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ABSTRACT: We show a new mechanism for baryogenesis where the reheating temperature
can be smaller than the electroweak scale. The baryon number symmetry is violated by a
dimension nine operator which conserves a baryon parity. A high energy quark from the
decay of a heavy particle, e.g. inflaton, modulus or gravitino, undergoes flavor oscillation,
and is thermalized due to the scatterings with the ambient thermal plasma. We point out
that the baryon asymmetry of our universe can be generated due to the scatterings via
the baryon number violating operator. Our scenario can be tested in neutron-antineutron

oscillation experiments as well as other terrestrial experiments.
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1 Introduction

The baryon asymmetry of the universe is one of the leading mysteries of the inflationary
cosmology. Depending on the reheating temperature, T, various baryogenesis scenarios are
studied in different contexts. For 10'2 GeV > Tg > 100 GeV, where the baryon number
violation by a sphaleron process is effective, the baryon asymmetry can be transferred
from the lepton asymmetry generated at the high temperatures. For instance, in thermal
leptogenesis [1], the lepton asymmetry is produced by the CP-violating decay of a heavy
right-handed neutrino, which requires T > 10872 GeV. For Tr < 100 GeV, on the other
hand, the construction of a successful baryogenesis scenario becomes difficult. This is
because we need a baryon number violating process while the stability of proton must be
guaranteed. Such an attempt to realize low scale baryogenesis was initiated by ref. [2] in
a context of R-parity violation in supersymmetric theories. (Also, see,e.g., refs. [3—6] and
references therein.)!

It becomes clear that a field once dominates over the universe, and then decays into the
standard model (SM) particles to reheat the universe. Such a scalar should exist to drive
inflation: the inflaton. In addition to the inflaton, moduli, axions, or gravitino may play
the role. In fact, many underlying theories, such as string theory and M-theory, predict the
existence of scalars and fermions coupled to the SM particles as weak as gravity. If those
particles are produced in the early universe, they dominate over the universe. The decay
then leads to a low reheating temperature due to the weakness of the coupling constants.
The temperature can be easily lower than the electroweak (EW) scale, Tr < 100 GeV, and
hence the baryogenesis becomes difficult.

! Asymmetric dark matter [7-11], or baryogenesis before the last period of reheating [12] can also explain
the baryon asymmetry in this temperature range.



In this paper, we propose a baryogenesis scenario at T < 100 GeV. We show that
the baryon asymmetry can be directly generated from the perturbative decay of a heavy
particle, which could be the inflaton etc, weakly coupled to the SM particles. We introduce
a baryon number violating but baryon parity preserving operator. In an effective theory
for the SM particle contents, a dimension nine baryon number violating operator plays the
role. Thanks to the baryon parity, the proton is stable. Energetic quarks produced by
the heavy particle undergo flavor oscillation due to the misalignment of the bases of the
quark masses and the interactions. The oscillation can cause CP violation analogous to
the ordinary neutrino oscillation. The baryon asymmetry is created by the first scattering
via the dimension nine operator. This scenario can be tested, e.g., in neutron-antineutron
oscillation experiments [13-16]. By building a simple renormalizable UV model, we show
our scenario works as well. In the case, our scenario may also have implications on flavor
changing neutral currents (FCNCs) and CP-violating processes.

In the context of quantum oscillation, the possible baryogenesis scenarios at
Tr < 100GeV were studied in terms of hadrons at the confinement phase [17-19]. In
particular, the baryogenesis by the heavy baryon-antibaryon oscillation has been shown to
be possible [17, 18]. It was found that the baryon asymmetry production can be efficient,
and is consistent with the experimental constraints by enhancing relevant dimension nine
operators with (approximate) flavor symmetry.

In contrast, we focus on the energetic quarks produced from the decays of very heavy
particles before the confinement. The quark flavor oscillation happens a la the baryogenesis
via the right-handed neutrino oscillation [20-22].2 In particular, we point out that the
baryon asymmetry can be significantly produced due to the quark-plasma scatterings at
a high center-of-mass energy. The mechanism allows us to have weak enough relevant
operators without conflicting with experimental constraints.

A similar mechanism has been considered in the context of active neutrino oscillation
with higher dimensional terms for T > 10% GeV [23]. It was shown that baryogenesis is
possible in the SM plus the dimension five Majorana neutrino mass term, LLH H, explain-
ing the ordinary neutrino oscillation [24]. The key point is that the leptons, produced from
the inflaton decays or the scatterings of the plasma, undergo flavor oscillation due to the
thermal masses. (See also ref. [25] for the case with a light right-handed neutrino.)

2 Baryon asymmetry from quark flavor oscillation

To discuss our mechanism, we first consider an effective theory made up by the SM particle
contents where all the quarks are charged under the parity. The leading operators changing
the baryon number are

LD /<51Q4(d*)2 + rould* + Hg(Q*)2d3U + h.c., (2.1)

2Here right-handed neutrinos are produced from the scatterings of the particles in the thermal bath.
The null total lepton asymmetry is separated into the right- and left-handed neutrino sectors as the same
amount but the opposite sign where the latter one is transferred into the baryon asymmetry by sphaleron.
Interestingly the reheating temperature is allowed to be as low as O(100) GeV.



where Q : (1/6,2,3) and u : (—2/3,1,3), d : (1/3,1,3) denote left-handed quarks and
right-handed anti-quarks, respectively, in Weyl notation, with the corresponding represen-
tations under the SM gauge group: (U(1)y,SU(2)r,SU(3).). Here k123 are the couplings
with dimension —5, we have omitted the flavor, Lorentz, and gauge indices. Although the
baryon number symmetry is violated by two units, proton remains stable due to the Z5 sym-
metry where all the quarks are odd but the other fields are even. We omit the contribution
of dimension six operators which conserve the baryon number. The dimension six operators
are not important unless they change drastically the thermalization process (see section 4).

The highest energy scale, Aqutof, of the model justifying the perturbative expansion is
obtained as

1 \4
<167r2) O(lk1 25" Action S 1- (2.2)

The center-of-mass energy of a scattering process for a quark should satisfy
Ecm S, Acutoff = (477)4/5O(|/‘71,2,3|_1/5) . (23)

Before the energy scale E., becomes around Acyiofr, the effective theory may be replaced
by a UV renormalizable model.> A UV renormalizable model will be discussed in section 4.
In what follows, we use the effective theory to describe our scenario where our discussion
should be applied to all the UV models with heavy enough new states.

2.1 Mechanism

Suppose that a weakly coupled heavy particle, ¢, with mass m decays into the SM particles
including quark/antiquark. Here ¢ is a scalar particle, e.g. an inflaton, a modulus or an
axion. Also our discussion can be extended to the fermion case, e.g. ¢ is a gravitino,
straightforwardly. For a while before the decay, the energy density of ¢ is assumed to
dominate the universe due to the longevity caused by the weak coupling. Then the out of
equilibrium decays with the total width I'y reheat the universe. The reheating temperature
is given as Tp = (g*7r2/90)71/4 VTeM, with M, ~ 2.4 x 10" GeV being the reduced-
Planck scale and g, being the relativistic degrees of freedom. Here we focus the region of
the reheating temperature

1GeV < Tg <100 GeV (2.4)

for simplicity. At the range of temperature the effects of confinement can be omitted. We
will mention the application of our mechanism out of this range later.

At the moment of an inflaton decay at ¢t = tg ~ 1/T'y, two components constitute
the universe, the energetic quarks with energy ~ mg/2 > Tg,* and the thermal plasma
characterized by the temperature of Tr. The latter component is produced due to the
decays of ¢ at t < tp and is diluted by the entropy production of the decaying ¢. The
products are soon thermalized and form the thermal bath. The former component is from
the direct decay at this moment, which is injected into the thermal bath. The energetic

3 Alternatively it can just become non-perturbative.
4We have assumed a two-body decay for simplicity, but it is not necessary. As long as the energy of
emitted quark is of the order my our prediction does not change much.



quarks soon scatter with ambient thermal plasma, dissipate the energy, and are thermalized
in the end. This thermalization process is obviously a one-way process, during which the
baryon asymmetry can be created. In the following, we concentrate on this process.

Let us track a quark quantum state during the thermalization process. For instance,
a state of an up-type quark is written as |Up)i—¢, at t = tg. This quantum state of the
quark can be expanded by the mass eigenstates as follows

Up)lemtr = Vil lu) + V) + Vit (2.5)

where

VP = (i|Uy) (2.6)

with ¢ being u, ¢, t. Before the first scattering the state undergoes flavor oscillation and at
t = tp + At the state reads

2 2 2
|Ug)i=tprar= V.. exp (im“At>|u>+chexp (icht>|c>—|—VtPexp <imtAt> It), (2.7)
me mg me

where we define the states |u, ¢, t) with including the flavor blind phase of exp[—imgt/2+. . ]
which does not contribute to the flavor oscillation.

The energetic quark can not travel freely (or coherently) for a long time because of
the preexisting thermal plasma. The flavor oscillation is terminated due to the scattering
with the ambient plasma at the time scale

(At) L =Ty, . (2.8)

Here I'yy, is the thermalization rate obtained from the inelastic scatterings between the
quark and the plasma.® The quark scatters with plasma to produce many soft gluons via a
Bremsstrahlung emission, whose rate is o« 7'. In the dense medium, the multi-gluon emis-
sion rate is suppressed by a so-called Landau-Pomeranchuk-Migdal (LPM) effect [26, 27],
due to which the amplitudes of scattering cancels among different diagrams unless the
momentum transfer becomes large enough. This effect suppresses the energy loss rate by
/2T /m compared with the one derived from a naive inelastic scattering (See refs. [28-31]
for “bottom-up” thermalization):

[oT
Trpum ~ C'o2Th m—f : (2.9)

where C' = O(1) denotes the theoretical uncertainty of the thermalization rate.

An important observation in our scenario is that other than the gluon propagating
interaction, the dimension nine operator also contributes to the scattering, as a 2 — 4
process. The 2 — 4 scattering rate is given by

C(k1, ko, k3) ES, " 3¢(3)T3
47 - (1672)2 A0 212

Tpy = (2.10)

5The decay rate of the top quark with a boost factor is o agmf/m¢7 which will be slower than the
thermalization processes shown below.



Here, we have explicitly extracted the typical scale of x; by denoting A, 47 - (1672)? is the
phase space suppression (cf. ref. [32]), and the last factor denotes the number density of
a thermalized fermion (of two spin components). The center-of-mass energy is approxi-

Eem ~ \/Trmg - (2.11)

C' is a dimensionless function of k123 which can be calculated from the imaginary part of

mated as

the self-energy of the up-type quarks in the thermal environment [33]. For instance, we
: : : j1j2k1kaksk B1 7B2 18
can consider the interaction of the form (ko)/172M72%% ey, o, €6, g, 55, dit dpiul didy?,
where we have explicitly shown the indices of flavor j,, k, = 1, 2, 3, denoting the generation
in the mass basis, and color ayg, 8, = 1,2,3. We assume for simplicity that j, as well as k,

are symmetric for different a in k3. In the case one obtains
C = v/, Cim (2.12)

where

Cun ~22M0% 0 3" (R2)akakahaks (F2)miak kaksk - (2.13)

J2 ki1>ka>ksz>ka

Chm is related with a two point function of flavor [ and m quarks. v; is the norm 1
eigenvector of Cy,,. v; will define the interaction basis, which is important for the flavor to
be “observed”. Here, 2% comes from the color factors, permutations of the flavor indices
and contractions of spin indices. If one assume that xo with arbitrary indices are of order
A~?, the summation provides ~ 3 x 6!/(2!4!)A~10 ~ 45A71°, One obtains

C =0(10%). (2.14)

If there are other contributions from k1, k3, the value can be even larger. On the other
hand, if only a single set of indices of (k2) dominates, which happens if there is a specific
flavor structure, one obtains C ~ 28.

One can see that this scattering is efficient for the energetic quark but it becomes
inefficient after the quark loses its energy. If the center-of-mass energy is high enough, the
scattering also contributes dominantly to the thermalization over the energy loss process.
It turns out that the thermalization rate can be estimated as

I'ip ~ max (Cppy, Iey) - (2.15)

In the case the 2 — 4 process is flavor dependent, the flavor can be “observed”.
Suppose that the “observed” state by a 2 — 4 process is |R) which is an eigenstate of the
interaction basis satisfying v} = (i|R). Then the difference between the probability for
producing a quark state |R) and its CP conjugate propability is given as

2 2
Py,~r — Py, g =4 §'>k SV vjue (V)] sin (Wm) : (2.16)
)=

One finds if either VjP or v; contains a CP-odd phase, the CP violation probability can be
non-zero. The exception is that either VZ»P = 0jq O vj = 0j, is aligned to the quark mass
basis, where a denotes an index of the mass eigenstate.



Since the interaction violates the baryon number by two units, all the Sakharov’s
conditions [34] can be satisfied once the flavor oscillation is terminated by the 2 — 4 process.
Consequently, the baryon asymmetry can be generated. The “observation” happens for the
fraction ~ I'gy /Ty, of the total energetic quarks and antiquarks produced by the ¢ decays.

Now we can estimate the produced amount of the baryon asymmetry at the first
scattering. The generated baryon to entropy ratio can be given by

Ap  3Tg o 'y
s = dmy D X Wesr = PO R) X 2
C\ (Eem\®/ Trn \?/200TeV\!
~ 9 x 107082 (L) ((Eem 2.1
9 x 1077 BterC <104><2A> (90GeV) < A ) ’ (2.17)
where s is the entropy density of the universe and we define
cor= Y SR u (i), (2.18)

k=c,u

B is the decay branching ratio to the quark states characterized by |Uy). We have used
m?/mg x Tgl ~ mia;2(E2,T3)71/2 < 1 to expand the sin function in eq. (2.16). The
factor of 2 in front of I'gy /Iy, is from the “two” unit violation of baryon number by the
2 — 4 process. In the second row, we pick up the contribution of the top quark since m;
is the largest quark mass.

2.2 Predictions

Notice that although eq. (2.17) increases as Fcp, increases, there is an upper bound on the

generated baryon asymmetry. This is because when I'tpy < I'py, i.e.

_ 100\ A ' 100 Gev\ MO
> ~ R
Een 2 E ~ 250 TeV x (C/C,> <1oo TeV> ( T ) : (2.19)

the dominant energy dissipation occurs via 2 — 4 scattering process and At ~ Fg\l, de-
creases as Fy, increases. Thus the asymmetry generated by the oscillation tends to de-
crease. However when E > Acyof our effective treatment of dimension nine operator
becomes invalid, and we consider that there is a UV renormalizable theory above the scale,
where the I'gy is suppressed by the center-of-mass energy from dimensional grounds. (See
section 4.)0

We can estimate the maximal amount of the asymmetry generated due to the first
scattering by setting E.y, = E in eq. (2.17) as

/3 7600 TeV \ 10/3 Th 4/3 2.20)
A 100 GeV ' ’

In figure 1, we show the upper bound of A in the Tr-A plane with B&cp = 1 for simplicity

C

104

A7 7.8 x 1071 B¢ pC'—4/3

to get a correct amount of the baryon asymmetry that is measured as [35]
Achs

~8.7x 107, (2.21)
S

5This is also the reason we do not consider the scattering between two energetic quarks which have the
center-of-mass energy mg > A.
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Figure 1. The analytical upper bound on A [TeV], the scale of the dominant dimension nine inter-
action, to get correct amount of the baryon asymmetry as a function of the reheating temperature.
We take C' = 2% (left) and C' = 5 x 10* (right). In both figures, Bécp = 1 is taken for simplicity,
and the range corresponds to the variation of C’ = [0.3, 3].

We take C' = 28 and 5 x 10* in the left and right panels, respectively. In both panels,
C’ =[0.3,3] is varied to take account of the theoretical uncertainty which is dominantly
from the LPM effect. The predicted region compatible with the observed value of baryon
asymmetry is on or below the green band. We get the prediction that

A < 10-1000 TeV with Tg = O(1-100) GeV, (2.22)

for Bécp < O(1). This is our main result.

We mention that at ¢ < tg where the thermal plasma has even higher temperature
T > Tg, the decay of ¢ should also create the baryon asymmetry via the quark flavor
oscillation. The contribution would be dominant for the baryon asymmetry in some pa-
rameter choices due to the high power of T in I'gy. However the prediction of maximum
asymmetry eq. (2.20) does not change much even after including the extra contribution.
This is because that the maximal baryon asymmetry generated at T" > Tg is diluted due
to the entropy production to be AR /s|p. . x (Tg/T)> at t = tg, which is smaller than
eq. (2.20).7

An interesting observation of the scenario is that the neutron-antineutron oscillation
can be tested when (/11,273)*1/ % are of same order A for any choice of the flavor indices
(right-panel of the figure 1), i.e. with a general flavor structure. In fact, the rate of neutron

oscillation can be within the experimental reach [13-16] if
(F123)1000, ~ A < 1000 TeV, (2.23)

where the subscript “1” denotes the first generation. The current bound is A 2 O(100) TeV
[36, 37]. (See also refs. [38—40] for theoretical calculations and uncertainties of the neutrino-
antineutrino oscillation rate.) If one assumes a special UV model with such a specific
flavor structure that s 23 may be suppressed for the first generation, the scenario becomes

"Strictly speaking, one should replace the quark mass to be a thermal mass if 7' > 100 GeV. If Eoy > A,
one may need to calculate the asymmetry in a renormalizable UV model. In any case, the maximum amount
of asymmetry produced at t < tg is diluted to be less than eq. (2.20).



irreverent to the experiments. The baryogenesis is still possible. For example, one of
the operators irrelevant to the experimental bounds can easily be A < O(100TeV) and
generate enough baryon asymmetry. (See the left-panel of figure 1.)

3 Numerical simulation

In this section we numerically confirm the mechanism by solving kinetic equations [41]. We
focus on the density matrices of the left-handed up-type quarks for simplicity as follows

o= | P py®:t). (3.1)
P

|~mg /2 (27r)3 S
_ &*p pij(p,t)
(P)ij /p|Nm¢/g (2m)3 ] (3.2)

Here we only consider the density matrices for the high energy (monochromatic) quarks
with initial typical momentum of my/2 produced by the ¢ decays. The lower energy modes
have a suppressed interaction rate for baryon number violation, and the effect is negligible.

The quantum evolution of the density matrices can be followed by solving the kinetic
equations. (See refs. [22, 24, 41] for derivations of the equations. We use the convention in
ref. [24]) The equations are

dp (A

dp o i
where )
my

The destruction rates for quarks are given by

12T

Cy  ES, 3BT}
(Tav)y; = 47 - (1672)2 Aclo TR (3.7)

The second term is

which corresponds to I'gy discussed in the previous section, where Cj; is a positive definite
3 by 3 hermitian matrix, whose each component is of order 10* for a general flavor structure.
Now we are at the position to solve the kinetic equations. The initial condition can be

given as
_ 3Tr
(p(tr));; = (P(tr));; = 31@

which is provided by the direct decay of ¢ at t ~ 1/I'y. For simplicity, we have assumed

Vi'Vi, (3-8)

that the decay product is a pure state.
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Figure 2. The numerical result for the correct baryon asymmetry region in Tr[GeV]-A[TeV] plane.
Here 2A = E.p, Vi = 1/v/3{exp (i), exp (—2i),exp (i)} and C;; is randomly generated given in the
main text, and B = 1. The range of the band corresponds to the variation of C’ = [0.3, 3].

Since the 2 — 4 interaction violates the baryon number by two units, we can estimate
the generated baryon number by

t=00
S22 _a [ deul(p- ple. (3.9)
8 t=1/T,
Notice again that we can neglect the baryon asymmetry production or destruction after
the first scattering because I'gy decreases significantly for lower center-of-mass energy.

In figure 2 we show the numerical result of the allowed range in Tgr-A plane with
Trmg = 4A2. Here we have also fixed Cij as

5100 5000 + 32007 4200 4+ 2900¢
5000 — 32002 10700 4400 4 2007 | , (3.10)
4200 — 2900¢ 4400 — 2007 5900

which is generated at random, and V; = 1/v/3{exp (i), exp (i), exp (—2i)}. The amount
of the asymmetry as well as the behavior is consistent with the analytic estimation in
the previous section.® In figure 3, we show the produced baryon asymmetry at the first
scatterings by varying ., with Tr = 90 GeV and A = 100 TeV. The other parameters are
fixed to be the same as the previous figure. We find again that there is an upper bound
on the baryon asymmetry around Ee, ~ E. As noted, the baryon asymmetry evaluated
with E.n > A ~ O(0.1)E may not be true due to the perturbativity bound. In such
a high energy region, our effective theoretical treatment of the dimension nine operator
becomes invalid. The baryon asymmetry of this region, however, can be re-evaluated in a
UV renormalizable model.

80ne small difference is the behavior at low reheating temperature. When the T is small, the produced
baryon asymmetry gets suppressed since the oscillation becomes too fast. This effect is not discussed in the
previous section.
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Figure 3. The numerical result for the baryon asymmetry generated by the first scatterings by vary-
ing Eem = mgTr with Tr = 90 GeV and A = 100 TeV. The other parameters are same as figure 2.

4 Case in the UV model

One of the renormalizable UV models can be constructed by introducing two Zs even scalar
quarks. (See ref. [18] for another UV model.) The interaction Lagrangian is given by

LY 5 18,QQ + cu®od*d* + c3Piu*d* + ADIDy + h.c. (4.1)

where ®; and ®, are heavy scalar quarks in the representations of (—1/3,1,3) and (2/3, 1, 3)
under the SM gauge group. For simplicity, we only consider one set of them, while the
extension with multiple sets of scalar quarks is straightforward. cj23 (A) are the dimen-
sionless (dimension 1) couplings. By integrating out ®; and ®9, which have the masses of
M; and My (> TeV), respectively, one can obtain the dimension nine operators with the
couplings,
A*C%CQ A*@c% A*cieacs

Sz T Y MEME

For certain parameter choice, the model can be embedded into an R-parity violating super-

K1 (4.2)

symmetic model by identifying ®; and ®5 with the superpartners of d* and u*, respectively.
(See e.g. ref. [3].)

Let us briefly discuss the baryogenesis in the context of the UV model. At low energy it
has the same baryogenesis mechanism as in the previous section because of the decoupling
theorem. In fact, in addition to the dimension nine operators, there are also dimension six
operators, i.e. four-Fermi operators, by integrating out ®1 2. Since the flavor and CP viola-
tion are essential for our scenario, the four-Fermi operators may also have flavor- and CP-
violating structures. The four-Fermi operators are generated as @%(dd)*dd by integrating
out ¥, or as G’E?d] (ud)*ud, G%d](QQ)*ud, or G%d](QQ)*QQ by integrating out ®;. Here
G4 ~ |ea|? /M3, and G’%d] ~ c>{7301,3/M12. The presence of the four-Fermi operators do not

change our previous discussion on the baryogenesis significantly if |C~¥%[Ud]\ < O(k1.23%°)

~10 -



since they do not generate/washout the baryon asymmetry and do not contribute much on
the thermalization.

Some of the operators, however, could contribute to FCNC process in the ground-based
experiment and G%. is constrained severely [42],

(GE)~12 > 010 = 10°) TeV (4.3)

depending on the omitted indices for flavor and chirality. The type of C:’Bffd] (ud)*ud, on the
other hand, is not severely constrained. These constraints can be avoided if |cz| are small
enough and/or ®, are heavy enough.

Now let us estimate the maximum amount of the baryon asymmetry produced in the
UV model due to the quark flavor oscillation. When we increase E.p, for given Tr and A
in the effective theory by integrating out ® 2, I'gy increases. By assuming M; ~ My for
simplicity, the increase of I'gy continues until F., ~ Mj + M, where the exotic colored
scalars, ®; and ®5, become on-shell. Thus the baryon number violating scattering is most
efficient when E.,, ~ Mj + My due to a 2 — 2 process: e.g.

u+d— O+ 05 (4.4)

The rate is given by

, 3132 Al? 9 3¢(3)Th

~ Een 2 My + Ms) . 4.5

When E., > M;, the interaction rate of the baryon number violating process is suppressed.

The maximal asymmetry can be estimated similarly by replacing I'gy with 'y, in

egs. (2.15) and (2.17).
2 4 2
100 TeV T
° R ) (46)
Fem 100 GeV

where E., ~ /Trmg ~ M+ Ms, where we again use the top quark mass for the dominant
oscillation effect. With My ~ M; < O(100) TeV the enough amount of baryon asymmetry
can be generated with A ~ My, ¢1 or ¢3 = O(1). Interestingly it does not depend on |ca].

A
Eem

Amax uv
< B ) ~ 3 X 10_IOBfCPC’/_2|Cl,3|2
S

Thus, if the correct baryon asymmetry is produced by this process, the constraint from
the neutron-antineutron oscillation as well as the FCNCs can be avoided by taking |cs]
small enough.

Other than the testability in the neutron-antineutron oscillation experiments, this UV
model may be tested in the flavor physics. Although the tree-level operators for the FCNC
can be suppressed without conflicting with the baryogenesis, the operators are generated by
box diagrams with Higgs/W-boson and ®; fields propagation. Notice that |c;| or |e3], and
|1/M;| should be large for the baryon asymmetry, and the loop contribution may be tested
in future measurements of the FCNCs and CP-violating processes. ®12 can be searched
for in future hadron colliders.

- 11 -



5 Discussion

Estimation on ¢-coupling. The interaction between ¢ and quarks could be Planck-
scale suppressed and is weak. This is the case if ¢ is a modulus, string axion or a grav-
itino. The former two may also play the role of the inflaton. The total decay width is
= gmi’) / 47TM§1 with a model-dependent constant g. For instance, if ¢ is a singlet scalar,
L D ApHQu/Mp represents the interaction to the SM model particles, where A is a di-
mensionless coupling constant. Then the dominant decay is to three-body final states with
g ~ A\?/167% due to the phase space suppression (Our previous results do not change much
by considering three-body decays instead of two-body.). The reheating temperature is
obtained as

T ~ 100 GeV - g*/? (103)711%/)3/2 . (5.1)
One can find that if the mass is smaller than ¢—'/3100 PeV, the reheating temperature
becomes smaller than the electroweak scale. For 1GeV < Tr < 100GeV, the center-
of-mass energy of the emitted quarks at ¢t = tp is around 2TeV < ¢Y/6F, < 100 TeV.
Therefore in these kinds of models, the large enough center-of-mass energy can be realized
consistently with our scenario. (See figures 1 and 2.)

Although we have considered ¢ decays to quarks via higher dimensional operators,
in the UV model ¢ may also decay to ®; due to additional interaction terms such as
LYY D —A;0|®i> — A\po¢p®P?®s. Then, there could also be baryon asymmetry pro-
duced through ¢ — ®;P1Py, (P1P1P2)* processes. The processes are both CP and

baryon-number violating when the phases of A and Aye are misaligned. However, the
contribution is at most [6Ap/s| ~ (%)e, similar to thermal leptogenesis [1]. Here

., ( Loop Factor SApaAtA;
€ (4m)3 m
Loop Factor represents the loop effect, whose imaginary ;Jart is needed to obtain a “strong

X F;l, where (47)~3 comes from the 3-body phase space and

phase” for a CP-violation. For instance, if I'y ~ 4;:;'%, i.e. the dominant decays are

b — D,0F, € < Loo&f)%cmr l)‘djf;Al < LOO&;@““%, where we have used A\2gmg/(647°) <
A?/(4mmy), namely the decays of ¢ — ®1P1P are less frequent than the dominant
one. In the parameter region of interest, mg ~ O(1 — 100) PeV, Tg ~ O(1 — 100) GeV,
|A] < M; < O(100) TeV, the contribution is suppressed.” On the other hand, the sub-

sequent decays or scatterings of ®; from ¢ produce quarks. These quarks undergo flavor

oscillations and may generate baryon asymmetry. Such effect was taken account of with
certain {cp and B. Alternatively, with several flavors of the“squarks”, flavor oscillations
among them can also be important for baryogenesis.

Tr 2 100 GeV or Tr < 1GeV. In the main part, we have focused on the range (2.4).
The extension to T > 100 GeV is straightforward by replacing the Higgs-induced quark
masses by the thermal mass of the quarks in eq. (2.17). We have checked the success of
the scenario. In this case, E., can be increased due to higher temperature, and hence

9This contribution might be important in the regime with smaller hierarchy between Tr and me, and
A and myg.
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mg can be smaller,'? and A can be larger than those in the main part. The extension to
Tr < 1GeV is also possible because the quark flavor oscillation is still important within the
time scale of confinement (Agcpm;/ m¢)_1 after the heavy ¢ decay. Here Aqcp ~ 0.2 GeV
is the QCD scale. Within the time scale, one can ignore the effect of confinement and
our scenario works as well with a proper estimation of I'yy, by taking account of the quark
scattering on hadrons. In this case, we may need A < O(10) TeV and a special flavor
structure to suppress the neutron-antineutron oscillation rate.

6 Conclusions

In this paper, we have shown a new mechanism for baryogenesis with the reheating temper-
ature lower than the electroweak scale. In the effective theory approach, we have assumed
the presence of the dimension nine baryon number violating operators which preserves the
baryon parity. The high energy quarks produced from the decays of heavy particles, such
as inflaton, moduli, or gravitino, undergo flavor oscillation, and lose the energy through
the scattering with the ambient thermal plasma. Although the dimension nine operators
are very weak at low energy satisfying the experimental constraints, during the energy loss
processes of the quarks they are so efficient that the sufficient amount of baryon asymmetry
is created. The scenario can be tied to the neutron-antineutron oscillation if all the dimen-
sion nine operators do not have a significant hierarchy in size, and thus can be confirmed.
We also discussed in a UV model that the flavor/CP observables are searched for in the
future. Our mechanism is compatible with various low-reheating temperature scenarios or
low cutoff scale models.!!
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OEven Tk > myg is possible enhancing the asymmetry production if the reheating is via the dissipation
process, in which case the asymmetry production can be enhanced [25]. The dissipation effect is important
for reheating in the ALP inflation model [43-45].

" There are interesting theoretical implications on scalar dark matter [46-53] in the context of low-scale in-
flation which lasts long enough. Alternatively, the mechanism may be important in the context of the “trans-
Planckian censorship conjecture” which restricts the inflation energy density smaller than 10° GeV [54, 55].
See also refs. [56, 57] for altering the bound. In both cases, an even lower reheating temperature is required.
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