? term. However, DM direct detection probes,
as well as the constraints on the invisible decay width of the Higgs lead
to a strong bound on such an interaction. This bound, in turn, makes it
difficult to obtain the necessary thermal relic density for a large range
of DM mass. Therefore, as a simplifying approximation, we have set
AyH == 0 for our discussion.
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Several relevant processes for the DM cosmology result-
ing from these interactions are listed in Table 1, along with
their properties and the notation used to denote the differ-
ent thermally averaged symmetric and asymmetric reaction
rates. The asymmetric and symmetric thermal averages are
defined with and without € ; for each process (the definition
of € is analogous to Eq. (2.3), which, for scatterings, is an
explicit function of the particle momenta p;), where (eov) s
can be written as:

(eov) f =

3.
ST ijp—’;%<2n)45<4)(p1 + p2 = p3 — pa) €4 (pd)IMol5 fo(p1) fo(p2)

also be seen by solving Egs. (3.3) analytically near freeze-
out, with the following result, as discussed in detail in Ref.
[23]:

2Hx (eov)g

Y = .
Y Ol = T G wia T (0 v)3) (o) + (€ov)?

(34)

Thus we see that as the CP-conserving reaction rate (o v) 4
increases, Yay (x) is reduced, which, in turn, tends to reduce

f d3p1 d3172
@2n)3 2n)3

fo(p1) fo(p2)

: (3.2)

with |M0|2f = |M|§”Hf+|M|§(+beT and fo(p) being the
equilibrium distribution function.

With the above reactions in the thermal plasma, the evo-
lution equations for the symmetric (Ys = Y, + Y,+) and
asymmetric yields (Yay = Yy — Y, +) in this scenario are
given as follows:

dYs s
2 = |:(av)A (Y52 — Yﬁx — 4Y02)

dx 2Hx

Y§+ Yy, —4Y5
S A 0
+ (Uv)3<—2X > - (€UU>SYSYAX:|
2
dYay s YZ —4vg Yy
dx  2Hx [(E‘ms( 2 +eovip—

+ (o v)air YSYA)(i|' 3.3)

Here, we have defined, (eov)s = (eov); + (eowv)s,
(eov)p = (eov)1—(eov)rand (ov)a = 2{ov)1+{ov)2+
(ov)3. In writing these equations, we have used the unitarity
sum rule relating the (eov);’s, namely, (eov); + (eov)2 +
(eov)s = 0, and have eliminated (e¢ov)3, in terms of the
other two asymmetric rates [34].

Solving Egs. (3.3) numerically we can determine the
impact of the CP-conserving annihilation process in mod-
ifying the asymmetric yield. To this end, we show the ratio
Yﬁx /Y0 > Where Yg‘x and Ygx are the asymptotic values
of the yield Yo, with and without the CP-conserving anni-
hilation process, respectively. We show the yield ratio as a
function of (ov)4/(ov)3 in Fig. 3 (left panel), which is the
ratio of the CP-conserving and CP-violating annihilations
that control the out-of-equilibrium number densities. Here,
we have kept the symmetric and asymmetric reaction rates
for all the CP-violating processes, and the DM mass, as fixed.
For (ov)4 2 (ov)3, we see that Y, reduces significantly,

~

by a factor of 10 for (ocv)4/{(ov)3 ~ 75. This feature can

the observed particle—antiparticle asymmetry as well. How-
ever, there is a second role of these CP-conserving pair-
annihilations, which appears in the epoch after the CP-
violating reactions are frozen out. The symmetric compo-
nent of the DM is then subsequently eliminated by the
x+x" — ¢+¢ reaction, thus modifying the ratio of particle
antiparticle yields at the late epochs.

In order to demonstrate the second effect, it is useful to
define the final particle—antiparticle asymmetry parameter
F'oo as follows:

oo = |YA)(|/YS

where the asymptotic values of the yields with x =
My,/T — oo have been used. Clearly, 0 < roo < 1, where
roo = 0 corresponds to the completely symmetric limit, in
which the asymptotic yields of the DM and anti-DM are the
same, while 7o = 1 corresponds to the completely asym-
metric limit, in which only either the DM or the anti-DM
species survives. In the right panel of Fig. 3, we show the
Foo parameter as a function of (o v)a/(ov)3, for fixed val-
ues of all the CP-violating rates. Similar to the example for
leptogenesis from decays, we have defined an effective CP-
violation parameter (independent of the particle momenta)
for each channel as Eéfff = (eov)r/(ov)s. We find that as
we increase the value of (ov)4 /(0 v)3, reo — 1, and a com-
pletely asymmetric DM with the required relic abundance
is obtained for (ov)4 /(o v)3 ~ 60. This feature is obtained
due to the second role of the CP-conserving process. How-
ever, the competition between the two roles is not visible in
this figure, which becomes apparent in the second example
of ADM production from semi-annihilation discussed in the
next subsection.

We note in passing that for our choice of parameters,
(ov)a/{ov)s ~ 60 is also necessary to satisfy the DM
relic abundance requirement of 2 xh2 = 0.12 [35]. We have
shown the value of €2, h? for different values of (o v) 4 /(o v)3
in Fig. 3 (both panels) as well. For (o v)4 /(o v)3 > 100, the

(3.5)

@ Springer
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Table1 Relevant processes for DM cosmology for the ADM from scattering scenario, their properties, and notation used to denote the corresponding

thermally averaged symmetric and asymmetric reaction rates

Process CP DM number violation Rate (symmetric) Rate (asymmetric)
x+x— x4+ 4t Violating 4 units (ov)1 (eov);
x+x— x+x' Violating 2 units (ov)2 (eov)r
X+x—>0+¢ Violating 2 units (ov)3 (eov)3
x+xt>o+0 Conserving 0 units (ov)a NA
Q, Q.
1.0 0.12 10-2 10-3 1 0.12 1072 1073
1
I
I
e [
1
x 1071F i
Q
3 0.5F '
\>< k8 :
<>~< 102k mx=5GeV, 4#=0.9 ! mx=5 GeV, €}i#=0.9
1
<GV>1Y2=5><10_11GeV'2 i <av>112=5><10‘”GeV‘2
<ov>3=10"1GeV? 1
103+ ! <gv>3 = 1071°Gev?
1 1 1 1 1 1 1 N N 1 N N
1072 10-1 1 10 102 103 10 e 1 10 102 108 10t
<OV>4al<ov>; <OV>l<ov>;

Fig. 3 Left panel: the ratio, Yﬁ /Y9 4» Where Yg‘ and Yg are the
asymptotic values of the yield Y » , , with and without the CP-conserving
annihilation process, respectively, as a function of (o v)4/(ov)3. Also
shown are the corresponding values of the DM relic abundance €2 Xhz

DM species is underabundant. This is again due to the fact
that the CP-conserving process here plays a dual role of both
changing YA, at the earlier epoch, as well as reducing the
symmetric DM component, and the latter eventually reduces
the net relic density.

3.2 Asymmetric DM from semi-annihilation

In the second example of type B-I, we consider the possibility
of producing asymmetric dark matter from semi-annihilation
[24], in which the dual role of the CP-conserving processes
is demonstrated clearly. In this case, we have the following
interaction Lagrangian, consistent with the Z3 symmetry:

6w > 55 () +he) 43 (08 rhe) + 5 (1)

+%¢2XTX +mdx x+ %tf + %¢4~ (3.6)
In addition, there will be interactions between ¢ and the SM
Higgs doublet H, exactly as in Eq. (3.1). To realize the semi-
annihilation scenario, for the necessary CP-violation through
the interference of the tree and one-loop graphs, the two com-
plex couplings u and A are required in general, so that one
complex phase remains after field redefinitions. We also note
in passing that for the parameter region u/m, << 1 and

@ Springer

Right panel: the final particle—antiparticle asymmetry parameter ro, =
[Yax|/Ys, as a function of (o v) /(o v)3. See text for details. Both the
figures are for the asymmetric DM model from scattering discussed in
Sect. 3.1

ni1/my << 1, the contact interactions play the dominant
role, which we have assumed for illustration.

These interactions lead to several relevant processes for
the DM cosmology, which are shown in Table 2, along with
their properties and the notation used to denote the different
thermally averaged reaction rates.

The Boltzmann equations for the symmetric (Ys = Y, +
Y XT) and asymmetric yields (Yay, =Y, — Y X+) in this sce-
nario are given by:

dYg s
= [<av>s (Y§ +13, - 2Y0YS>

_8Hx
Ys
1)=v2 (—=+1
) ax <2Y0 * ))

Ys
+ (ov)3 <Y52 <2_Y0 -

+4(ov)a <Y§ -3, - 4Y02>

Y
+ (661))3% (Y§ — Y3, +4Y] - SYOYS)]
0

dYAX_ 3s
dx = 4Hx

|:(0U>SYAX (Ys + Yo)
)
v;-13,

S
v)3Y Y
+{ov)3¥ay | Ys + A

YS 2 2 2
+ (eovhm(YS — Y3, —4r) |, (3.7)
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Table 2 Relevant processes for DM cosmology for the ADM from semi-annihilation scenario, their properties, and notation used to denote the
corresponding thermally averaged symmetric and asymmetric reaction rates

Process CP DM number violation Rate (symmetric) Rate (asymmetric)
X+x—x"+¢ Violating 3 units (ov)1 (eov);
X+x—=>x"+o+¢ Violating 3 units (ov)2 (eov)r
x+x—=x"+xT+x Violating 3 units (ov)3 (eov)s
x+xt—>o+0 Conserving 0 units (ov)a NA
Q, e Qxh2
2
102 10 ; 012 102 10 10 1 0.12 0.01

myx=5GeV, €f=0.9
<gv>g= 107'2GeV2
(0v3)s=107"GeV2

X -1

o 107

S

¢

<

33
10—2.
10-3 L L L L L
10-1 1 10 102 10° 10

<ov>,l<ov>g

mx=5GeV, €=0.9
<gv>g= 107"2GeV2
(0v3)s=107"GeV2

01 . . . . .
10! 1 10 102 108 104

<ov>al<ov>s

Fig. 4 Same as Fig. 3, for the asymmetric DM from semi-annihilation scenario discussed in Sect. 3.2. See text for details

where, we have defined (ov)s = (ov)| 4+ (ov);,. Here, the

thermally averaged rate (o v)3 has a significant x —dependence,

14+2x .
e *(ov3),, where (ov3)y is an x-
X

given by (ov)3 =

independent s-wave piece, and the exponential suppression
factor stems from the phase-space cost for producing an extra
particle in the final state [36].

By solving Egs. (3.7) numerically, we find the ratio of
the asymmetric yields, as before, with and without the CP-
conserving annihilation process, and show the results in the
left panel of Fig. 4, as a function of (o v) 4 /(o v)s. In the right
panel of the same figure, we also show the final asymmetry
parameter o, as defined in the previous subsection.

Compared to the scenario in the previous subsection,
the 7o curve shows more features with the change in
(ov)4/{ov)s.Initially, as we increase (o0 v) 4, F'oo approaches
the completely asymmetric limit of 1. However, on further
increase of the ratio (ov)4/(ov)s = 100, the value of reo
is reduced instead. As before, there is a dual role played
by the CP-conserving process — that of reducing the value
of Ya, to begin with, and thus trying to reduce the asym-
metry on the one hand, and at the same time of removing
the symmetric component of the DM particles, and thus
generating a competing effect to increase the final asym-
metry parameter ro, signifying the modification of the rel-
ative particle antiparticle yields. The initial increase of ro
is observed as the second effect dominates for moderately

large values of (ov) 4 /(0o v)s. However, for very large values
of (ov)4/(ov)sg, the first effect dominates, reducing the ro
to be lower than 1. Thus the competition between the two
effects at different epochs due to the same CP-conserving
process is brought out clearly in this example of asymmetric
dark matter production from semi-annihilation.

4 Summary

To summarize, in this paper, we have revisited the role of
CP-conserving processes in generating particle—antiparticle
asymmetries in the early Universe — either in the lepton sector
for baryogenesis through leptogenesis, or in the dark matter
sector. We have focussed on scenarios in which either both the
CP-violating and conserving processes are decays, or both
of them are scatterings, thus naturally being of comparable
rates. For this reason, in the examples considered by us, the
effect of the CP-conserving reactions is found to be highly
significant. Thisis in contrast to the scenarios for leptogenesis
in different see-saw models of neutrino mass, in which the
role of CP-conserving reactions were explored earlier, and
found to be mostly sub-dominant. In those scenarios, the
primary source of CP-violation was a decay process, while
the CP-conserving reaction was a scattering, and thus the
latter process is generally Boltzmann suppressed.

@ Springer
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Within each scenario above, the asymmetry may be pro-
duced either in the mother sector, or in the daughter sector,
leading to distinct effects of the CP-conserving processes
in each case. As an example for a scenario in which both
the CP-violating and conserving processes are decays and
the asymmetry is generated in the daughter sector, we dis-
cussed a low-scale model for leptogenesis. It is shown that
as the rate for the CP-conserving decays is increased com-
pared to that of the CP-violating one, the lepton asymmetry
yield proportionately decreases, and can vary by orders of
magnitude for natural values of the model parameters. This
is simply because, in such cases the CP-conserving decays
remain longer in equilibrium, reducing the number density
of the non-relativistic mother particles, and thereby reducing
the generated lepton asymmetry.

We then discussed two examples of asymmetric dark mat-
ter production in which both the CP-violating and conserving
reactions are scatterings, and the asymmetry is generated in
the mother sector. The latter feature leads to an interesting
dual role played by the CP-conserving reactions. Initially,
when the CP-violating reactions are active, the larger the rate
of the CP-conserving scatterings, the smaller is the asym-
metric yield of the particle-antiparticle system. However,
subsequent to the freezing out of the CP-violating reactions,
the CP-conserving pair annihilations remove the symmetric
component of the DM, thereby enhancing the final asym-
metry parameter, signifying the modification of the relative
particle antiparticle yields. This dual role played by the same
CP-conserving reaction leads to a novel competing effect
observed in the ADM models. Thus CP-conserving processes
can play qualitatively distinct roles in generating cosmolog-
ical particle—antiparticle asymmetries, and can modify the
asymmetric yields by orders of magnitude.

Acknowledgements The work of AG is partially supported by the
RECAPP, Harish-Chandra Research Institute, and the work of DG is
partially supported by CSIR, Government of India, under the NET JRF
fellowship scheme with award file No. 09/080(1071)/2018-EMR-I, and
in part by the Institute Fellowship provided by the Indian Association
for the Cultivation of Science (IACS), Kolkata.

Data Availability Statement This manuscript has no associated data or
the data will not be deposited. [Authors’ comment: This is a theoretical
study and no experimental data has been listed.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm

@ Springer

ons.org/licenses/by/4.0/.
Funded by SCOAP?.

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

. Forasummary, see, for example, S. Weinberg, Cosmology. Oxford,

UK: Oxford Univ. Pr. (2008)

. M. Yoshimura, Unified gauge theories and the Baryon number of

the universe. Phys. Rev. Lett. 41, 281 (1978) (Erratum: [Phys.
Rev. Lett. 42 (1979) 746)

. AlY. Ignatiev, N.V. Krasnikov, V.A. Kuzmin, A.N. Tavkhelidze,

Universal CP noninvariant superweak interaction and baryon asym-
metry of the universe. Phys. Lett. B 76, 436 (1978)

. L. Affleck, M. Dine, A new mechanism for baryogenesis. Nucl.

Phys. B 249, 361 (1985)

. V.A. Kuzmin, V.A. Rubakov, M.E. Shaposhnikov, On the anoma-

lous electroweak baryon number nonconservation in the early uni-
verse. Phys. Lett. B 155, 36 (1985)

. S. Weinberg, Cosmological production of baryons. Phys. Rev. Lett.

42, 850 (1979)

. D.V. Nanopoulos, S. Weinberg, Mechanisms for cosmological

baryon production. Phys. Rev. D 20, 2484 (1979)

. M. Yoshimura, Origin of cosmological baryon asymmetry. Phys.

Lett. B 88, 294 (1979)

. M. Fukugita, T. Yanagida, Baryogenesis without grand unification.

Phys. Lett. B 174, 45 (1986)

A. Sakharov, Violation of CP invariance, C asymmetry, and baryon
asymmetry of the universe. Sov. Phys. Usp. 34(5), 392-393 (1991)
E.W. Kolb, M.S. Turner, The early universe. Front. Phys. 69, 1
(1990)

W. Buchmuller, R.D. Peccei, T. Yanagida, Leptogenesis as the ori-
gin of matter. Ann. Rev. Nucl. Part. Sci. 55, 311-355 (2005)

S. Davidson, E. Nardi, Y. Nir, Leptogenesis. Phys. Rep. 466, 105—
177 (2008)

L. Bento, Z. Berezhiani, Leptogenesis via collisions: the Lepton
number leaking to the hidden sector. Phys. Rev. Lett. 87, 231304
(2001)

E. Nardi, J. Racker, E. Roulet, CP violation in scatterings, three
body processes and the Boltzmann equations for leptogenesis.
JHEP 09, 090 (2007)

PH. Gu, U. Sarkar, Annihilating leptogenesis. Phys. Lett. B 679,
118 (2009)

Y. Cui, L. Randall, B. Shuve, A WIMPy baryogenesis miracle.
JHEP 04, 075 (2012)

N. Bernal, F. Josse-Michaux, L. Ubaldi, Phenomenology of
WIMPYy baryogenesis models. JCAP 01, 034 (2013)

N. Bernal, S. Colucci, F. Josse-Michaux, J. Racker, L. Ubaldi, On
baryogenesis from dark matter annihilation. JCAP 10, 035 (2013)
J. Kumar, P. Stengel, WIMPy leptogenesis with absorptive final
state interactions. Phys. Rev. D 89(5), 055016 (2014)

I. Baldes, N.F. Bell, K. Petraki, R.R. Volkas, Particle-antiparticle
asymmetries from annihilations. Phys. Rev. Lett. 113(18), 181601
(2014)

I. Baldes, N.F. Bell, A.J. Millar, R.R. Volkas, Asymmetric dark
matter and CP violating scatterings in a UV complete model. JCAP
1510, 048 (2015)

A. Ghosh, D. Ghosh, S. Mukhopadhyay, Cosmology of complex
scalar dark matter: interplay of self-scattering and annihilation.
arXiv:2103.14009 [hep-ph]

A. Ghosh, D. Ghosh, S. Mukhopadhyay, Asymmetric dark matter
from semi-annihilation. JHEP 08, 149 (2020)

F. D’Eramo, J. Thaler, Semi-annihilation of dark matter. JHEP
1006, 109 (2010)


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/2103.14009

Eur. Phys. J. C (2021) 81:1038

Page 9 of 9 1038

26.

217.

28.

29.

30.

31.

PH. Gu, U. Sarkar, Leptogenesis bound on spontaneous symmetry
breaking of global lepton number. Eur. Phys. J. C 71, 1560 (2011)
D. Aristizabal Sierra, M. Tortola, J.W.E. Valle, A. Vicente, Lepto-
genesis with a dynamical seesaw scale. JCAP 07, 052 (2014)

T. Hambye, Y. Lin, A. Notari, M. Papucci, A. Strumia, Constraints
on neutrino masses from leptogenesis models. Nucl. Phys. B 695,
169-191 (2004)

T. Hambye, M. Raidal, A. Strumia, Efficiency and maximal CP-
asymmetry of scalar triplet leptogenesis. Phys. Lett. B 632, 667—
674 (2006)

T. Hambye, Leptogenesis: beyond the minimal type I seesaw sce-
nario. New J. Phys. 14, 125014 (2012)

G.C. Branco, P.M. Ferreira, L. Lavoura, M.N. Rebelo, M. Sher, J.P.
Silva, Theory and phenomenology of two-Higgs-doublet models.
Phys. Rep. 516, 1-102 (2012)

32.

33.

34.

35.

36.

A. Bhattacharya, R. Gandhi, S. Mukhopadhyay, Revisiting the
implications of CPT and unitarity for baryogenesis and leptoge-
nesis. Phys. Rev. D 89(11), 116014 (2014)

B. Kayser, G. Segre, Leptogenesis at the electroweak scale. Phys.
Lett. B 704, 570-573 (2011)

E.W. Kolb, S. Wolfram, Nucl. Phys. B 172, 224 (1980) (Erratum:
Nucl. Phys. B 195 (1982), 542)

N. Aghanim et al. [Planck Collaboration], Planck 2018 results. VI.
Cosmological parameters. arXiv:1807.06209 [astro-ph.CO]

D. Bhatia, S. Mukhopadhyay, Unitarity limits on thermal dark mat-
ter in (non-)standard cosmologies. JHEP 03, 133 (2021)

@ Springer


http://arxiv.org/abs/1807.06209

	Revisiting the role of CP-conserving processes in cosmological particle–antiparticle asymmetries
	Abstract 
	1 Introduction
	2 CP-violating and conserving decays and daughter sector asymmetry
	3 CP-violating and conserving scatterings and mother sector asymmetry
	3.1 Asymmetric DM from scattering
	3.2 Asymmetric DM from semi-annihilation

	4 Summary
	Acknowledgements
	References




