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Affleck-Dine baryogenesis with R-parity violation
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We investigate whether the baryon asymmetry of the Universe is explained in the framework of the
supersymmetric extension of the Standard Model with R-parity violating interactions. It is shown that
the Affleck-Dine mechanism naturally works via a trilinear interaction LLEC, LQD¢, or U°D°D¢, if the
magnitude of the coupling corresponding to the operator 4, A’, or A” is sufficiently small. The formation of
Q-balls and their subsequent evolution are also discussed. The present baryon asymmetry can be explained
in the parameter region where R-parity is mildly violated 107 < 1,4/, 4" <107 and the mass of the
gravitino is relatively heavy ms3/, 2 10* GeV. On the other hand, it is difficult to explain the present baryon
asymmetry for larger values of R-parity violating couplings 4,1, 1" = 1073, since Q-balls are likely to be
destructed in the thermal environment and the primordial baryon number is washed away.
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I. INTRODUCTION

The new particle discovered at the Large Hadron
Collider (LHC) [1,2] has been confirmed to be consistent
with the Higgs boson in the Standard Model (SM), and this
fact strengthens the validity of the SM as a fundamental
theory of elementary particles. On the other hand, it is
presumed that there are various phenomena in the early
universe which cannot be addressed in the framework of
the SM. In particular, it is widely believed that at the
beginning of the Universe there must be the stage of the
accelerated expansion of the Universe called inflation [3,4].
The occurrence of inflation solves several puzzles such
as the flatness and horizon problems [5], but it dilutes away
the primordial baryon (B) number, implying that the
creation of the B number (baryogenesis) should occur after
inflation in order to explain tiny but nonvanishing ratio of
baryons to photons 7 ~ 5 x 107!° required by the big-bang
nucleosynthesis (BBN) and cosmic microwave background
[6]. This mystery motivates us to extend the SM to a more
fundamental theory. In this paper, we focus on supersym-
metry as a possible extension of the SM.
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In supersymmetric field theories, generically there
exist so-called the flat directions, in which the potential
for scalar fields vanishes in the absence of the soft
supersymmetry breaking effects and nonrenormalizable
operators. In the context of cosmology, it is expected that
some scalar fields corresponding to such flat directions
get large expectation values during/after inflation. If such
scalar fields have nonvanishing B and lepton (L) numbers
with some B and/or L violating interactions, which is true
for the supersymmetric extension of the SM, the primordial
B asymmetry can be generated via the dynamics of these
scalar fields after inflation. This kind of scenario for the
generation of the B asymmetry of the Universe is called
the Affleck-Dine (AD) mechanism [7,8] (for reviews,
see Ref. [9]).

In addition to this mechanism for baryogenesis, super-
symmetry is attractive for various reasons, such as the
grand unification of the fundamental forces and the solution
for the hierarchy problem (see e.g., Ref. [10]). However,
the low scale supersymmetry as a solution to the hier-
archy problem suffers from the tension with the recent
results at the LHC which indicates that no evidence for
the new physics is observed at the weak scale. This fact
suggests that the minimal supersymmetric version of the
SM (MSSM) becomes unnatural, and the supersymmetric
model of the SM should be extended beyond the minimal
one. One of the possible extensions is to introduce the
violation of R-parity.

© 2014 American Physical Society
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R-parity [11] is to impose the parity symmetry R, =
(=1)25+3B+L for the field content of the MSSM, where S,
B, and L are the spin, B number, and L number of the
particle, respectively. This parity is well motivated from
the phenomenological point of view, since it suppresses
the unwanted proton decay (see Sec. II A), and ensures the
stability of the lightest supersymmetric particle (LSP),
which becomes a good candidate of dark matter.
However, there might be no fundamental reason to introduce
the R-parity as a global symmetry, and in general it can be
largely violated. Indeed, sizable R-parity violating inter-
actions can be obtained in the framework of grand unified
theories [12]. The introduction of the R-parity violation is
getting more attention these days, since it modifies the
signatures observed at the LHC, which relaxes the stringent
limits on the masses of supersymmetric particles [13—16].

The introduction of the R-parity violation has a lot of
relevance to the scenario of baryogenesis, since it gives B/L.
number violating operators in the renormalizable super-
potential [see Eq. (2.1)]. In this paper, we argue that the AD
mechanism for baryogenesis naturally works via these B/
violating interactions. It is also known that the R-parity
violating interactions, together with the sphaleron process
[17] which remains in the thermal equilibrium until the
epoch of the electroweak phase transition (EWPT), erase
the primordial B number [18-22]. We will see that the
estimation of the final B asymmetry becomes nontrivial
because of these two competing factors. Regarding this
fact, we can consider the following two possibilities: One
is the scenario where the baryogenesis occurs with a suffi-
ciently small R-parity violating coupling such that the
erasure effect becomes ineffective. Another scenario is that
the primordial B number is preserved in the form of the
nontopological soliton called Q-balls [23], which protect
the B asymmetry of the Universe from the erasure effect
until the epoch of the EWPT. We will show that the later
scenario suffers from the difficulty to explain the present B
asymmetry because the destruction effects of Q-balls
become significant in the thermal environment.

It should be noted that LSP is not stable in the scenario
considered in this paper. Therefore, LSPs do not play a role
of dark matter of the Universe, which should be explained
by other candidates such as axions [24-26].' In particular, it
is difficult to resolve the coincidence between abundances
of baryon and dark matter [31] in the framework of the
model presented in this paper.

The organization of this paper is as follows. In Sec. II, we
summarize the current constraints on the R-parity violating
couplings. These include indirect bounds based on the
results of experimental studies and cosmological bounds
such as the dissociation of light elements and the erasure of
the primordial B number. In Sec. III, the AD mechanism by

'See also Refs. [27-29] for an isocurvature constraint gen-
erated by the QCD axion dark matter after BICEP2 [30].

PHYSICAL REVIEW D 90, 045001 (2014)

the use of the R-parity violating operators is discussed. We
solve the evolution of the scalar field condensate after
inflation, and estimate the B number generated from this
mechanism. Then, we introduce the finite temperature
effects and derive some conditions for Q-balls to survive
against the destruction effects such as the evaporation
into the surrounding plasma and the instability caused by
the U(1) violating operator in Sec. IV. Combining these
results, we investigate the parameter region where the
baryogenesis occurs successfully in Sec. V. Finally, we
conclude in Sec. VL

II. CONSTRAINTS ON R-PARITY VIOLATING
INTERACTIONS

The general renormalizable R-parity violating super-
potential allowed by the gauge invariance and the field
content of the MSSM can be written as

1
Wkp = MiHLtLi + El’i'ljkLleEz + j’;]kLlQ/Di
1

3

A UsDSDy, (2.1)
where i, j,k = 1,2,3 are family indices, and contraction
over gauge indices is understood. Because of the gauge
invariant contractions of SU(2), fields L,L; and SU(3),
fields U; D} Dy, the coupling 4;; is antisymmetric in its first

two indices, and /1§’jk is antisymmetric in its last two indices.

The terms in the superpotential [Eq. (2.1)] can be divided
into either B number or L number violating interactions:

1 .
War=1 =pH,L; + EflijkLiLjEi + 4 LiQ;Dy,

ijk (22)

1 e e
Wap=1 = E%/ijﬁD;Dh

(2.3)
where quantum numbers are assigned such that B = +1/3
for Q;, B=—1/3 for U, and D, L = +1 for L;, and
L = -1 for E{. The existence of these B or L violating
couplings is tightly constrained from various observations.
In this section, we briefly overview the constraints on the
magnitude of R-parity violating couplings y;, A;jy, 4; x> and
A{- 1t should be emphasized that there are in general 96
(complex) independent R-parity violating parameters, and
we will not quote every bound on these parameters. Instead,
we just enumerate several constraints which are relevant
to our discussions on cosmology. A more comprehensive
review is found in [32] (see also [33] for a recent update on
indirect bounds).

A. Single nucleon decay
The most severe constraints on the trilinear R-parity
violating couplil?gs Aijks iﬁ-j,(, and /1:.’/7( are obtainec.1 frgm
observations of single nucleon decay [34]. The combination
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of two operators in the superpotential A ik LiQ;Dy and

A UDSD; /2 leads to decay processes such as p—allt,
07

n — 7'0,and p - K*0mediated by dR squark in s-channel.
From the experimental lower bound on nucleon lifetimes,
an upper bound on the coupling products 1}, A}, with
i,k=1,2,3, m = 1,2 can be obtained as [32,35]

(2.4)

100 GeV) 2
] < O(1) x 107 (—) ,

mg

where mj is the mass of the intermediate state down
type squark. A similar bound is obtained for the products
My =12, k=1,2,3) from ZIR squark t-channel
exchange diagrams. Furthermore, decay processes such as
p—n (KN etuTo, p>at (K b, and p —» 7" (K*)D
can occur due to diagrams mediated by virtual neutralinos,
which lead to bounds on the products ;x4 [36].
Numerical values of these bounds depend on the family
indices (i,j,k) and (/') k'), such that |d,;pA{},| <
107! — 107" and [4yp ]3| —1073 for (i, ], k) #
(1,1,2).

Note that the stringent bound [Eq. (2.4)] is applied on
the product of 2’ and A”. If we assume a universal value for
the R-parity violating couplings (A = A" = 1), this bound
leads to”

(2.5)

1< O(1) % 10- 14<1 Tev)

my

B. Light element bound

If R-parity violating couplings are sufficiently large,
LSPs become unstable and eventually decay into lighter
degrees of freedom. Their lifetime is given by [22]

1 \-2/ m -5 - 4
~ 10-4 LSP 7 ’
s e (10—6> (20 Gev) \200 Gev

(2.6)

where m;gqp and my are the masses of the LSP and
sfermions, respectively. Since the decay process via
R-parity violating interactions involves hadronic energy
injection, the late decay of LSPs is tightly constrained
from the requirement that it must not lead to the disso-
ciation of light elements created during the epoch of BBN
[37,38]. According to the constraint on late-decaying
particles obtained in Refs. [39,40], here we put the upper
limit on the lifetime of LSPs, 71 qp <1 sec with the
assumption that LSPs are not dark matter and their
abundance is fixed by the decoupling from the thermal

Here and hereafter, we use the notation “A” to represent the
typical magnitude of trilinear R-parity violating couplings.

PHYSICAL REVIEW D 90, 045001 (2014)

bath.® This condition leads to the lower bound on the
trilinear R-parity violating couplings:

m =5/2/ m~- \2
2> 4x107° LSp I 2.7
- <100 GeV I TeV 27)
For a fixed value of A, this condition becomes
mi \5 /10742
2>2x10°° GeV(—L—) (=) . 2.8
- x ¢ <10mLSP> ( /1 > ( )

When we combine two constraints given by Egs. (2.5)
and (2.7), we see that the whole parameter region is
excluded for the case where two types of couplings are
comparable A’ = 2”. On the other hand, the bound given
by Eq. (2.5) collapses if we assume that either A’ or A" is
highly suppressed. We adopt this assumption throughout
this paper.

C. Sphaleron erasure

As we mentioned in the Introduction, another stringent
upper bound on the trilinear R-parity violating couplings is
obtained from the requirement of baryogenesis. The effect
of the nonperturbative process mediated by field configu-
rations known as sphalerons [42,43] becomes significant at
temperatures higher than O(100) GeV, which washes out
the primordial (B + L) number but conserves the (B — L)
number [17]. In addition to this sphaleron process, if B and/
or L violating interactions due to the R-parity violating
operators are in the thermal equilibrium at the temperature
above the weak scale, they completely erase the primordial
B/L asymmetry [18-22]. Here, we quote the bound
obtained in Refs. [21,22], which is based on the calculation
of 2 — 1 processes between fermion pairs and sfermions.

The rate for 2 — 1 process due to the trilinear R-parity
violating operator is given by [21]

2
/12 m
f f )
Tow(3) T
where {(3) = 1.202 is Riemann zeta function and f(x) is
defined by

(2.9)

The abundance of the thermally produced neutralino LSPs
depends on their composition (i.e., bino-, wino-, or Higgsino-
like) [41]. Accordingly, the constraint from the light elements
might vary by several orders of magnitude. For simplicity,
we ignore this model dependence and just fix the abundance
so that it corresponds to the present dark matter abundance:
mLspYLsp =4 x 10_10 GCV, where YLSP = anp/S, nysp is the
number density of LSPs, and s is the entropy density. For this
value on the relic abundance, the results of Refs. [39,40] indicate
that the lifetime must be shorter than O(107'-10%) sec. Note that
this upper bound on the lifetime also depends on the hadronic
branching ratio. Here we take 7;gp <1 sec as a conservative
bound.
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wln(l + e
sy = [Ty

(2.10)
Note that this process is relevant only at the temperature
T = ms, since otherwise the initial particles do not have
a sufficient energy to annihilate into sfermions. The ratio
between the annihilation rate and the expansion rate

becomes
m2
S
()

where ¢, (T) is the relativistic degrees of freedom at the
temperature 7. Requiring that this process is out of
equilibrium up to the temperature 7' m; (I /H |T:m? <1,

2
£ _ \/EAZQ*(T)—IM m}Mpl
H 37 (3) 73

(2.11)

we obtain the upper bound on the R-parity violating
couplings

g (m\ V[ mp 12
A<4x107 d L)
e ( 100 > <1TeV
where we use f(1) = 0.3375. For a fixed value of 4, this
condition becomes a lower bound on ms:

ge(mp)\ V272 \2
; 4 7 A
my > 7% 10 TeV( 100 > (10_4> . (2.13)

(2.12)

Note that this bound does not hold if the B number is
generated below the temperature 7., at which the
R-parity violating processes become out of equilibrium.”
We will discuss such a possibility in Secs. IV and V.

D. Constraints on bilinear R-parity violation

Next, let us comment on the magnitude of the bilinear
R-parity violating couplings y;. We note that the term 1, H,,L;
in the superpotential [Eq. (2.1)] can be rotated away due to
the redefinition of four doublet superfields (L;, H,), if the
soft supersymmetry breaking terms are absent. On the other
hand, when the soft supersymmetry breaking effects are
included, it becomes impossible to eliminate y;-terms and the
bilinear R-parity violating terms arising from soft terms
simultaneously, and the description of the R-parity violating
effects depends on the choice of the basis of (L;, H;).

Constraints on the bilinear R-parity violating effects
can be parametrized in terms of two basis-independent
quantities, sin £ and sin { [32]. The quantity sin & represents
the effect of the bilinear R-parity violation in the fermion
sector [44], which contributes to the neutrino mass at the
tree level. The cosmological bound on neutrino masses

*Since the rate for 2 — 1 process is exponentially suppressed
for T' < my, we expect that the critical temperature below which
the wash out effect becomes irrelevant is roughly estimated as
T erasure & O(mf)
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Zimbi <1 eV [45] leads to the bound on this fermionic
bilinear R-parity violating effect [32]

) 1‘42 1/2
Slné s 3 x 10_6\/ 1 + tanzﬁ m s (214)

where M, is the mass of SU(2); gaugino, and tanff=wv,/v,
is the ratio between vacuum expectation values of two
Higgs fields v, and v,;. In the basis used in the review
(Ref. [32]) where vacuum expectation values of sneutrino
fields vanish and Yukawa couplings of charged leptons
become diagonal, we have the relation siné = u?/u?,
where p is the coefficient of the “u-term” in the
MSSM superpotential (i.e., Wyssm C #H, H;). With the
choice of this specific basis, we can rewrite the constraint
[Eq. (2.14)] as

2
100 Gev>” - 215

D> uE<9x10712(1 4 tanzﬂ)( M,

1
In a similar way, the effect of the bilinear R-parity violation
in the sfermion sector can be parametrized by the basis-
independent quantity sin £, which contributes to the neutrino
mass at the one-loop level [46]. Again, the cosmological
bound im, S1eV leads to the constraint [32],

sin¢ < (107* — 10‘3)(m]~(/100 GeV)¥/2(100 GeV/v/B)?,
where B is the coefficient of the “B-term” Ly C
—(BH,H, + H.c.) in the MSSM Lagrangian.

E. Other indirect bounds

In addition to the bounds described in the previous
subsections, the magnitude of R-parity violating couplings
can be constrained from various experimental results, such
as charged and neutral current interactions, CP violations,
electroweak precision measurements, hadron or lepton
flavor violating processes, and B or L violating processes.
These experimental results generically lead to the mild
bounds as [32]

A< 0(1073 - 10—1)< (2.16)

"y
100 GeV )"
An exception is the observation of n — 71 oscillation, which
gives a rather tight bound on the specific couplings [32,47]

)5/2, (2.17)

where 7, is the oscillation time. Another bound on the
baryonic R-parity violation can be obtained from the
observation of NN — KK transition [48], which leads to
14151 < O(1077 = 10°), but this result contains large uncer-
tainties because of the dependence on hadronic and nuclear
structure inputs.

108 ms
2y < 0(107 — 1077) ( ;

100 GeV

TOSC
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If the magnitude of R-parity violating couplings are extremely
small, the lifetime of the LSP exceeds the present age of the
Universe. The decay of such long-lived LSPs via R-parity
violating couplings is severely constrained, since it contributes
to the observed cosmic ray flux. In Ref. [49], the following
bounds are obtained from the observed antiproton flux:

|

PHYSICAL REVIEW D 90, 045001 (2014)

il 1] < O(107'%). (2.18)

The observed positron flux also puts the following
bounds on the R-parity violating couplings [50]:

A

| Aijil s |Aijx

’ ’

Xyl <4 x 10—212;;,<

U < 6x1073 GeVZ;l

where m is the mass of the fermion emitted from the decay
process, and Z, ; is the amount of the Higgsino components
in the neutralino LSP. Since the parameter region satisfying
Eqgs. (2.18) and (2.19) is identical to the R-parity conserv-
ing model from the cosmological point of view, we will not
consider such a case in this paper.

ITI. AFFLECK-DINE MECHANISM

In this section, we turn our attention to the mechanism
for baryogenesis. In the AD mechanism, A-terms associ-
ated with B or L number violating operators in the super-
potential play a crucial role to generate the B asymmetry.
The usual way considered in the literature is to assume
some nonrenormalizable operator in the superpotential as
an origin of these A-terms. In the following, we investigate
whether the AD mechanism works if we admit the
existence of renormalizable R-parity violating operators
[Eq. (2.1)] instead of the nonrenormalizable terms. Note
that every term in R-parity violating superpotential shown
in Bq. (2.1) (H,L;, L,L;E;, L;Q;D;, and U;D$Dy)
corresponds to the flat direction of the MSSM in the
absence of the R-parity violation [51]. Therefore, a small
R-parity violating coupling lifts these flat directions in the
MSSM, which induces the AD mechanism. In the remain-
ing part of this section, first we derive the potential for the
flat direction in Sec. IIT A. Based on this setup, in Sec. III B
we solve the evolution of the scalar field condensation after
inflation, and estimate the amount of the B asymmetry
generated in this scenario.

A. Potential for the Affleck-Dine field

The form of the potential for a flat direction relevant to
the AD mechanism, which we call the AD field hereafter,
might depend on the scenario of the supersymmetry
breaking. In this paper, we work in the framework of
gravity (or anomaly) mediated supersymmetry breaking
in the context of F-term inflation [4]. If the mass of the
gravitino is sufficiently small, we must take account of
the effect of gauge mediated supersymmetry breaking, in
which the scalar potential is modified and the estimation

my \2 /100 GeV\?/8 (1 GeV\\ /2
1 TeV mp sp mf ’

1 7/4
( 00 GeV) ’ (2.19)

my sp

|
of the B asymmetry becomes nontrivial [52]. However, as
we will see in Sec. V, the present B asymmetry can be
explained for the case where gravitino is heavier than
m3; 2 O(10*) GeV. Therefore, in the following we do not
consider the scenario with gauge mediated supersymmetry
breaking.
Let us consider the following superpotential:
W = Wiurl1) + Wy (@), (3.1)
where W,¢(I) is the superpotential for the inflaton field 7,
and W £, (¢) is the R-party violating interaction from

Eq. (2.1) for a flat direction parametrized by the field ¢.
For example, when we consider the combination L;L,ES,
we parametrize

_ (e _ 1[0 c_ 1
u=5(8) b)) Bege

where the columns represent SU(2), components. This
direction satisfies both F-flat and D-flat conditions in the
absence of R-parity violation [51], but it is lifted by
the existence of the R-parity violating interaction, which
we denote as WR,,(¢) = Ay2¢*/3. Similar arguments can

be applied for other trilinear combinations L;Q;Dj and
U;D}Dy, and hence we use the following superpotential to
represent the R-parity violating effects:

Wy, () = 3407, (33)
where 4 stands for any of the trilinear R-parity violating
couplings (Aiji, 45, OF A3)-

We note that the effect of the bilinear R-parity violating
terms u;H,L; is negligible. As mentioned in Sec. Il D, the
size of the bilinear R-parity violating effects is tightly con-
strained from the cosmological bound on neutrino masses.
This roughly corresponds to the bound p; SO(107%)u
[see Eq. (2.15)]. This fact implies that the magnitude of
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u;-term, which supplies CP violation for the AD mechanism,
is smaller than that of the scalar mass term by a factor
of O(107%). This situation should be compared with the
minimal scenario using the H,L; direction [53], where the
AD leptogenesis occurs when the magnitude of the soft mass
term becomes comparable with that of the A-term. In other
words, we expect that the efficiency of the leptogenesis with
the bilinear R-parity violating terms is smaller than that of the
scenario in Ref. [53] by a factor of O(107°). Since it is
difficult to explain the baryon asymmetry observed today in
such a scenario, we do not consider the bilinear R-parity
violating terms and concentrate on the trilinear terms repre-
sented by Eq. (3.3).

The effective scalar potential in supergravity is given by
[54]

V = eK/M;, (DaW)(K‘l)Z(DbW*)—%|W|2}, (3.4)
Pl
with
oW W 0K OW\* W* 9K
D DW* = | —
W= op* +M2 ey (047“) +M%18¢a’
2
Kp= 2K (3.5)
O, 0¢*

where the indices a, b = I, ¢ stand for the fields involved in
the model (i.e., the inflaton field / and the AD field ¢),
K = K(¢, ¢}) is the Kihler potential which will be
specified later, and Mp = (82G)~"/? = 2.4 x 10'® GeV
is the Planck mass. Let us consider the contribution of
Winr to the scalar potential,

3
V:eK/Ml%I <F}<F1 —W|Winf<1)|2>, (36)
Pl

where F;F' = D;W(K~")!D'W? ;. Suppose that the

Kihler potential takes the following form:
GAIT -

K= g 5
Pl

where a is some numerical coefficient. The scalar potential
reduces to

2 1+ML§|I|2 3
V ~ KM |:|F121+ML§](|¢|12+|I|2)_M—12)I|Winf(1)|2:|
> [k "2{<1—a>+<1+a2>ﬁ}
3, 3,
- 1o '2}|wmf< ) (338)
MPl MPl
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The magnitude of the second term 3|W;,|*/Mj, in the
square brackets in Eq. (3.8) should be smaller than that
of the first term |F;|>/M3, ~ H*. Therefore, we have the
negative Hubble mass squared for ¢ if a 2 1 is satisfied.
Adding the usual soft supersymmetry breaking contribution
2 we describe the mass term for the AD field as

Vsoftmass(¢) = (mé - CH2)|¢‘2’ (39)
where ¢ > 0 is a numerical coefficient.’
Next, let us consider the contributions from the

terms containing Wy . These include the interferences
P

between Wy and W, derived from the
p

such as (K~')}(DyW)(D?W*), (K~")}(D,W)(D'W*),

—3|W[2/M}, and (K~')7(DyW)(D'W*) + H.c. For the

case where the inflaton takes a large value |I| ~ Mp;, these
terms can be written as

V()

where ¢ is some polynomial of ¢/Mp;. In general, this
contribution is suppressed if the inflaton takes |I| < Mp.
However, if there exist the following terms in the Kéhler and
superpotential:

terms

~ HM3},9(¢p/Mp) + Hoc., (3.10)

1
K =d—¢'¢p+H.c.,
MP1¢ ¢

1
W= bWy

3.11
. (3.11)

with some numerical coefficients @’ and b’, we see that the
scalar potential contains the following terms:

( Vi (3.12)

¢

which are not suppressed even if |I| < Mp,. Together with a
supersymmetry breaking effect ~ms, WIé (¢p) with mj5),
being the gravitino mass, we can write these contributions as
the following form:

F;
g LYWy )

l

VA—terms(¢) = ahHWIép(d)) + amm3/2WRp(¢) + H.c.,
(3.13)

where a, and a,, are numerical coefficients of O(1).
Finally, F-term contribution of the scalar ¢ leads to the
following quartic interaction:

Vi, (#) = 2|gl*. (3.14)

’A situation where there is a large Hubble-induced mass
(¢ > 1) and the soft mass is much larger than the coefficient of
the A-term is considered in Ref. [55].
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Combining all the above ingredients, we obtain the
following form of the potential for the AD field ¢:

V() = (mj — cH?)|p|> + <§ A + H.c.>

+ (g ayHP? + H.c.) + 22| p|*. (3.15)
Because of the existence of the Hubble-induced A-term
a,HW y , the phase direction of ¢ acquires a mass of O(H)
during inflation. This suppresses the unwanted baryonic
isocurvature fluctuations [56—60] which are tightly con-
strained from current observations [61].6

We note that the effect of the term proportional to a;, can
be omitted after inflation [60]. After the end of inflation, the
inflaton field / begins to oscillate around the minimum /;,
so that the Kéhler and superpotential can be written as
K=P+ =01 T+ Lyud + |12+,

min
1

1 A
W =S Mige(I = Iin)* + -+ = 5 Mine” + - -,

5 5 (3.16)

where 1 =1 —1,;, and M, is the mass of the inflaton.
Since the term with a; is proportional to the rapidly
oscillating factor F; = —M;;I* [see Eq. (3.12)], this term
can be dropped as long as the oscillation period M}

is much shorter than the Hubble time H~'. Omitting the
aj,-term, we have

A
V() = (0 = )P+ (w4 e ) + 2
(3.17)
which holds after inflation.

B. Dynamics of the Affleck-Dine field

During inflation, ¢ is frozen at the value determined
by the minimum of the potential (3.17). Ignoring the soft
mass term and the A-term, we find the minimum of the
potential as

o = Y
min — \/5/1'

Let us consider the evolution of the homogeneous field
value ¢ (1) after inflation. Just after inflation, the soft mass
term and the A-term are still negligible compared with the
negative Hubble mass term, and the equation of motion for
the field ¢ is given by

(3.18)

°If the operators shown in Eq. (3.11) are not suppressed,
the inflaton field 7 must be a singlet under the R-symmetry. This
fact might lead to a problem in constructing the inflationary
model, since in most models the R-symmetry remains to be a
good symmetry during inflation [60].

PHYSICAL REVIEW D 90, 045001 (2014)
¢ +3Hp + ¢p(—cH? + 222|p|?) = 0, (3.19)

where a dot represents a derivative with respect to the
cosmic time 7. Assuming the matter-dominated background
H =2/3t, and denoting ¢(t) = y(t)Pmin(t), we rewrite
Eq. (3.19) as

4c

;'g+@;((;(2—1) =0. (3.20)

This equation implies that the evolution of y can be
understood as the classical motion in the potential
V(y) =52 (x* = 2¢*). Since the initial value is y =1
(e.g., ¢ = ¢pmin) and V(y) has a minimum at the same
location, we see that y always stay in the value y = 1.
Therefore ¢ tracks the value ¢, given by Eq. (3.18) after
inflation.” Eventually it begins to oscillate when the soft
term becomes relevant (H ~ my).

The B/L number stored in the AD field can be quantified
by the following charge density:

n=i(dp—dp). (3.21)

According to the choice of the flat direction, this quantity is
related to the B number ny or L number n; as follows:

1
np = 0, ny = gn, for LIL]E;; or LlQ]Di7

1
np = —gl’l,

n, =0, for UsDSDS. (3.22)

Let us compute n explicitly. Using the equation of motion
for ¢, we have

Gor) =2rm(Te). G2

¢

where R is the scale factor of the Universe. Performing the
time integration from the end of inflation #,; with the
potential (3.17), we obtain

"The recent detection of the tensor mode reported in Ref. [30]
indicates that the Hubble parameter during inflation becomes
H;¢ = O(10') GeV. In this case the value for ¢, given by
Eq. (3.18) exceeds the Planck scale for 4 < O(107*) during
inflation. Therefore, it is presumed that the AD field takes a
value of O(Mp,) at the end of inflation. Afterwards, it oscillates
around the minimum with the averaged value tracking the value
shown in Eq. (3.18). This fact does not affect the estimation for
the baryon asymmetry, which is determined by the field value at
the onset of the oscillation ¢(f..) x Hye /A [see Eq. (3.25)].
Furthermore, if the value of the AD field is as large as |¢hjy¢| =
Mp, during inflation, the magnitude of the fluctuations in the
phase direction of ¢ becomes Agy = Hiye/ (27| dine]) = O(1079),
which marginally avoids the constraint from baryonic isocurva-
ture fluctuations [62].
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(b)

Time evolution of the AD field after inflation. Left panel (a) shows the trajectory of ¢ in the field space. Right

panel (b) shows the evolution of the amplitude |¢|, where the horizontal axis corresponds to the scale factor R(z). In these figures, the
field amplitudes are plotted in the unit of ¢, = /cHipe/+/2A. In numerical calculations we fixed the parameters as 1 = 1074, ¢ = 1,

Hipe/my =4, |a,| = 1, and arg(a,,) = /2.

R(1)*n(t) =2 / "R Ay ms )

finf

tOSC
:2/ dtR? (Aa, |ms | Seir)
Bing

t
L2 / AR Hlay|ms o). (3.24)
tOSC

where t,,. is the time at the beginning of the oscillation
[H(tosc) = my], and 6 = sin(arg(a,,) + 3arg(¢)). The
integrand scales as R*|¢|> « t~! both for t < ., and
t > ty, Which implies that the contribution from the
second term in Eq. (3.24) can be comparable with that
from the first term. However, we expect that the contribu-
tion from the second term is insignificant since the sign of
the phase factor d.; changes rapidly after ¢ begins to
oscillate. From the first term of Eq. (3.24), the charge
density at the time ¢ = ¢, is estimated as

2 t
n(tosc) = 2/1|am|m3/25eff 3Hosc |¢(tosc)|3 lnﬁ
Y 2¢° Tose
= 3,2 |am|m3/25effH(2)sc lnf_f’ (325)
in

where H . is the Hubble parameter at the time ¢ = 1., and
we used the relation | (fos )| = v/cH s/ /24 in the second
line. Deriving Eq. (3.25), we neglected the time depend-
ence of 6.5, and treated it as a constant.

To check the expression (3.25), we integrate the right-
hand side of Eq. (3.24) numerically by solving the classical
field equation for the scalar field ¢. Here, we solve the
equation of motion for ¢ with the potential given by
Eq. (3.17) in the matter-dominated background. The initial
condition is fixed as Re¢ = ¢y = /cHin/V24 and

Im¢ = 0, where H;,; is the Hubble parameter at the end
of inflation. Figure 1(a) shows the trajectory of the AD field
in the complex plane (Reg, Im¢h). We see that the scalar
field rotates around the phase direction, reducing its
amplitude. In Fig. 1(b), we also plot the evolution of the
field amplitude |¢(z)|, from which we confirmed the
behavior |¢| x R™'71/3 « R73/2.

The time evolution of the integral in Eq. (3.24) is
shown in Fig. 2. We confirmed that the integrated value
approaches to the analytic estimation in Eq. (3.25) (with
Ocr = 1) after the beginning of the oscillation. However,
the convergence value gets a bit dislocated from what we
expected in Eq. (3.25) by a factor of O(1). It is probable
that this discrepancy is caused by the uncertainty of the

10° 10’ 102
R(t)

FIG. 2 (color online). Time evolution of the ratio between
R(#)3n(t) [in Eq. (3.24)] and R(ts)’n(tes). Here we used
Eq. (3.25) with 8. = 1 to represent n(z, ). The horizontal axis
corresponds to the scale factor R(z). In this plot, we used the same
numerical data as Fig. 1.
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definition of 7., at which we truncate the integral to obtain
the analytic expression [Eq. (3.25)]. Furthermore, the con-
vergence value varies with arg(a,,) and H;,¢/m , which also
gives an uncertainty of O(1). On the other hand, we checked
that the final value for the ratio R(#)3n(t)/R(tosc ) n(tos)
hardly depends on other parameters such as 1 and |a,,|.
Regarding these facts, hereafter we use Eq. (3.25) to estimate
the amount of the B asymmetry with the factor 5.4 replaced
by O, Which contains some uncertainties such as depend-
ences on o, arg(a,,), and Hiye/m,.

The ratio of the charge density n to the entropy density s
after reheating (1 = tgy) is estimated as

t s (R ) i

s s(tru) \R(1rp)
_V 2C3|am|3eff m3 2 Try
1242 M12>1

, (3.26)

where we used Eq. (3.25) with In(7,e/tn¢) =1 in the
second equality, and TRy is the reheating temperature.
We see that the ratio n/s does not depend on the Hubble
parameter at the beginning of the oscillation H .. In the
case where primordial L asymmetry is generated via
L;L;E; or L;Q;Dj direction, one must take account of
the conversion effect between L and B numbers due to the
sphaleron interactions [17]. Including this effect, we can
estimate the present B asymmetry in terms of the primordial
L asymmetry [63,64]:

ng 8 ny
B 2Tk 3.27
s 23 s ( )

Together with the factors shown in Eq. (3.22), we obtain the
following result for the present B asymmetry:

np _ V2€3|am|3effm3/2TRH (3.28)
s TR Mz '

where the coefficient y is given by8

{ 8/69 for LlLJE]i or LleDi,
}/ =

1/3  for USDSD. (3.29)

If we take the values of numerical coefficients as
¢ =la,| = 6.4 = 1, we have

" oy 1079y (10 (Lrn UETENR
s 7 ) \10° Gev ) \10 Tev

(3.30)

Note that a large baryon asymmetry is obtained if 1 is small.
For a smaller value of A, the AD field acquires a large

8At this stage, we do not care about the overall sign of ng/s,
which should be determined by the sign of CP violation.
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expectation value [Eq. (3.18)], which enhances the amount
of the primordial B/L asymmetry.

Before closing this section, let us comment on the
magnitude of the A-term. If the magnitude of |a,,| is
sufficiently large, the radial direction |¢| would be trapped
in the local minimum of the potential before it begins
to oscillate, which spoils the AD mechanism. Let us
consider the potential for the radial direction |¢|, on which
the coefficient of the A-term becomes negative [i.e.,

cos(arg(a,,) + 3 arg(¢)) = —11:

2
V(I¢l) = m3lgl* =3 Alan|ms | gl + 211, (3.31)

where we ignored the Hubble mass term. The condition for
the absence of the local minimum is given by

| |msjn < 2V 2my. (3.32)
It is satisfied for |a,,| < 2+/2, if the gravitino mass and the
soft mass are comparable. Note that the term of the form
~m3;, Wy (¢) exactly vanishes in the framework of super-

gravity if W, (¢) corresponds to the polynomial of third
P

order in ¢. In order to guarantee the existence of such a
contribution, it is necessary to assume some couplings
of the form like W ~ (Z/Mp)L;L ;E; with a moduli field Z
in the bare superpotential [65]. This kind of moduli field
typically acquires a large expectation value with a small
mass, being abundant in the early universe, which might
spoil the standard cosmological scenario [66—69].
Alternatively, we can assume that the A-term is generated
via the effect of anomaly mediated supersymmetry break-
ing [70,71] to avoid this cosmological problem, but in this
case the magnitude of the A-term is loop suppressed such
that |a,,| = O(1072). In this paper, we just assume that
these subtleties are resolved, and estimate the present B
asymmetry by fixing |a,,| = 1.

IV. FINITE TEMPERATURE EFFECTS
AND Q-BALLS

After the AD field begins to oscillate, the field con-
densate develops an instability [72] to form nontopological
solitons called Q-balls [73]. Through this process, the
charge (i.e., B or L number) stored in the AD field is
converted in the form of Q-balls. Therefore, it is important
to investigate the cosmological evolution of Q-balls in
order to estimate the present B asymmetry. In particular,
there is a possibility that long-lived Q-balls preserve the
primordial B number against the sphaleron erasure effect
even in the presence of a large R-parity violation. Here, we
mainly consider the following two possibilities:

(1) Small A scenario. If the R-parity violating coupling

is sufficiently small to satisfy Eq. (2.12), the spha-
leron erasure effect is ineffective, and we can
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evaluate the baryon number in the usual way. In this
case, there is a lower bound on A obtained from the
requirement that the decay of unstable LSPs does not
spoil the standard BBN scenario [Eq. (2.7)].

(2) Large A scenario. If the R-parity violating cou-
pling is larger than the bound [Eq. (2.12)], B/L
number violating interactions remain in thermal
equilibrium until the temperature becomes lower
than Tergue & O(m7). As was discussed in Sec. I1 C,
together with the sphaleron effect, they wash out the
B/L number produced before the EWPT. However, it
is possible to generate the baryon number due to the
decay of Q-balls, if they have survived until the
epoch where equilibrium R-parity violating inter-
actions have become irrelevant.

In order to discuss the validity of the large A scenario, it is
necessary to clarify whether Q-balls live until the time
when the sphaleron erasure effect can be neglected. Here
we must take account of two effects: One is the evaporation
of Q-balls into the surrounding plasma [74,75]. Another is
the effect caused by the existence of the U(1) violating
A-term, which makes Q-balls unstable [76]. Because of
these two effects, Q-balls are likely to be destroyed.
Furthermore, conditions for the survival of Q-balls become
more complicated if we include the finite temperature
corrections to the potential of the AD field. In this section,
we first introduce the finite temperature effects in Sec. IVA.
Then we estimate the charge of Q-balls and the condition
for their evaporation in Sec. IV B. Finally, the stability
condition for Q-balls is discussed in Sec. IV C.

A. Early oscillation due to the finite temperature effects

It is known that the finite temperature effects change the
dynamics of the AD field, if the reheating temperature is
sufficiently high [77]. We must take account of two effects
coming from one-loop order and two-loop order. At the
one-loop order, the existence of some fields y; which are in
the thermal bath and directly couple to the AD field induces
the thermal mass of the form [77,78]

V(@) D crf3T?|pI% (4.1)

where ¢, = O(0.1-1) is a constant determined by degrees
of freedom of the field v, and f represents the magnitude
of the (gauge or Yukawa) coupling between ¢ and y,
which takes a value of O(10~> — 1) in the supersymmetric
SM [78]. Note that this effect is exponentially suppressed
for fi|¢| > T. On the other hand, if |¢| > T, fields which
do not directly couple with the AD field induce the
following term through the effective gauge coupling at
the two-loop order [79,80]

V(¢) D a,a,(T)*T*1In (@) (4.2)

T2
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where a, is a numerical coefficient of O(1), a,(T) =
g(T)?/4x, and g(T) is the gauge (or Yukawa) coupling eval-
uated at the scale 7. When we take account of these effects, the
condition that the AD field starts to oscillate is given by

1
H? = mj + Z caf3T* + ﬁagazT‘*. (4.3)

filgl<T |¢

Let us consider the case where the thermal mass term
[Eq. (4.1)] dominates the right-hand side of Eq. (4.3).
In this case, the oscillation of ¢ starts when both of the
following two conditions are satisfied:

felol <T,
W f3T? > H.

(4.4)
(4.5)

Using the relations || =+/cH/v/2Aand T = (HTz;Mp)"/*,
which hold during the matter-dominated era after inflation,
we reduce them into

A TigMp\ /3
H< <,§H4‘°‘> : (4.6)
cfy
H < (2 ThyMp) 2. (4.7)

Therefore, if the thermal mass dominates, the Hubble
parameter at the beginning of the oscillation is given by

[ (A TR Mp\ V3
Howe = min | (42880, (73, b )
k

(4.8)

After the oscillation, the amplitude of the AD field shifts
as |¢p| o« R3/2T1/2 o 77/ [81], which is a bit slower than
the zero-temperature case || x R™/> « t~!. However, we
expect that the late time contribution in Eq. (3.25) becomes
insignificant due to the rapidly oscillating factor Ju
and the amount of the baryon asymmetry is almost fixed
at H = H .

Next, consider the case where the thermal log term
[Eq. (4.2)] dominates. The oscillation of the AD field
occurs when the following condition is satisfied:

a0 T/ |p|* > H2. (4.9)
From this condition, we find
2 22272 M 1/3
Ho = (22T 5
c

After the oscillation, the amplitude of the AD field shifts as
|p| x R3T~2 « +73/2 [81], and the amount of the baryon
asymmetry is almost fixed at H = H .

Combining Egs. (4.8) and (4.10), we obtain the general
expression for the onset of the oscillation
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[ (42T My,

H . = max {mqg,mm {( sz2
From this result, we suspect that the early oscillation does
not occur if 4 is sufficiently small. It should be emphasized
that the estimation of the net B asymmetry is not affected by
the early oscillation due to thermal corrections, since
N(tose) % |P(tose) P/ Hose x H2 and the ratio n/s does
not depend on H . [see Egs. (3.25) and (3.26)]. However,
due to the early oscillation, the estimation of the charge of
Q-balls is modified, which affects the condition for the
survival of Q-balls from evaporation.

The condition that the thermal mass term (4.1) dominates
over the thermal log term (4.2) is given by

) 4),4T2 M 1/3
min {<C$m> ’(C%f‘lile{HMPl)l/S]
k
< <209a§/12T2RHMp1> 1/3

y (4.12)

which can be rewritten as

2
7 x 10_12a!l/2c1/2 (%) (%) <A

_ 0.1\ (cx \ [ fr \2
< 4x107104,"/2c1/2 (—) (—k> (—k) . (4.13)
/ a, ) \0.5)\107

The early oscillation due to the thermal mass term occurs
only if both of two conditions (4.13) and H o, > m,, where
H,. is given by Eq. (4.8), are simultaneously satisfied. In
this case, stable Q-balls are not formed since the potential is
not flatter than ¢”. In particular, if the value of f is as large
as O(1), it occurs in the parameter region where the
sphaleron erasure effect is significant [i.e., the region where
Eq. (2.12) is not satisfied]. Such a parameter region is
excluded since the primordial B/L number created due to
the AD mechanism is erased until the epoch of the EWPT.

The condition that the early oscillation occurs due to the
thermal log term (4.2) is given by

my < <_2aga§ﬁ2T2RHMPI) 1/3

- (4.14)

except for the region given by Eq. (4.13). This corresponds
to the bound

_ 0.1\ /10° GeV 3/2
/1>1x10‘9c1/2agl/2<—>( ° )( il ) .
ag TRH 1 TeV

(4.15)

Hence the oscillation by the thermal log term occurs for a
large value of A. In the following subsections, we discuss

1/3
) , (C%f;:le{HMPl>l/3:| ) <
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g

2%“2/12T2RHMP1> 1/3] , (4.11)
C

|
the fate of Q-balls for both cases wherein the condition
(4.15) is satisfied or not. We will see that the conditions for
the survival and stability of Q-balls are not satisfied in the
parameter region given by Eq. (4.15). Combined with the
fact that stable Q-balls are not formed in the region given by
Eq. (4.13), we expect that Q-balls are always destructed
once the thermal effects become relevant.

B. Evaporation of Q-balls

First of all, let us consider the Q-ball solution without
the finite temperature corrections. In the framework of
the gravity mediated supersymmetry breaking, the potential
for the AD field including one-loop radiative corrections
is given by [23]

V(¢) = mj|o|* {1 +K In ('ﬁf)} (4.16)

*

where K is a constant whose absolute value is
0(0.01 —0.1), and M, is a renormalization scale. In the
above expression, we ignored the higher order terms
proportional to A. The potential of this form leads to the
formation of Q-balls if K is negative [23,31,82,83], which
we assume hereafter. The charge of Q-balls is estimated as

4
Q = gﬂRb‘QnB(tform)’ (417)
2
2 -

where R, is the radius of the Q-ball, and ng(tg,,) is the
charge density of the AD field at the formation time #;,,
of Q-balls. Let us call this kind of Q-ball configuration
“gravity-mediation type.”

To obtain the charge of Q-balls explicitly, we note that
the B number at the time #;,, iS given by

Hf 2 V 2C3 ~
nB(tform) = <H0m> B( osc) = W |am|m3/25effH%0rm’
osc

(4.19)

where Hj,, is the Hubble parameter at the time ¢ = t;,,,
and we used Eq. (3.25) for n(t) with In(fos/tins) = 1
and ng(fos.) = |n(tose)|/3- Hiom can be estimated from
the time scale in which the instability in the AD field
grows [31],

2my|K
Hform = mZ| |7 (420)
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o m()),
5¢<IOSC)

where 8¢ (1) is the fluctuation of ¢ at the beginning of

the oscillation 7,.. The magnitude of 5¢b(t,,. ) can be related

to the wavelength Ap,, = 27(2m3|K|)='/> on which the
instability grows with the fastest rate [84]:

(4.21)

1 (2mg|K]'?

OP(tose) = 4.22
Hloe) == b 4.22)
Together with the fact that ¢(f,s) = /CHose/ V24 =
\/Emd,/\/ﬂ, we find
N
=In 423
() 2

The value of « slightly depends on 4, but typically it takes a
value of O(10). Using the ingredients obtained above, the
charge of the Q-ball is estimated as

~ 641 m3/2 |K|]/203/2|am|seff
27 my 2a?

e (M2 (KL R (10702 (13
mg 0.01 y) a)’

(4.24)

where we used |a,,| = S = 1 in the last equality.

It is known that the charge of Q-balls diffuses away due
to the coupling with the thermal bath. Q-balls evaporate
into the surrounding thermal plasma, if the chemical
potential of the Q-ball y, is much larger than that of the
surrounding plasma u,. The evaporation rate is estimated
as [74]

r (4.25)

evap — _47[R2QD€(”Q - /"p)Tz’
|

128772, Mp|

9a§,|K|2m3

~ 11002 (991

AQ~
32773, Mp
S\K\m;

2 Tra )2 (106 Gev )3
10° GeV my

13 (0.0 108 Gev )3
~8x10 (T) (10i GeV) < )

PHYSICAL REVIEW D 90, 045001 (2014)

where the numerical coefficient takes a value D, = 1 for
T > my, while the evaporation into sfermlons is exponen-
tially suppressed for T' < my [74, 751 However, Q-balls
might achieve the chemical equilibrium with the surround-
ing plasma at the high temperature, and the charge transfer
becomes insufficient. In this case, the charges inside
Q-balls are taken away by the diffusion effect. The rate
for the charge transfer due to the diffusion is given by [75]

Fdiff = —471'DdRQ,L£QT2, (426)
where D; = a,/T and the coefficient a, takes a value of
4-6. The ratio between the evaporation rate (4.25) and the
diffusion rate (4.26) becomes

Do | 172 <m¢>
1—‘evap \/_ r

The time scale for charge transfer is determined by the
diffusion effect (Tt <Tevp) for T > T, = ay| K| 2my/ /2.

The amount of the charge transfer is estimated by
integrating the following equation up to T 2 my:

(4.27)

dt
d o forT>T,,
4o _ Jar am (4.28)
ar AT gvap for T <T,,
with T = (HTguMp)"/* for T >Tgy and T =

(90/7%g.(T))"/*\/HMp, for T < Tgy. For the case with
Try < my, Eq. (4.28) becomes'”

32v2ra, Ty M
dQ W for T > T*, ( )
— = X 4.29
ar 76;?%‘;5 1 formy <T <T,,

where we used ugy ~ my [31]. Integrating Eq. (4.29), we
obtain the amount of the charge transfer for the case
with TRH < m¢:

forT >T,,

(4.30)
formy <T <T,.

Note that the amount of the charge transfer becomes larger at T > T, compared with that at my <T < T,.

Even for T < my,

it is possible to evaporate into other particles whose masses are lighter than m 4. On the other hand, our purpose

here is to estimate the amount of the charge transfer AQ above the temperature 7', at which the sphaleron erasure effect becomes

irrelevant, and it is enough to evaluate AQ up t0 T = Tepaoure = O(m

effect occurring at T' < my.

7) & O(my). Therefore, in this section we neglect the evaporation

""Here and hereafter we evaluate the amount of the charge transfer by assuming 7', > mg. T can become smaller than md, depending
on the values of the numerical coefficients such as a, and K, but in this case the results are just modified by a factor of O(1), which does
not affect the subsequent discussions on the baryogenesis significantly.
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Similarly, for the case with Try > my, we have

PHYSICAL REVIEW D 90, 045001 (2014)

% for T > TRH’
d
d_g —{ 8a, ( |K‘)”z My for T, < T < Ty, (4.31)
90\1/2 M
S(g—*) ‘K‘nf;T formy <T <T,.
Integrating Eq. (4.31), we find
D~ 45 1050, (Y9)7 (58Y) for T > T,
90\1/2 M 12 (001 (10* Gev
AQ ~ 8<J) 2 x 10! (g—) ( )( o ) for T, < T < Tgy, (4.32)
()" e 2 100(10) 2 (3 (29)  tor g <7 < 7.

The amount of the charge transfer becomes larger at my, < T' < Tgry compared with that at 7 > Tgry.
Q-balls survive from the evaporation if Q > AQ is satisfied. From Egs. (4.24), (4.30), and (4.32), we find that this
condition leads to the upper bound on the R-parity violating couplings:

_ 5/4 s 20 m, \3/2
e ) ) () e
A< 4.33
_ 3/4 1/4 12 12
4 x 1071134 (%) ( > (100) (":;;2) (103'"&\/) for Try > my,.

Except for the case where m, and Try are extremely high,
this bound lies below the sphaleron erasure bound
[Eq. (2.12)]. Therefore, we expect that Q-balls are not
likely to preserve the B number against the sphaleron
erasure effect. We will see below that the condition
becomes even worse if we consider the finite temperature
effects.

If the oscillation occurs due to the thermal log term
[Eq. (4.2)], the configuration of Q-balls becomes different
from that of the gravity-mediation type. This kind of Q-ball
configuration is called “thermal log type” [85,86], and its
radius and chemical potential are estimated as [74]

1 Q1/4 1/
From the numerical simulations, the charge of Q-balls is
fitted as

where T is the temperature of radiation at the time ¢ = 7,
and =2 x 1072 [86]. Substituting |¢h(7sc )| = v/CHose/ V2

Tose = (H oo TayMp;)'/#, and Eq. (4.10) into Eq. (4.35), we
find
a,\2 p 1076\ 2
=1x10’ — (=) . 436
Q=1x10ca (01) (zx10—3>< p ) (4.36)

|
Note that the initial charge of Q-balls does not depend on the
reheating temperature 7Try.

As the temperature decreases, however, the correction
due to the finite temperature effect becomes negligible,
and the configuration of Q-balls changes into the gravity-
mediation type [87]. We expect that this transformation
occurs when the temperature becomes as low as
T* < my¢z, where ¢, is the value of the AD field at
the center of the gravity-mediation type Q-ball. To
estimate ¢, we use the analytic expression for the charge

of the Q-ball [31]
3/2
- () (s

(5) marerd

where we used Eq. (4.18) at the last equality. Comparing
15

Eq. (4.37) with Eq. (4.24), we obtain
1079 (15
1 .

) ( a
(4.38)

Let us denote the temperature at the transformation 7., for
which we have

be

gy

o ) . (4.37)

$e

My

K]
0.01

ms o
mg

=7 x 10263/4<
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1LY
0.01

15

1/2
T.~3x 10* Gch3/8< ) (—
a

For T < T,, the configuration of Q-balls is estimated as
Ry ~v2m3'|K|7/2 and pg ~ my, rather than Eq. (4.34).
We note that my < T, is always satisfied as long as
2 < O(107*). The ratio between the evaporation rate
(4.25) and the diffusion rate (4.26) is given by

\/Elld

Uaif o for 7> T, ( )
_dif 4.40
l—‘evap %|K|1/2(m?¢> for my < T<T..

For T > T,, we have [yt < I'eyqp, and the charge transfer
occurs due to the diffusion effect.

Let us estimate the amount of the charge taken away
from Q-balls. The estimation of the evaporation/diffusion
rate depends on the relative size among Try, my, and T,.

|

)
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)G (
[

First, let us consider the case with mj, < T, < Tgy. In this
case, we obtain

10~
A

ms;
ny

My
10? GeV )’

(4.39)

327de§HMp|

Wi for T > Tgry,
1/2
40 4a, (‘;—f) % for T, < T < Tgrys.
& /2 (4.41)
ar | gq, (g ‘K‘) My for T.<T <T,,
90\1/2_m

Integrating Eq. (4.41), we obtain the charge transferred
from the inside of Q-balls:

7392\’;%41‘::‘ ~2x 10, (—lo;iev) for T > Tgry,
2
4ag(£)"* M~ 6 x10%a, (19) 7 (108Y)  for T, < T < T,
AQ ~ 2 12 /1 (4.42)
g% P 0 % 1018 (001 100 100GV for T < T <T,.
Gs [K|m, KT my ¢
90\1/2 M 18 (001 (100) /2 (10° Gev
8(9—*) |K|;i[/)~2x10 (W)(q) ( m’/)e ) formy <T <T,.
Next, let us consider the case with my < Try < T. In this case, we find
Bt 2 10May (g ) (1Y) for 7> T
. 1/2
DB ~ 4 10150, (491) 7 (10582 for Tay < T < T, )
AQ ~ 4.43
90\/2 m 18 (001 (100) /2 (10° Gev
8(20)"7 i~ 2 101 (391 (1) (10,60 for 7, < T < T,
8 (%) /2 Mo g 1018 (001) (100) 2 (10GV)  for < T < T
g.) TKIm, K] my ¢
Similarly, for the case with Try < my < T., we obtain
2 2 3
3271';15/72;];%Mp] ~2 X lozad(lozkgev) (109T?6V) for T > TC’
128773, M 16,,-2 (001 T 2 (106 Gev\3
AQ~ { G ~ 1 10 2(00) () (158) for T < T < T, (4.44)
32T 3y M, 13 (0.01 T 2 (100 Gev'\3
i~ 85 102 (%) () (1) for my < T <T,.

Requiring that Q > AQ, where Q is given by Eq. (4.36), we obtain the condition for the survival of Q-balls for the case
where the early oscillation occurs due to the thermal log term:

A <3 %107 2ay?
<o X C 01

045001

s

S 4.45
2% 1073 (445)

1/2
> AQ_I/z,
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where AQ is given by Egs. (4.42), (4.43), or (4.44). This
bound is somewhat complicated because the value of AQ
changes according to the relations between various param-
eters such as 4, my, and Try. In any case, it leads to a severe
constraint when the early oscillation occurs due to the
thermal log term.

C. Stability of Q-balls

If the magnitude of the A-term at the center of the Q-ball
is large, it would destabilize the Q-ball [76]. To quantify
the stability of Q-balls, let us define the ratio between the A-
term and the mass term

:gﬂ|an1|m3/2¢c
273 mé '

(4.46)

where ¢, is the value of the AD field at the center of the
Q-ball. It was found that the instability grows with the rate
I x £y, and Q-balls become unstable if this rate exceeds
the typical relaxation time scale ~O(10) m(‘/)l . The results of

|

My
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the numerical study [76] indicated that the critical value for
the destabilization is given by &g i ~ O(1072). Therefore,
we expect that Q-balls are stable if the following condition
is satisfied:

_ 2ay|ms).
= ZmTolE e

2

1072
3 my

<o (4.47)

First, let us consider the case where the finite temperature
effects are negligible. In this case, properties of the Q-ball
are described by the gravity-mediation type configuration.
Substituting Eq. (4.38) into Eq. (4.46), we find

2 01K\ (15
=5 x 10-4c3/4 ™32 Y 22) 44

Therefore, the stability condition &, < 1072 is satisfied for
|K| <£0.1 and |a,,| < 1. These stable Q-balls might even-
tually decay into light particles [31,88]. The temperature at
the time of the decay is estimated as [89]

1/2 1028 1/2
T,=10 MeV
¢ =10V (zm) (Q)

4 1/2 1/2
— 1107 Geves/a (PO (A (LAY (ma ) (e )
K| 15)\10°¢ ) \ms,, 103 GeV

where we used Eq. (4.24) in the last equality. Requiring that the decay occurs below the temperature at which the sphaleron
erasure effect becomes irrelevant (7; < T'asure)» We see that the R-parity violating coupling is tightly constrained as

A< 8x107113/4 K| \/*(15 ms /o 172 (10* GeV\ " (T erasure
ol — — .
0.01 a mg mg 1 TeV

The situation becomes worse if the early oscillation occurs due to the finite temperature effects. In this case, the value of
the AD field at the center of the Q-ball is estimated as [74]
1

(4.49)

(4.50)

o ~—=TQV4. 4.51
e~ 5T0 (4.51)
Substituting Eq. (4.36) for O, we obtain the condition for the formation of stable Q-balls:
1/2 i 14/ 1 \1/2 T msn\ (103 GeV
=3 x 102c14al |, |( 2 / 102, (4.52
So=3>x107c e anl\ g1 ) (55102) o) \iovGev) U, my )" (4.52)

Since this bound becomes severe at high temperatures, let us estimate it at the temperature T, of the formation of Q-balls.
To estimate T, we note that the radius Ry, of the Q-ball is comparable to the Hubble radius H f‘oim at the formation time:

1 _ T2RHMP1

Rform ~ _TTI Ql/4 ~ H_l = (453)
\/Z form form T?orm
From this relation, we obtain
~1/6 i —112/ 3 \6/ T 2/3

Te ~8x 108 GeVel/12471/12( Lo _r RH . 454
form "~ & X eve T o 2% 1073 10-6 105 GeV (4.54)

Substituting Eq. (4.54) to Eq. (4.52), we obtain

~1/2 B -4/ T -1/ m., \3/2 m 3/2

2 <9 10712 14a, a3 (20 ) (E_ Rt # )T (@455
X A07E e ay an = G 2% 1073 10° GeV) \ma 10° GeV (4.53)

045001-15



TETSUTARO HIGAKI et al.
V. BARYOGENESIS

In this section, we combine the constraints obtained so
far, and discuss the parameter region where the present B
asymmetry is explained. The generated B number is given
by Eq. (3.30), which depends on three parameters: the
magnitude of the R-parity violating coupling 4, the reheat-
ing temperature Ty, and the gravitino mass mj,,. These
parameters are constrained from various requirements. In
particular, we must put the bound given by Egs. (2.7) or
(2.8), since otherwise the decay of LSPs spoils the standard
BBN scenario. Also, we must take account of the sphaleron
erasure bound given by Egs. (2.12) or (2.13). In the region
where this condition is not satisfied, the dynamics of
Q-balls becomes important since there is a possibility to
avoid this bound by releasing the B number from long-lived
Q-balls after the time when the sphaleron erasure effect
becomes irrelevant. The condition for the survival of
Q-balls against the evaporation is given by Eq. (4.33)
for the case where the early oscillation due to the thermal
log term does not occur, and Eq. (4.45) for the case where
the early oscillation occurs. Furthermore, stable thermal
log type Q-balls are not formed if the condition given by
Eq. (4.55) is satisfied. Here, the condition for the occur-
rence of the early oscillation is given by Eq. (4.15).

As discussed in Sec. IV, we can consider two possibil-
ities: small A and large 1 scenarios. From Eq. (3.30), we
expect that the AD mechanism works if Ty is low for the
small A scenario, or Try is high for the large 1 one. In the
following, we consider these two cases separately.

A. Small A scenario

In Fig. 3, we plot the parameter dependence of the net
baryon asymmetry for a fixed value of Tgry. To plot the
figure, we need to specify the scenario for the supersym-
metry breaking, since some conditions depend on the mass
spectrum of superpartners such as m, mj, and my sp. Here
and hereafter, we assume gravity mediated supersymmetry
breaking for mj;, < 10° GeV and anomaly mediated
supersymmetry breaking for ms;,, > 10° GeV, giving a
hierarchy on the mass spectrum. The specific values for
relevant mass parameters are indicated in the caption of
each figure.

As shown in Fig 3, we find that sphaleron erasure bound
[Eq. (2.12)] lies in the region where the early oscillation
occurs, and hence we must take account of the conditions
for Q-balls given by Egs. (4.45) and (4.55). These two
conditions turn out to be more severe than the sphaleron
erasure bound, which implies that Q-balls are likely to be
destructed in the high temperature environment, and that
the primordial B/L. number is washed away if the condition
given by Eq. (2.12) is violated.

Fortunately, we do not need to care about the survival
of Q-balls if the value of 1 is smaller than the bound
given by Eq. (2.12), since in such parameter regions the
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FIG. 3 (color online). Contour plot of ng/s as a function of A
and my ), for (a) Try = 105 GeV and (b) Tgy = 10° GeV. The
dashed cyan line “sphaleron erasure” represents the bound
[Eq. (2.12)] below which the wash out effect before the EWPT
is negligible. The region below the dashed red line “light
element” [Eq. (2.7)] is excluded since the unstable LSPs decay
during the epoch of the BBN. The effect of the early oscillation
due to the thermal log term becomes important in the region
above the dotted black line “early oscillation,” which corresponds
to Eq. (4.15). In this region, Q-balls have evaporated before the
EWPT above the dashed purple line “Q-ball survival”
[Eq. (4.45)], and stable Q-balls are not formed above the dashed
gray line “Q-ball stability” [Eq. (4.55)]. In the panel (a), the line
Q-ball survival [Eq. (4.45)] is determined by the charge transfer
AQ in Eq. (4.43) with m, <T < Tgy for ms); < 10° GeV
and that in Eq. (4.44) with T, <T < T, for m3;; > 10° GeV.
In the panel (b), it is determined by AQ in Eq. (4.43) with
my < T < Try. The line of “Q-ball stability” is not shown in
panel (b) because it lies far below the range of this figure. The
region above the dashed line sphaleron erasure [Eq. (2.12)] is
excluded since the primordial B/L number stored in Q-balls is
erased until the epoch where equilibrium R-parity violating
interactions become irrelevant. In these plots, we take mj;, =
my =myz = 10mygp for m3,, < 10° GeV with the assumption of
gravity mediated supersymmetry breaking, and ms3,, = 100m,, =
100mj; = 400mgp for ms;, > 10° GeV with the assumption of
anomaly mediated supersymmetry breaking.
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wash out effect becomes ineffective. On the other hand, a
small value of 1 is disfavored by the light element bound
given by Eq. (2.7). This situation is shown in Fig. 3(a),
where we take Try = 10° GeV. The tension between
sphaleron erasure bound and light element bound can
be aptly avoided for the reheating temperature as high
as Try = 10° GeV, as shown in Fig. 3(b). It is known
that such a high reheating temperature is problematic
since the decay of gravitinos created via the scattering
with particles in the thermal bath spoils the success
of the standard BBN [39,40,90-92], but this problem
can be avoided if the gravitino mass is heavier than
m3/2 2 0(104 - 105) GeV.

In Fig. 4, we also plot the parameter dependence of the
net baryon asymmetry for a fixed value of 1. From Fig. 4(a),
we see that for a small value of A (1 = 10~?) the successful
baryogenesis (ng/s ~ 1071%) occurs at a low reheating
temperature, but the light element bound [Eq. (2.8)] gives
a lower bound on the gravitino mass. This lower bound is
replaced by the sphaleron erasure bound [Eq. (2.13)] for a
larger value of A (4 = 1079), as shown in Fig. 4(b). In any
case, there exists a lower limit on mj , for the requirement
of the successful baryogenesis.

From the results obtained above, we confirmed that the
present baryon asymmetry can be explained in the broad
parameter region. Depending on the reheating temperature
Try, the successful baryogenesis occurs in the parameter
region 1072 <4 <5 1076 with m;3), 2 10* GeV.

B. Large 4 scenario

If the value of A is larger than the bound given by
Eq. (2.12), the baryon asymmetry is generated only if
Q-balls survive until the epoch where equilibrium R-parity
violating interactions become irrelevant. In this case, an
adequate amount of the primordial baryon asymmetry can
be generated if the reheating temperature is extremely high.
In Fig. 5, we plot the parameter dependence of the net
baryon asymmetry for Ty = 10'* GeV. We find that the
effect of the early oscillation becomes important in this
case, and hence the bound for the survival of Q-ball
[Eq. (4.45)] and that for their stability [Eq. (4.55)] are
applied. As shown in Fig. 5, these two bounds are below the
line of the sphaleron erasure [Eq. (2.12)], and hence we
conclude that above the line given by Eq. (2.12) is excluded
since Q-balls have evaporated before the sphaleron erasure
effect becomes irrelevant, and the primordial baryon
asymmetry is washed away. The leptogenesis with
L;L;E; or L;Q;Dyj direction might be marginally allowed,
but it depends on the precise values of factors such as c,
|a,,|, and S described in Sec. 111 B.

It is argued that the existence of R-parity violating
couplings can mitigate the constraints on the spectrum
of superpartners in the collider experiments [13-16].
Among them, a large lepton number violating couplings
(A and #) lead to the decay of gluinos into leptons, and the
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FIG. 4 (color online). The same figure as Fig. 4 but ng/s is
plotted as a function of ms,, and Ty for (a) 1= 10~° and
(b) A = 1075, The dashed cyan line sphaleron erasure represents
the bound [Eq. (2.13)] above which the wash out effect before
the EWPT is negligible. This sphaleron erasure line is not
shown in panel (a) because it lies far below the range of the
figure. The region below the dashed red line light element
[Eq. (2.8)] is excluded since the unstable LSPs decay during
the epoch of the BBN. This light element line is not shown in the
panel (b) because it lies far below the range of the figure. Lines
corresponding to Q-ball survival [Eq. (4.45)] and Q-ball stability
[Eq. (4.55)] are not shown in panel (b), since they lie far above the
range of the figure. In these plots, we take ms3,, = my = my =
10my gp with the assumption of gravity mediated supersymmetry
breaking.

null observation of such events gives a severe bound on the
gluino masses. On the other hand, the constraint on the
baryon number violating couplings (1) is relatively weak,
since the final state contains multiple jets whose identi-
fication is not straightforward in the hadron colliders. In
that case, the magnitude of A" should be as large as
O(107° = 1073), since otherwise superpartners do not
decay inside the detectors, giving a large missing energy.
Therefore, the natural supersymmetry implies a large value
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FIG. 5 (color online). The same figure as Fig. 4 but ng/s is
plotted as a function of 2 and m ), for Tgy = 10'* GeV. The line
of Q-ball survival [Eq. (4.45)] is determined by the charge
transfer AQ in Eq. (4.42) with m;, < T < T . The line of Q-ball
stability [Eq. (4.55)] is not shown because it lies far below the
range of this figure. In this plot, we take ms3,, = my = my =
10mygp for msz;, < 10° GeV with the assumption of gravity
mediated supersymmetry breaking, and ms3,, = 100m, =
IOOm}V = 400mygp for ms;, > 10° GeV with the assumption
of anomaly mediated supersymmetry breaking.

of A" with 1 and A’ highly suppressed. Unfortunately, the
present baryon asymmetry is not explained in this scenario,
since stable Q-balls are not formed and primordial baryon
asymmetry is washed out before the epoch of the EWPT, as
shown in Fig. 5.

For the value as large as 4 2 1079, the sphaleron erasure
bound might be avoided by lowering the reheating temper-
ature Tgy < 10'* GeV and by taking an extremely large
value of the gravitino mass msz;, 2 10% GeV. In such a case
we expect that the abundance of LSPs produced from the
thermal bath becomes larger than the usual case, since their
cross section is not fixed by the weak scale, but its mass
scale [i.e., mj; ~ 1072mjy, > O(10%) GeV]. Therefore, we
must take account of the entropy production due to the
decay of these LSPs, which is likely to reduce the efficiency
of this baryogenesis scenario. From this reason, we con-
clude that the present B asymmetry can hardly be explained
for the case where the magnitude of the R-parity violation is
as large as 1> 1073,
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VI. CONCLUSION

In this paper, we consider a scenario where the B number
of the Universe is created via the AD mechanism with the
R-parity violating operators in the supersymmetric exten-
sion of the SM. The AD mechanism works due to the
presence of the trilinear R-parity violating interaction of the
form given by Eq. (3.3), which lifts the flat directions of
the MSSM. The dynamics of the AD field after inflation is
calculated, and the net baryon to entropy ratio is estimated
as Eq. (3.30). The subsequent dynamics of Q-balls is also
discussed, and it is found that Q-balls are likely to be
destructed in the thermal environment. This result leads to
the difficulty in explaining the present B asymmetry with
the low temperature baryogenesis due to the decay of long-
lived Q-balls. In particular, it is difficult to generate an
adequate amount of the B number for the R-parity violating
couplings as large as 4> 1077,

We also find that the present B asymmetry can be
explained in the broad parameter region below the bound
given by Eq. (2.12), where the wash out effect of the
primordial B number due to the sphaleron transition and
R-parity violating interactions become negligible. However,
there is a lower bound on the R-parity violating couplings
[Eq. (2.7)] from the requirement that unstable LSPs must
decay before the epoch of BBN. To avoid these constraints,
we must require the value of the R-parity violating coupling
107 <2< 107° and the gravitino mass mj3), > 10* GeV.
These results imply that, for the scenario to work, the
R-parity should be mildly violated and the mass scale of
supersymmetry should be relatively heavy. It will be
interesting to probe such parameter regions in future
experimental studies, or discuss the origin of such a mildly
broken R-parity in more fundamental theories.
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