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CP violation, which is crucial for producing the baryon asymmetry of the Universe, is enhanced in
particle-antiparticle oscillations. We study particle—antiparticle oscillations (of a particle with mass
0(100 GeV)) with CP violation in the early Universe in the presence of interactions with O(ab—fb)
cross-sections. We show that, if baryon-number-violating interactions exist, a baryon asymmetry can
be produced via out-of-equilibrium decays of oscillating particles. As a concrete example we study
a U(1)g-symmetric, R-parity-violating SUSY model with pseudo-Dirac gauginos, which undergo

particle—antiparticle oscillations.

Taking bino to be the lightest U(1)g-symmetric particle, and

assuming it decays via baryon-number-violating interactions, we show that bino—antibino oscillations
can produce the baryon asymmetry of the Universe.

I. INTRODUCTION

There are more baryons than antibaryons in the Uni-
verse. Big Bang nucleosynthesis [I] and cosmic mi-
crowave background [2] measurements give the baryon
asymmetry of the Universe
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where 1 p) is the (anti)baryon number density and s is
the entropy density.

In order to explain this asymmetry three conditions
must be met [3]: (i) baryon number cannot be a con-
served quantity, (ii) C' and C'P symmetries must be vi-
olated and (iii) baryon-number- and CP-violating pro-
cesses should happen out of thermal equilibrium. Even
though baryon number is anomalously violated at high
temperatures, there is neither enough C'P violation nor
an out-of-equilibrium process within the Standard Model
(SM) to yield the observed baryon asymmetry.

The baryon asymmetry of the Universe (BAU) is one of
the strongest motivations for the need for physics beyond
the SM. To some extent new physics models that deal
with BAU can be divided into three types. (1) Extending
the SM to include extra scalar particles can change the
electroweak transition to a first-order phase transition,
which provides out-of-equilibrium conditions. There can
also be extra C'P violation in this extended Higgs sector.
Two-Higgs-doublet models and many variants of super-
symmetric models are the most studied examples of this
type. (2) Extending the SM with heavy particles that de-
cay out of equilibrium to SM particles. Examples include
leptogenesis models with a heavy right-handed neutrino.
(3) A particle asymmetry can first be produced in a dark
sector and then transferred to the SM sector. In these
types of models, the origin of the asymmetry is often not
studied due to a lack of understanding of the dark sec-

tor.! For reviews on different types of genesis models,

see, for example, [4H0].

In any baryogenesis scenario the origin of C'P violation
is a crucial ingredient. C'P violation in scalar-extensions
of the SM often generates large electric dipole moments
(EDMs) for the elementary particles which is highly con-
strained by null measurements of the electron EDM. (See,
for example, [7] for current EDM constraints in two-
Higgs-doublet models.) In leptogenesis models C'P vi-
olation is attained by interference between tree-level and
loop-level decays.

A recently revived way of producing large C'P viola-
tion in order to explain the BAU is through particle—
antiparticle oscillations. C'P violation can be enhanced
in oscillations? if the decay width and the mass differ-
ence of the oscillating particles are comparable. If, in
addition, these particles decay out of thermal equilib-
rium via baryon-/lepton-number-violating interactions,
these decays can explain the observed baryon asymme-
try. First studies of particle oscillations as a source of
baryon asymmetry (soft and resonant leptogenesis [0
I1]) neglected the time evolution of C'P violation in the
early Universe. Later it was shown that quantum ef-
fects [12] can be important for these scenarios [I3] [14].
Detailed studies of flavor oscillations in soft /resonant lep-
togenesis models also showed that the time evolution of
CP violation is important to find the correct particle
asymmetry [I5HI7]. However, these works still only in-
cluded effects of the expansion of the Universe on par-
ticle oscillations: As long as the Hubble rate, H(T), is
larger than the oscillation frequency, wese, particles do
not have sufficient time to oscillate. Since the particle

1 There are also models that produce the baryon asymmetry and
a dark matter asymmetry through a common process.

2 CP violation in oscillations exists only if there are both oscilla-
tions and decays [§].



oscillations are suppressed, C'P violation, and hence the
particle asymmetry, is also suppressed until wese > H(T).
Another quantum process that suppresses oscillations is
the quantum Zeno effect [18], also known as “a watched
pot never boils”: Flavor-sensitive scatterings hinder os-
cillations. This effect was pointed out regarding neu-
trino oscillations in the early Universe [19, 20], but was
largely left out of particle—antiparticle oscillation discus-
sions.®> Refs. [25, 26] incorporated elastic scatterings
and annihilations in the analysis of asymmetric dark
matter oscillations. The effects of flavor-sensitive and
flavor-blind interactions on particle—antiparticle oscilla-
tions were clearly identified in Ref. [20] and cast out in
the form of density matrix equations. (We point out that
C'P violation was not considered in Ref. [26]; since dark
matter does not decay, there cannot be C'P violation in
this system.)?

In this work we will study C'P violation in particle—
antiparticle oscillations in the early Universe by study-
ing the time evolution of the density matrix as outlined
in Ref. [26]. Without any interactions, oscillations start
when the expansion rate of the Universe drops below
the oscillation rate of the particles, H(T) < wosc. If
the particles interact with the relativistic plasma in the
early Universe, the oscillations are further delayed un-
til Ting < wose, where 'y is the rate of the interaction
(and depends on the nature of the process). In order
to enhance C'P violation in these oscillations, particles
should oscillate at least a few times before they decay.
The longer the oscillations are delayed the less CP vio-
lation there is. (Since the start of oscillations is directly
related to the baryon asymmetry in this scenario, we will
address it extensively throughout the text.) We will show
that a particle asymmetry can be produced via the os-
cillations and out-of-equilibrium decays of a particle of
mass O(100 GeV) with a mass splitting and decay rate
of O(107% eV) even in the presence of interactions with
O(ab-fb) cross-sections. As a specific example of this
scenario, we will study a U(1) g-symmetric supersymme-
try (SUSY) model with R-parity violation. We will show
that bino—antibino oscillations in this model can explain
the measured baryon asymmetry.

The rest of the paper is organized as follows. We
start with a short review of particle-antiparticle oscil-
lations for a pseudo-Dirac fermion in Section [[} In Sec-
tion [[IT] we study the oscillations of an electroweak scale
pseudo-Dirac fermion in the early Universe (at temper-
ature T' ~ O(10 — 100 GeV)). We include interactions,
specifically elastic scatterings with light particles and an-

3 For studies of quantum decoherence effects in flavor oscillations
in resonant leptogenesis, see, e.g., [21H24]

4 As a way to evade all quantum decoherence effects, the authors
of Ref. [27] used heavy particles that decay out-of-equilibrium at
very low temperatures to mesinos. In that case there are no other
processes that compete with oscillations and mesino—antimesino
oscillations enhance C'P violation.

nihilations. In Section [[V] we calculate the baryon asym-
metry that can be generated via the particle—antiparticle
oscillations. We consider a specific example of this sce-
nario in Section [V] We give our concluding remarks in

Section [Vl

II. PARTICLE-ANTIPARTICLE OSCILLATIONS

In this section we briefly review particle—antiparticle
oscillations. (For details, see [2§].) For simplicity let
us focus on a single generation of pseudo-Dirac fermions
with the mass Lagrangian

1 1
~Linass = Mx 1+ 5my XX + 5mynn +he. (2)
where y,7n are two-component, left-handed Weyl fields,
charged +1, —1 under a global U(1), respectively. Let us
define the Dirac field v,

o= (). ®)

Particle and antiparticle states can be written in terms
of the creation and annihilation operators

Y(z) = Z /dAI/? [bs(P)us (p) €P” + df(p)vs(p) e 7],
s==+

7/}C($) = Z E}; [ds(p)us(p) etpz + bi(p)vs(p) efipm] ’
s=+

-~ &p
where dp = W, such that
P

P, s,¥) = di(p)|0), |p,s,¢°) = bl(p)|0).

Given the Majorana masses m, ., particle and antipar-
ticle states mix, and v is called a pseudo-Dirac fermion.
In order to produce a baryon asymmetry, let us also con-
sider the following effective operators that violate baryon
or lepton number

—Lint = gx xBX + gnnBX + g\ xLY + g, nLY +h.c.,
(4)

where B/L are states with +1 baryon/lepton number.
X,Y are states with zero baryon and lepton number and
are given by the details of the model. The effective cou-
pling constants g, ¢’ have the proper dimensions to make
the Lagrangian dimension four. If they are heavy enough,
1-particles and antiparticles can decay via these interac-
tions to baryons or leptons.

Including the mass terms and focusing only on the
baryon-number-violating interactions, the Hamiltonian is

H=M-— T

;T 5)
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The masses Mp and Mj; are the renormalized masses.
The Dirac mass is multiplicatively renormalized from its
tree-level value, Mp ~ M. The loop contributions to the

*
mX—Q—mn

tree-level Majorana mass, m = , are proportional
to the Dirac mass M and the U(1)-violating interaction
coefficients. ~y is also proportional to the Dirac mass and
is given by the details of the model.

Note that even if the tree-level Majorana masses are
zero, they will be generated at loop level via the inter-
actions in Eq. 4l The loop contribution to the Majorana
mass § ~ C|gygs|M, where C, depending on the details
of the model, can be a dimensionful coefficient which also
incorporates the loop factors. On the other hand the de-
cay width I’ ~ C”(|gy |*+|g,|*) M, where C is a coefficient
that has the appropriate dimensions and phase-space fac-
tors. In this work, for simplicity, we assume a hierarchy
of couplings |g,/| > |g,|. Hence the loop contributions to
the Majorana masses are smaller than the decay width of
the particles. (For example in [28] it was shown that for
a Yukawa-type interaction, 0/T" ~ |g,|/|gy|.) Then, if the
tree-level Majorana masses were zero, one would expect
the loop-induced Majorana mass My, < I'. Later we will
show that in order to have large C'P violation, we need
Mys ~ I'. Hence, we take the tree-level Majorana mass,
m, as a free parameter and require that it is greater than
the loop contributions, such that M; ~ m.5

The eigenstates of the Hamiltonian in Eq. [] are

[Yu) = plY) —qlv),  |¥L) = plY) + qlv°),

with eigenvalues wpy,r,, where H, L refer to heavy and
light states respectively. We also have

<Q)2 _ M, — (i/2)T7,
D Mo — (i/2)T12”

Mass and width differences between the heavy and light
eigenstates are defined as

Am=my —mp = R(wyg —wr),
Al = FH — FL = —2%(OJH —OJL),

where

) )
wWHg — W, = 2\/<Mf2 — 211’1"2) <M12 — 2F12>.

5 Interactions with states that are heavier than v could contribute
to the Majorana masses while not changing the decay rate. Hence
raising the loop-induced Majorana mass relative to the decay
rate. There can also be models where My, ~ I' naturally. We
leave this as a model building exercise.

The total width of the states is defined as I' = @
One can always rotate two linear combinations of x and
71 to make M and m real. We can also rotate BX to make
gy or gy real, but not necessarily both at the same time.
Hence it is possible to have a phase difference between
M and I, which will be a source of CP violation. From
now on we will assume the mass matrix is real, and put

the relative phase in the decay matrix.
_ lgnl

Assuming r = Toal < 1, we can write
1 2refr
LT ( oremitr 1 ) , (7)
where
L = (lgxl* + lgnl*) - 8)

In this approximation the oscillation parameters are
given by

A 2 r
.TET ?m, Efz%cos@ﬂ,
‘q’:l—rsmzzﬁp, 5Earg<qgn>:¢>p:|:7r. (9)
p P 9x

The time evolution of a state that is purely a [¢) or
[°) at t =0 is

(8)) = g4 (£)]) — %g, (6)|e°),

() = g1 ()[1°) — ggfu)w», (10)

3 _1 —i _1
(6 mmpgt 2FHt:|:e imrpt QFLt>. (11)

A. C(CP Violation

C'P violation can be enhanced in particle-antiparticle
oscillations. We quantify the C'P violation that is impor-
tant for baryogenesis as a single particle asymmetry,

= [ DO B T o D
o W/ B+ T/ — B)’

where B and B refer to baryon and antibaryon final states
respectively.  (Defining a lepton asymmetry through
the lepton-number-violating terms in L;, is straightfor-
ward.) T'(¢/¢° — B) is the time-dependent decay rate
for an initially pure-|¢) or |1)¢) state to decay to a baryon
final state. Time integration is distributed over each de-
cay rate.

Using the results of the previous section, C'P violation
becomes

(12)
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See Appendix [A] for details. There is no C'P violation
for r =1or |¢g/p| =1. Forr <1 and z > 1, the CP
violation can be approximated as

_ 2zrsingr
T 14 a?

As can be seen in Fig. [T, C'P violation is maximized for
x~1ie. Am~T.

(14)
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FIG. 1: Amount of CP violation as defined in Eq. [13| (blue,
thick) and the approximation in Eq. |14 (orange, dashed). We
use r = 0.1, sin¢r = 0.5.

III. OSCILLATIONS IN THE EARLY
UNIVERSE

Particle-antiparticle oscillations in the early Universe
are different than those expected to be seen at colliders.
In an expanding Universe with a dense and relativistic
plasma, the dynamics are defined by a competition be-
tween rates for many processes. For example, even in the
absence of any interactions with the plasma, oscillations
do not start as long as wese >~ 2m < H(T). Even af-
ter the Hubble rate drops below the oscillation rate, the
particles and antiparticles might be interacting with the
plasma such that the states decohere. If, for example,
only the particle states were scattering with the plasma,
elastic scatterings could keep this state from oscillating
into an antiparticle state. However elastic scatterings
that do not differentiate between particles and antiparti-
cles do not cause decoherence as discussed in [26].

Other complications with this early Universe study are
possible finite temperature effects. We will show later

’ + ‘2‘2) |g|2} (1+72)—4rR [gig, (

q
p

)

(

that the baryon number production happens at temper-
atures much less than the -particle mass, T <« M.
Hence, we do not expect thermal corrections to the parti-
cle mass to be important. We also ignore thermal correc-
tions (e.g. due to finite-temperature SM fermion masses)
to the decay rate. Possibly the most important finite-
temperature effect is that on the Majorana mass, hence
the mass difference between the -particle mass eigen-
states. Barring interactions beyond those in Eq. |4} these
corrections will be proportional to the temperature and a
combination of the coupling constants. Since the renor-
malization corrections to the mass difference are propor-
tional to M, and since T' < M in the region of interest,
we ignore thermal corrections to the mass difference.

In Refs. [25] [26] effects of oscillations in an asymmetric
DM scenario were studied. There are many similarities
we can draw from that picture, and a few differences,
namely that in our case, the particles/antiparticles decay
allowing C'P violation in oscillations. In general, when
oscillations, annihilations and scatterings are present, the
relevant Boltzmann equations that define the particle
number densities (Y = n/s oc 32, e fij[¢i) (¥, with
the generalized quantum distribution functions f;;) are
written in a density matrix form as®

ZH% = —i(HY — YH')- ; %[Oi, [O+,Y]] (15)

_ ; s(ov)s (;{Y, 0:YO1} - chl) ,

where z = M/T, s = %g* (T)T? is the entropy density
and g.(T) is the effective number of relativistic degrees
of freedom at temperature T' (we take g, ~ 100 for tem-
peratures O(100 GeV)). I'; (T'_) is the elastic scattering
rate that is flavor blind (sensitive) where “flavor” refers
to particle/antiparticle nature (see below), (ov) is the an-
nihilation rate and Oy = diag(1,+1). (Note that both
types of interactions can be present.) The density matrix

6 This equation describes nonrelativistic particles (the Hamilto-
nian is given at p = 0).



and the Hamiltonian are

Yy  Ygue - Yye Yype
Y — v Yy > Y< ve Yoy >

135¢(3)
Yeq(z) ~ 4Tr4f§ ’ 3/2 e
mz / 672, z > 1,
_ M —il'/2  m—ilre'r
H= (m—ifre_wf M —il'/2 ) (16)

The first term in Eq. [15] describes oscillations (and de-
cays), the second term elastic scatterings and the third
term annihilations.

The nature of elastic scatterings and annihilations de-
pends on the details of the model. We will study a spe-
cific model in Section [V] For now let us consider a generic
effective 4-fermion operator,

_»Cscat = %"Z}Faw f_rb fa (17)

where f is a light fermion, A is the interaction scale, and
r= {13 7“7 V55 ’7”757 ot = %hﬂua ’YV]} gives the gamma-
matrix structure of the interaction. This effective opera-
tor gives rise to both elastic scatterings (¢ f — ¥ f) and
annihilations (¢1)¢ — ff). Under the transformation
1 — ¢, flavor-blind and flavor-sensitive interactions are

defined as

P {%mt, flavor blind

—Lscat, flavor sensitive.
If the interactions are flavor blind, Oy is the identity
matrix and the second term in Eq. [I5]is identically zero.
Hence flavor-blind scatterings do not cause decoherence.
However, as we will see, oscillations are delayed due to
flavor-blind annihilations.

In Fig. 2] we compare some representative rates for sev-
eral processes relevant for net particle number production
in the early Universe. These are given as follows.

1. The expansion rate of the Universe is

_ [4m3g, T2
N 45 My’

H(T) (18)

where My ~ 1.2 x 10'® GeV is the Planck mass.

2. The decay rate I' is determined by requiring that
the particles decay out of equilibrium:

I < HT~M)~10"* eV, (19)

for M = 300 GeV. We take I' = 1076 eV (such
that the t-particles decay at T ~ 30 GeV) as a
benchmark value.

3. The oscillation rate wys. is set by the mass split-
ting between the heavy and light mass eigenstates.
For pseudo-Dirac fermions wese ~ 2m where m =

5

"M s the Majorana mass of the fermions. (C'P
violation in oscillations is maximized for 2m ~ T'.)
Oscillations cannot proceed before the Hubble rate
drops below wese. Neglecting scatterings and anni-
hilations, for particles of mass 300 GeV with a mass
splitting of 2 x 1076 eV the onset of oscillations is
delayed until z ~ 6 (see Fig. [2).

4. Elastic scatterings and annihilations affect oscilla-
tions. For a general study, we consider the La-
grangian in Eq. with (i) scalar interactions,
I'*® = 1, which are flavor blind and (ii) vector
interactions, I'*? = ~#  which are flavor sensi-
tive.” For non-relativistic ¢-particles and assuming
my = 0, these interactions give the following ther-
mally averaged annihilation and scattering cross

sections.
SNMT NT?
: S _ S —
(1) <O-armv> - 47TA4 ’ <Uscatv> 47TA4 ’
. NM? NT?
(i) (Oht) = —3 (OMt) =~y (20)

where v is the relative velocity of incoming parti-
cles and N accounts for degrees of freedom, e.g.
color factors. Annihilations and scatterings can be
enhanced significantly if there are many fermions
with interactions as in Eq.

In Fig. [2] we plot the following annihilation and
scattering rates per particle (for M = 300 GeV).

() D= nulofe) = o
chat = nf<afcatv> = 3%;372)2]\54300,
() T =nolokant) = o0,
M = nslolur) = 580 (o)
where oy = & ZXIf is an effective cross section and

Ny, s are (equilibrium) number densities. The an-
nihilation rate through a scalar operator is velocity
suppressed compared to the vector case. Annihila-
tions are Boltzmann suppressed compared to scat-
terings off light fermions.

Unless otherwise noted, we use the following parame-
ters throughout this paper:

M =300 GeV, m=2x10"%eV, I =106 eV,
r=0.1, sin ¢r = 0.5, o9 =ab —fb. (22)

7 In Section We will consider binos scattering with SM fermions
via a sfermion exchange, which corresponds to A mff with
both flavor-blind and flavor-sensitive interactions.
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FIG. 2: Comparison of the decay rate, the Hubble rate, the
oscillation frequency and the annihilation and the elastic scat-
tering rates for scalar (solid) and vector (dashed) interactions
for M =300 GeV, m=2x10%eV, I =10%eV,00=11fb
(light), and oo =1 ab (dark).

These parameters are chosen as benchmark values. They
are by no means fine-tuned. The particle asymmetry, pro-
portional to the C'P violation parametrized by e, can be
made larger by an O(1) amount by changing r and sin ¢r.
Mass of the -particles can be O(TeV) or higher. Even
though one needs m ~ I" to maximize the C'P violation,
an asymmetry as small as 1071 would not need O(1)
CP violation. We will show later that mass differences as
large as O(eV) can produce enough baryon asymmetry.
The out-of-equilibrium condition puts an upper bound
on the decay width, I' < 107* eV for M = 300 GeV.
We use I' = 1076 eV due to an interesting collider sig-
nature: if produced, particles with a width of 1076 eV
travel ~ 20 cm at a collider before they decay, giving
rise to displaced-vertex signatures. (A detailed study of
using displaced vertices to probe baryogenesis was given
in Ref. [29].) After setting this width, a mass difference
of 2 x 1076 eV is chosen to make the oscillations more
visible. For effective cross sections larger than a fb, it is
very hard to produce enough asymmetry.

A. Toy Case: Oscillations and Decays

Let us first ignore annihilations and elastic scatterings
in Eq.|15|and study oscillations and decays in an expand-
ing Universe. The Boltzmann equations in this case read

diiz) _ _% (2) +iz% 2(z),
dz(:lgz) _ _% (2) — %[Cosqf)pﬂ(z) —isingrE(z)],
=) Lo i A - 2y,

where we defined

A(z) =Yy = Yye,  E(2) = Yyye — Yooy,
We can solve for E(z) from the first equation and plug

it into the third equation. Then, with a change of vari-
ables y = 22, we have

dQA(iU) dA(y) 2 2
dy? +28wo “dy +wy Aly) = —ewy X(y), (25)
where
9 I'2 4+ 4m? T
Wi = ———, =
O AEHE)P N

€ is the measure of C'P violation given in Eq. This
differential equation can be solved analytically for zero
and nonzero C'P violation.

(1) Without CP violation. For ¢ = 0, the above
differential equation describes a damped oscillator with
the solution

A(z) = Aexp (-2;@0 cos (H”(; + 5) . (26)

where A and ¢ are determined by initial conditions. Note
that if there is no C'P violation and if the initial con-
ditions are symmetric (A(0) = 0), A(z) stays zero for
all z and there is no net -number production as ex-
pected. In Fig. [3| we plot A(z) for asymmetric initial
conditions, A(1) = Y,q. One can also see in Fig. |3| that
for smaller Majorana masses (hence smaller oscillation
frequency, since wose =~ 2m) the onset of oscillations is
delayed. (We use oscillations in A(z) as a proxy for
particle—antiparticle oscillations.) The time when oscilla-
tions start, zosc, can be approximated from 2m ~ H(zosc)

as
2x106eV [ M
o~ 61 . 2
Zose ~ 0 m (300 GeV) 27)

(2) With CP Violation. For nonzero ¢r and r,
Eq. [25| describes a damped-driven oscillator, where X(2)
plays the role of a driving force. To get an analytic so-
lution in this case we assume that particles and antipar-
ticles are produced with equilibrium number densities,
hence ¥(1) ~ 2Y,,(1). In the absence of annihilations
or scatterings, the total number density decays exponen-
tially with the decay rate I'. Thus we take

T

Y(z) =2Y¢q(1) exp <2H(z)> for z>1. (28)

With this driving force, Eq. 25| can be solved analytically

A = Aetigexp (- g ) sin® (s +0).
(29)
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FIG. 3: The y-asymmetry for different values of the mass splitting and for M = 300 GeV, I = 107% ¢V without annihilations
or scatterings. For smaller values of wose = 2m, oscillations are delayed. (Left) Without any C'P violation, and A(1) = Yeq.
Since there is no C'P violation, no asymmetry is produced if the initial conditions are symmetric. (Right) Symmetric initial
conditions, A(1) = 0, with nonzero CP violation, r = 0.1, sin ¢r = 0.5.

where again A and ¢ are determined by initial conditions.
Note that in this case, where there is C'P violation, a
nonzero asymmetry is produced even with symmetric ini-
tial conditions and it is proportional to the C' P violation
parameter €. This ¥-asymmetry is plotted for different
Majorana masses in Fig. For m 2 T the 1-particles
oscillate a few times before decaying and the asymme-
try is enhanced. In order to get a large asymmetry as
well as making the oscillations more apparent, we use
m =2 x 107% eV in the rest of our analysis.

B. Flavor-Blind Interactions

Let us now include scalar interactions, which are flavor
blind. As discussed earlier, flavor-blind elastic scatter-
ings do not affect the oscillations. However flavor-blind
annihilations change the Boltzmann equations in Eq.

d@iz) _ _ZHF(Z) A(z) + z% =(2),
di(:) = —ZHF(Z) 2(2) - Zg(’;) [cos ¢rTT(z) — i sin prZ(z)] — W <Z2(Z) — A%(z) +11%(2) — 22(2) — 4V,
diiz) _ I s(z)f;?&?(z) 2(2) 2, 4 z% A(z) — z% (2),
dljliz) _ I+ s(z)ia;?(n;;>(z) %(2) T(2) — Wz(z)7 (30)
[
'S . (27) =~ H(zy). This freeze-out temperature de-

where the thermally averaged annihilation cross section
(o5 )(z) is given in Eq. We made the z dependence
of each term explicit in the above equations. For scalar
interactions we have (ov) = 0¢/z with o constant. (Nu-
merical solutions to these equations are given in Fig. @)

The density equations no longer have closed-form solu-
tions. However we can still make some comments without
a numerical solution and understand the oscillation be-
havior as well as the asymmetry production via analytical
approximations.

e Annihilations drop out of equilibrium at zy when

pends on the annihilation cross section only loga-
rithmically

M o
(M _\ (oo
2 ~1n {5 x 10 (300 Gev> (1 fb)} JCY

which gives zy ~ 11 — 18 for o9 = ab — fb.

If there were no decays, this would give the freeze-



out density of particles, as in the WIMP case,

S(zp) ~ 10710 (W) (Hb) z;. (32)

0o

However in our case the remaining particles decay
with a decay rate I'. We can approximate the total
number density at later times as

¥(z) ~ Cexp <_21;(Z)> Y(zf) for z>zp, (33)

where C' is a numerical factor that can be found by
45

matching to Xeq(z) = mz?’/%_z at z >~ zf.

Flavor-blind annihilations cause decoherence, as
can be seen from the equations for II(z) and Z(2).
Due to this decoherence, oscillations are further de-
layed. In order to (approximately) find when oscil-
lations start in the presence of flavor-blind anni-
hilations we look at the Boltzmann equations for
A(z) and =(z), setting I' = 0. (Decays are impor-
tant for C'P-violation, but less so for oscillations
themselves.) We then arrive at an equation for a
damped harmonic oscillator, similar to the one in

Eq. 25

d*A(y) dA(y) | o
2 —= Ay) = 4
T r2ge S Ap) =0, (39
where y = 22 and
m ann
Wo = yH7 € = om )

with the identification 2T == s(o2 v)%(z). This
equation cannot be solved analytically since £ is
a function of z. Specifically ¢ decreases with de-
creasing temperature/growing z. For early times,
& > 1, the system is overdamped and there are no
oscillations. Oscillations only start when & < 1,
~T3 hich gi
Wosc ann(ZoSC)a which gives

M \*/2x10"%eV\ / oo
osc’\’1 1 7 PN B
“ n[ 0 (300 GeV) ( m )(1&)]

(35)

For example for 09 = 1 fb oscillations start at
Zosc ~ 16. (See Fig. )

The ¢-asymmetry A(z) is also suppressed due to
flavor-blind annihilations. We show this asymme-
try in Fig. [f] for different annihilation cross sec-
tions. In order to find an approximate expression

for A(z), first realize that I' ~ m ~ I'y,, when the
oscillations start. (We take I' ~ m to maximize
the C'P-violation in oscillations.) Hence, immedi-
ately following the start of oscillations 'y, < T
and we can ignore it in the Boltzmann equations.
Furthermore oscillations start before annihilations
freeze out and -particles oscillate a few times be-
fore they decay for interaction scales we consider
(oo = ab—1fb). Then we can solve Eq. for
Z > Zose With

(e) 2 2 ) 39 (= 5775 )

and with symmetric initial conditions to find the
-asymmetry

A(2) ~ € Yaq(Zosc) exp (— 5 HF(Z)) sin? (2 Iﬁz)) . (36)

We emphasize that the behavior before the oscil-
lations start, where the annihilation rate is much
larger than the mass difference and the decay rate,
is not covered in this approximation. We also ig-
nore annihilations altogether right after the oscil-
lations start. However there is a window where
Wose > Lann 2 T for z > 2ug, which should affect
the size of the asymmetry as well as the frequency of
the oscillations. Furthermore we omitted the freeze
out of annihilations. Hence the above approxi-
mation is expected to underestimate the asymme-
try. Still it estimates the maximum t-asymmetry
within an order of magnitude for the parameters
given in Eq. In Fig. [d] we compare this approx-
imation to the numerical solutions of Eq. [30]

C. Flavor-Sensitive Interactions

Now let us investigate the effects of vector interactions,
which are flavor sensitive. Particularly important in this
case are elastic scatterings. If a scattering process probes
the particle or antiparticle nature of the -particles, oscil-
lations cannot proceed. (This is called the quantum Zeno
effect.) This can be seen from the Boltzmann equations
with flavor-sensitive interactions:
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FIG. 4: Comparison of the numerical solutions to the Boltzmann equations (solid) and the approximations given in the text
(dashed) for the i-asymmetry A(z) in the presence of (left) flavor-blind and (right) flavor-sensitive interactions. For the
numerical solutions we use the initial condition A(1) = 0, while for the analytical approximation we use A(z < Zosc) = 0. The
following parameters are used in both plots: M = 300 GeV, I' =107% eV, m =2 x 107% eV, r = 0.1, sin ¢r = 0.5.

dA(z) r . 2m
dz —  zH(2) Alz) + ZZH(Z) =(2),
d¥(z) r 2T 7 cos ¢r 20rsingr_, s(2){(aY 0)(2) (2 A2 B e
R 10 R B R e [ R T (E B - A= i) 4qu(z)),
d=(z)  T+2TY,(2) - . 2m 2T rsin ¢p
dz ~ zH(2) =() + ZzH(z) Alz) - 2H(z) 2(2),
dil(z)  D+2TY . (2) 21" r cos ¢r
dz ZH(Z)t M(z) - T(z)x(z) 37
Following the arguments of the previous section to de- ooh T favorblind

scribe the y-asymmetry, one can show that oscillations
start only when wose ~ T'Y_ (2osc ), i-€.

oM N (2xa070 ey 1/5<g0>1/s
o~ 7\ 300 GeV m 1)

(38)

Compared to the flavor-blind annihilations, oscillations
are delayed much further due to flavor-sensitive scat-
terings (with similar cross sections). This is expected
since elastic scatterings off light particles in the plasma
are not Boltzmann suppressed at temperatures T ~
O(100 GeV). Oscillations start at z ~ 80 for a flavor-
sensitive elastic scattering cross section o9 = 1 fb (com-
pared to z ~ 18 for flavor-blind annihilations.) Since
the v-particle number density is already less than 10710
by z ~ 40, the asymmetry produced (after the oscilla-
tions start) would be too small compared to the BAU.
In Fig. We show zosc vs the mass difference for different
interaction strengths.

An approximation for the -asymmetry can be found
following the steps that led to Eq. with one change.
Now the oscillations start after annihilations freeze out.

------ flavor-sensitive

m (eV)

FIG. 5: The time when the oscillations start, zosc, vs the
Majorana mass m for flavor-blind (solid, blue/orange) and
flavor-sensitive (dashed, blue/orange) interactions as well as
the Hubble suppression without interactions (solid, gray).
(Plotted are Egs. and [38]) Note that the oscillation
frequency is related to the Majorana mass as wosc = 2m.
We also show the freeze-out temperature z; (dotted) given in

Eq. 3T}



Hence we solve Eq. for z > z,5c With

D(:) = exp (5775 ) Bler)

and find the asymmetry

Az) ~ ezng) exp <_2HF(Z)> sin? (2;@) . (39)

where 3(zy) is given in Eq. We show the comparison
between the above approximation and the numerical re-
sults in Fig. |4 We also show the numerical solutions to

Eq. 37 for £(z) and A(z) in Fig. [6]

IV. (APPROXIMATE) BARYON ASYMMETRY
OF THE UNIVERSE

A. Baryon asymmetry via B-violating interactions

So far we have only discussed the i-asymmetry. How-
ever, our main purpose is to produce the baryon asym-
metry of the Universe. For that we need to add to the
set of Boltzmann equations in Eq. two more equa-
tions describing the evolution of baryon and antibaryon
densities. These equations take into account processes
that change the baryon number, such as inelastic scat-
terings BX; — t%Xs. Obviously one needs to know
the details of the model to properly set up and solve
the relevant Boltzmann equations. We will do this af-
ter we introduce a model in Section [V} However, as long
as the oscillations are delayed till z > 1, the general
workings of this scenario are quite robust towards the
details of a model and it is helpful to give an approxi-
mate picture. Hence we first focus on baryon-number-
violating terms in Eq. [d] and assume that there are no
other baryon-number-violating interactions. (Baryogen-
esis via the lepton-number-violating terms is relatively
straightforward and we will mention it in the next sec-
tion.)

Before solving for the baryon asymmetry, let us revisit
the oscillation dynamics in the presence of flavor-blind
annihilations as they relate to the production of a baryon
asymmetry. (Flavor-sensitive interactions follow a simi-
lar story.)

For a mass difference of 2 x 1076 eV and effective cross-
section o9 = ab — fb, oscillations start at zgsc ~ 9 — 16.
At this point the annihilation rate is Boltzmann sup-
pressed and drops below the decay rate very quickly.
The Hubble rate is already much smaller than the mass
difference for z > 6 (see Fig. [2). Hence when the os-
cillations start they proceed as described in Section [[I}
Furthermore 1-particles oscillate a few times before they
decay. (Note that this is very different from soft leptoge-
nesis models in which oscillations are thought to start at
z<S 1)

With these in mind we can write the Boltzmann equa-
tions for the baryon and antibaryon number densities for
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Z > Zose > 1 as

dYB Fw ch

P _ by Yy

dz  zH(z) ¥ + zH(z) V7

— = —=Y, ——— Ye 4
dz zH(z) ¥ + zH(z) V° (40)

where T'y, = T'(y — BX), Ty = I'(v» - BX) (and
similarly for ¢¢). We ignore inverse decays B — X1
for T <« M. We make the following approximations for
Z > Zosc)

Fib —‘rf¢ :ch +f»¢)c ~T,
Fd,*fw erc 7?#;(; ZEF.

Defining
YXp=Yp+Ys, Ap=Yp—-Yp,

the differential equations for the total baryon number and
the baryon asymmetry are

dEB(Z) - I dAB(Z) o el
dz  zH(2) =(2), dz  zH(2)

S(2). (41)

The baryon asymmetry is proportional to the C'P vio-
lation, parametrized by e. These equations are solved
together with Eq. Corresponding baryon asymme-
tries are shown in Fig. [7] in the presence of flavor-blind
or flavor-sensitive interactions. A large enough baryon
asymmetry can be produced with flavor-blind interac-
tions with cross sections as high as O(fb). The delay of
oscillations is stronger for flavor-sensitive interactions. In
this case, in order to produce an asymmetry of 10719, the
elastic scattering cross section should be O(ab) or less.
Let us emphasize that we assume that a nonzero
baryon asymmetry is only produced after the oscilla-
tions start, setting A(z < zesc) = 0. However, even
though oscillations are suppressed for z < zggc, some C P-
asymmetry is produced. ( This can be seen as a nonzero
Y-asymmetry for z < zos in Fig. [f]) In either case, the
maximum asymmetry is approximated well by

AB(Z > Zosc) = 62(Zosc)- (42)

Note that for larger mass differences the oscillations
start earlier, as can be seen in Fig. Since (zose) is
larger for smaller z.s., one might expect to get a larger
baryon asymmetry for a larger mass difference. However
for a given decay rate, as the mass difference gets larger,
C'P violation (e  I'/m) gets smaller. In Fig. |§] we show
the final baryon asymmetry, Ag(z — o0), for different
mass differences and decay rates for both flavor-blind and
flavor-sensitive interactions with o = 1 ab. There is
a wide range of decay rates and mass differences that
can accommodate the correct baryon asymmetry of the
Universe.
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FIG. 6: (Left)The total ¢-number density X(z) and (Right) the ¢-asymmetry A(z) (with symmetric initial conditions) for
different cross-sections. The following parameters are used in both plots: M = 300 GeV,T'=10"%eV, m =2x10"%eV,r =0.1
(solid), 0.3 (dashed), sin¢r = 0.5. (Top) Flavor-blind interactions delay oscillations due to annihilations, until wesc ~ Iann.
This corresponds to zosc ~ 16 (9) for an annihilation cross section of 1 fb (1 ab). (Bottom) Flavor-sensitive interactions delay
oscillations due to elastic scatterings, until wosc ~ I'scat. This corresponds to zosc ~ 20 (8) for an annihilation cross section
of 1 ab (1072 ab). Without interactions the oscillations start at zosc ~ 6. C'P violation, and hence the asymmetry, is smaller
for larger cross sections since oscillations are delayed longer. The baryon asymmetry of the Universe, 7 ~ 1079, is shown for
reference.

B. Baryon asymmetry via L-violating interactions oscillations should start at 7" 2 130 GeV. This means
that the oscillation frequency wose > H(T ~ 130 GeV) ~

In the previous sections we focused on baryon-number- 1077 eV. Witl_150.(al'3) annihilation cross sections and with
violating interactions.  If, however, lepton-number- I' ~m 2 107" it is possible to produce enough lepton

violating terms in Eq. ] dominate, the picture slightly asymmetry before the EW transition. However, note that
changes. The lepton-antilepton asymmetry is still given ~ With the parameters used in Eq. [22} the oscillations start
by Eq. (by just changing the label B — L) under at T' < 100 GeV even without any annihilations. Hence
similar assumptions. If we ignore the baryon-number- not enough lepton asymmetry is produced before the EW
violating terms, a (B — L)-asymmetry is produced in transition for the benchmark scenario.

this case. If this asymmetry is produced before the

electroweak transition, it can be turned into a baryon-

asymmetry by sphalerons, which are active during the

EW transition, T~ 130 GeV [30]. The baryon asymme-

try produced by (B — L)-conserving sphaleron processes V. BARYOGENESIS VIA PSEDUO-DIRAC
is given by (for M = 300 GeV) BINO OSCILLATIONS
22 + 471H
Ap=——""_"""TA ~ 2 43
B= 561 1ang 2 (43)

The scenario described in the previous sections can be
where ny is the number of Higgs doublets. realized in any UV theory with pseudo-Dirac fermions. In

A few remarks are in order at this point. In order to this section, as a concrete example, we show that pseudo-
produce a lepton asymmetry before the EW transition, Dirac bino oscillations within the model introduced in
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FIG. 7: The total ¢-number density X(z), the ¢-asymmetry A(z) and the baryon asymmetry Ag(z) for og =1 fb (solid), 1 ab
(dashed), 1072 ab (dotted) and M = 300 GeV, m =2x10"% eV, T'=107% eV, r = 0.1, sinér = 0.5. The baryon asymmetry
of the Universe,  ~ 107'%, is shown for reference. The oscillations are delayed longer for flavor-sensitive interactions: For an
effective cross section oo = 1 ab (dashed) the oscillations start at zosc ~ 9 if the interaction is flavor blind, while they start
at zosc ~ 20 if the interaction is flavor sensitive. With the parameters used, not enough baryon asymmetry is produced for

oo 2 10 ab with flavor-sensitive interactions
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FIG. 8: The final baryon asymmetry, Ag(z — o0) vs the
Majorana mass for different decay rates and for both flavor-
blind (dashed) and flavor-sensitive (solid) interactions with
oo = 1 ab, M = 300 GeV, r = 0.1, and sin¢r = 0.5. For
mass differences (Am = 2m) larger than ~ 1072 eV, oscil-
lations start zosc < 5 and there is little difference between
flavor-blind and -sensitive interactions. If the mass differ-
ence is smaller than 1072 eV, oscillations are delayed longer
for flavor-sensitive interactions. (See also Fig.[f]) Hence the
baryon asymmetry is smaller (compared to flavor-blind inter-
actions).

Ref. [28]® could generate the baryon asymmetry of the
Universe.

8 Tn Ref. [28] the focus was gluino interactions. Gluinos interact
strongly. Their annihilation cross section would be too big to fall
out of equilibrium. Hence we study bino interactions here.

A. The Model

The model we study is a SUSY model with an approx-
imate global U(1)g symmetry. The SM particles are not
charged under this global U(1)r while all the supersym-
metric partners have +1 R-charge. With this R-charge
assignment, the gauginos cannot have Majorana masses.
In order to give Dirac mass to the bino we introduce the
super field ®g whose fermion component S, the singlino,
is the Dirac partner of the bino. In order to give nongauge
couplings to the singlino, we introduce the superfields ¢ 5
and ®p, transforming under the SM gauge group in the
same way as d and d*, respectively. The field content of
the model that is relevant for us is shown in Table[l We
will only give a short summary of the complete model
focusing on the parts that are most relevant to baryoge-
nesis. For details see Ref. [28§].

The mass Lagrangian for the bino and the singlino is

~ 1 ~ o~
—Liass = MpBS + B (mBBB + mSSS) +h.c., (44)

where Mp is the Dirac mass and mpg g are U(1)g-
breaking Majorana masses. The Dirac mass

cD

Mp =—
D AM7

(45)

arises from a spurion term where ¢ is a dimensionless
parameter, D is a SUSY-breaking order parameter and
Ay is the messenger scale. Majorana mass terms for the
gauginos will be generated by anomaly mediation [31H33],
which gives, e.g., a Majorana bino mass

mé = ME&_ (46)
9y



| Fields [ SU@). | SU@)L | UQ)y [ U)r |
Q=q+0q 3 2 1/6 1
U=1+0a 3 1 -2/3 1
D=d+0d 3 1 1/3 1
L=10+06¢ 1 2 -1/2 1
E=¢+0e 1 1 1 1
S5 =¢p+0¢p 3 1 1/3 1
®p =¢p+0yYp 3 1 -1/3 1
Wg oD Ba 1 1 0 1
bs=¢s+0S 1 1 0 0

TABLE I: Part of the particle content and their associated
quantum numbers under the SM gauge group and U(1)g. All
the fermion fields are left-handed Weyl spinors. B is the bino
and S is its Dirac partner, the singlino. ¢p, ¢ are super-
partners of some exotic heavy vectorlike quarks. ¢, 4, d, £, € are
the SM fermion fields. Generational indices are suppressed for
simplicity.

B(gy) is the beta function for the hypercharge coupling
constant gy and Fy is a conformal parameter satisfying

3
B2 <R < mype. (47)
167202, ~ T

mg/o is the gravitino mass. Note that we do not need a
light gravitino to have a small Majorana mass for the
bino. We assume that the gravitino is heavy enough
(heavier than ~keV) such that binos mostly decay to SM
fermions (via R-parity-violating interactions). A Majo-
rana mass for the singlino could arise from the U(1)g-
violating superpotential term

/ 20 ms®% + h.c. (48)

We assume all U(1)g-violating terms are small, mg <
Mp. Then we can define the pseudo-Dirac bino in this

model as
V= < 5 ) ; (49)

and follow the oscillation picture described in Section [I]
where bino—antibino states mix. (It should be clear from
context if the word “bino” refers to the Weyl spinor B
or the pseudo-Dirac fermion v 5.) We take the lightest
neutralino to be purely bino so that there is no mixing
between, for example, the bino, singlino and the Dirac
partner of the wino.

U(1)g-conserving interactions of the bino and the
singlino include

—L D \/ingR B szzl +Y; S J1¢D + h.c., (50)

where Yg is the hypercharge of the right-handed down-
type quark.
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The new scalars ¢p,®p can be assumed to be degen-
erate with mass pp and with the mass mixing term

B2 hépop + hec, (51)

_ D2
where BJQ:) _ = fpD

D b— and cpp a constant.
M

1. R-Parity Violating Bino Decays

In order to have C'P violation in pseudo-Dirac bino
oscillations, the bino must decay. We assume that the
bino is the lightest R-charged particle and decays via
U(1) g-breaking interactions. We also assume R parity
is broken so that there is baryon/lepton number vio-
lation. (For an extended review of R-parity-violating
interactions and phenomenological constraints, see, for
example, [34].) We include the following R-parity- and
U (1) g-symmetry-violating interactions

Wl: = )‘gjkLinDk + )\;]Lle(I)D + h.C.7
i J

1 _ _

Wy, has lepton-number-violating terms, while Wy has
baryon-number-violating terms. The supersymmetric
Lagrangian contains the interactions

—L D Npligidi + Njliaiép
1 _ o= _
- 5A;’jkaidjdk + Njuid;¢p +he.  (53)

Let us now assume that all the squarks and ¢p, ¢ are
heavier than the bino and can be integrated out. Then
the effective four-fermion Lagrangian is

_ﬁeff :g/B,”kBZZq]Jk + g%,ijksgingk
+ 95 1, BUididi + g5 53, SUid;dy. + .., (54)

with
V2o X LT T S
9B.ijk 3mZ 93.ijk pt
yo_ V2ar Ny v WANGBhp
B,ijk — 3m§f ) gS,z]k - M4D )

where myg; is a common sfermion mass. We assume that
¢p,¢p are heavier than the squarks such that |g%5| >
|gs| and [g’4] > |g§.

Comparing Eq. 74 with Eq. [4] and assuming one gen-
eration of fermions we can identify

gy =9gs-  (56)

If the baryon-number-violating terms dominate over the
lepton-number-violating ones, then the decay rate is

Ix=9% I =95  In=9s

MIS) "2 12



For |g%] > |g¢, the decay rate can be parametrized as

P et0s oy (Mo ) (10TeVNT /N
- 300 GeV Mt 10-2 ) °
(58

2. Bino Annihilations and FElastic Scatterings

As discussed in Section [IIl annihilations and elastic
scatterings of the binos are very important in studying
pseudo-Dirac bino oscillations in the early Universe. For
small mass splittings (m < eV), we can treat the bi-
nos as purely Dirac to find the annihilation and elastic
scattering cross sections. Since we assume that the light-
est neutralino is a pure bino, even for binos heavier than
W/Z bosons, annihilations into fermion final states dom-
inate [35]. Hence we use the effective Lagrangian

2

_Escat 2 ’(/}B’VHPL’L/}B F’Y (gV + gA’75)F (59)
Mge
where
Y2 + Y2 Y2 _ Y2
gv = R B ) ga = i - ’ F= f% )
2 2 i

and Y7 g is the hypercharge of the fermion fr r. The
thermally averaged annihilation cross section is [36]

gy D QYMD
N:Y} ~062E=L 60
- Z sV 0650050 (60)

(Tannv) =

where the sum is over all SM fermions. The color factor
Ny = 3 for quarks and 1 for leptons.

The bino has both flavor-blind (axial-vector) and
flavor-sensitive (vector) interactions. Since the annihi-
lation rate is exponentially suppressed compared to the
elastic scattering rate, the delay in oscillations is gov-
erned by the flavor-sensitive scattering part of the inter-
actions. Then the relevant thermally-averaged scattering
cross-section is

gyT QYT
N Yi~032X 61
16mmd Z Fof mmd’ (61)

<O'scatv>
where the sum is taken over all SM fermions except the
top quark.

B. Baryon Asymmetry of the Universe

Now that we have a complete model, we can study
baryon-number generation described in Section [[V] in
more detail. In order to find the net particle number,
we need the rates of processes that change that particle
number. Focusing only on baryon-number-violating in-
teractions, processes that change the baryon number by
one unit in this model are shown in Fig. [0
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d v, P

¥, 9° d P, v u

FIG. 9: Processes that change baryon number by one (AB =
1). The four-fermion vertices are given in Eq

As discussed in Section [[V] baryon asymmetry is pro-
duced at low temperatures, z = M/T > 10 for squarks
of mass O(10 TeV). Hence we can ignore processes with
¥ /1°¢ in the final state, such as dd — u. We can also
ignore 3 — 1 processes, e.g. ¥dd — u, since they are
phase-space suppressed. Inelastic 2 — 2 scatterings such
as 9u — dd, which do not affect oscillations, happen
with a rate much smaller than the decay rate of the bi-
nos for z 2 5 (see Fig. [I0). Hence we also ignore these
scatterings.

— mg =10 TeV
----- mg =20 TeV

Rates (eV)

Decay rate \

10-8 I r\

z=M/T

FIG. 10: Comparison of the decay rate, the Hubble rate, the
oscillation frequency, the annihilation rate, the elastic and
inelastic scattering rates for M = 300 GeV, m = 2x107% eV,
Meq =2 TeV, and I" = 1076 eV.

The only relevant processes for determining the baryon
asymmetry are bino/antibino decays to a final state with
baryon number 41 or —1, bino annihilations and elas-
tic bino scatterings via vector interactions. The study
in Section [[V] can be followed straightforwardly. With
these approximations the relevant Boltzmann equations,
for z > zgec, are

dE(z) o~ I 2) — 5<Uannv> 2 2) — 2

) o (e - o () - avg ),
dAp(z) €l

di ) %(z). (62)

We emphasize that the baryon asymmetry is produced
only after the oscillations start, when the mass difference



becomes larger than the (flavor-sensitive) elastic scatter-
ing rate, m 2 scas.

g (M 10 TeV\*® /2 x 106 eV /°
Fose = 300 GeV Mef m '

(63)

For sfermion masses smaller than a few TeV (and Ma-
jorana masses smaller than 1076 eV), oscillations start
at z > 40, when the bino abundance is highly sup-
pressed. Thus it is not possible to get the right baryon
asymmetry with sfermions lighter than O(10 TeV). (We
find that sfermions as light as 3 TeV can be accommo-
dated in the parameter region with I' ~ 10™* eV and
m ~ (1 —1072) eV.) Baryon asymmetries for sfermion
masses 10-20 TeV are shown in Fig.

1073} %(2) |
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FIG. 11: The total ¥-number X(z), the ¢-asymmetry A(z)
and the baryon asymmetry Ap(z) for msq = 10 TeV (solid),
20 TeV (dashed) and M =300 GeV, m=2x 1076 eV, T =
107% eV, 7 =0.1, sin¢r = 0.5.

VI. SUMMARY AND OUTLOOK

In this paper we studied the oscillations of a pseudo-
Dirac fermion, ¢ with mass M = 300 GeV using the den-
sity matrix description of Ref. [26] that incorporates the
Hubble expansion, elastic scatterings and annihilations
into the time evolution of the number densities. The -
particles decay out of thermal equilibrium if their decay
rate ' < H(T ~ M) ~ 10% eV. As benchmark values
we took I' = 1070 eV and a mass difference, between the
heavy and light mass eigenstates, Am = 4x 1076 eV. We
assumed that these new particles and their antiparticles
were produced with a thermal number density at tem-
peratures much higher than their mass. If there is also
CP violation in the system, it is enhanced for I' ~ Am.
In this case, a i-asymmetry is produced at later times
even if the initial densities are symmetric. Furthermore if
the decays of the y-particles violate baryon number, then
a baryon asymmetry can be produced. The size of the
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baryon asymmetry depends strongly on when the oscil-
lations start and how they proceed in the early Universe.
Here we summarize the main points of our analysis.

1. After being produced, particles and antiparticles
cannot start oscillating right away. Even without
any interactions, -particles do not have sufficient
time to oscillate before the Hubble rate drops be-
low the oscillation frequency, wesc = Am > H(T).
For a mass difference smaller than 106 eV full os-
cillations only start when 7' 2 M/10.

2. For electroweak scale particles that fall out of ther-
mal equilibrium at T < M, interactions with light
(SM) particles inhibit oscillations. For interaction
cross sections larger than O(1072 ab), this delay
is stronger than the one due to the expansion of
the Universe. If the interactions cannot differenti-
ate between a particle and an antiparticle (flavor-
blind interactions), elastic scatterings do not affect
oscillations. However oscillations are delayed due
to particle-antiparticle annihilations. Oscillations
can be delayed until T ~ M /20 for an annihilation
cross-section ~fb.

3. If there are light particles that scatter off of the -
particles, and if these scatterings differentiate be-
tween a particle and an antiparticle (flavor-sensitive
interactions), oscillations are delayed further. Since
the elastic scattering rate is not Boltzmann sup-
pressed (if there are light particles to scatter with),
the delay due to scatterings is stronger than the de-
lay due to annihilations. For a flavor-sensitive elas-
tic scattering cross section ~fb, oscillations can be
delayed until T' ~ M/80. We showed the relation-
ship between the oscillation-onset temperature and
the mass difference for different interaction types
and strengths in Fig.

4. We showed in Fig.[7]that a large baryon asymmetry
can be produced if interactions that delay oscilla-
tions are not stronger than O(fb). For stronger in-
teractions oscillations are usually delayed until the
total ¢ density is too small to produce a large asym-
metry even with O(1) C'P violation.

As a concrete example of this scenario, we stud-
ied pseudo-Dirac bino oscillations in a U(1) g-symmetric
SUSY model with R-parity violation. If the lightest neu-
tralino is a pure bino, it decays via R-parity-violating in-
teractions. Assuming baryon-number-violating bino de-
cays dominate we showed that when the binos decay out
of thermal equilibrium, they can produce a sufficiently
large baryon asymmetry to explain the baryon asymme-
try of the Universe. However in order to produce enough
asymmetry, sfermions need to be heavier than a few TeV
lest bino oscillations are delayed too much due to strong
elastic scatterings with light SM fermions.

An important collider signature of this scenario is dis-
placed vertices. Since these particles, with electroweak



scale masses, decay out of thermal equilibrium, their de-
cay rate I' < 10~% eV. Consequently, if they are pro-
duced at colliders, they will travel more than a few
mm before decaying. (See Ref. [29].) Furthermore,
if there are lepton-number-violating decays (as well as
baryon-number-violating decays), the decays can pro-
duce a same-sign lepton asymmetry [2§].

On the model building side, the oscillations can be
embedded in a dark sector and be the source of the dark
matter relic density together with the baryon asymme-
try. As pointed out in Refs. [25] 26], one usually imposes
a global U(1) symmetry on the dark sector such that the
dark matter particle is stable. However this global sym-
metry must be broken due to gravity. Then it is expected,
e.g., the fermions in the dark sector are pseudo-Dirac par-
ticles and they undergo particle—antiparticle oscillations
as described in this work. If, for example, the global
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symmetry is U(1)p_r, an asymmetry that is produced
by oscillations in the dark sector can be transferred into
the SM baryon asymmetry.
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Appendix A: Time-Dependent Decay Rates

From Eq. [ we have
(BX|
(BX]

- £|¢> = 9x>
= L[Y) = gy,

Using Eq. [L0] we write the time-dependent decay rates as

P(() = BX) = [(BX| = LW =7 |oxg+ — 907 9-

D () BX) =7 [(BX| = L0 =7 o539+ — 95 9~
P(e(t) = BX) =7 [(BX| = L W) = 7|00+ — 9x 0~
P(e(t) > BX) =7 [(BX| = L () =7|g39+ — g7 o~

(BX| = L) = gy,
(BX| = L]y°) = g5, (A1)
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where v is determined by the details of the specific model. Then

P((t) = BX) = T(4(t) = BX) = 7|9, [*(1 = r?) (9+2 - '
L(¥(t) = BX) + T(9(t) = BX) = 7]gy|* ((1 +1%)
D(ve(t) = BX) = T(4°(t) = BX) = v|gy[*(r* — 1) <g+2 - '

D(¥2(t) = BX) + D(¢°(t) = BX) = 7]gy|? ((1 +1%)

We also have
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These can be combined to get Eq. To take the time integrals we use Eq. [[1] and get

—I't

g+

—t
2

¢ 5 [cosh (A2r‘t> :I:cos(Amt)] ,

glg. = e_; [sinh( a ) +z’sin(Amt)] . (A5)

Appendix B: Boltzmann Equations

The Boltzmann equations from Eq. are

dY, . —i i
sz—;’ = —TYy +im (Yype — Yyey) — D1 (€7 Yoo + 7 Yyey) — 5(00) 4 (Yo Yye + Yoy Yoy — Y2)
= 8{00) - (YyYye — YyyeYyey — Y3,
dYye , » ,
HZ d;b = —F ch —m (wac — Y¢c¢) — F’f’ (6 ld)Fle,wc + 61¢FY¢cw) — S<0”U>+(Y¢,ch —+ wachw —_ }/;261)
= s{ow) - (YpYye = YyyeYyey — Yi3),
AY e _
Hz% = T Vyye +im (Yy — Yye) = D e (Yy + Yye) — s(00) 4 Ve (Vi + Ve ) — 2T Ve,
z
dY c .
Hz% = T Vyey — im (Yy — Yye) = Dre 7 (Vy, 4 Yye) — 5(00) 4 Yoy (Y + Yye) — 20 Yy, (B1)
z
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