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ABSTRACT: We propose a scenario of spontaneous leptogenesis in Higgs inflation with help
from two additional operators: the Weinberg operator (Dim 5) and the derivative coupling
of the Higgs field and the current of lepton number (Dim 6). The former is responsible
for lepton number violation and the latter induces chemical potential for lepton number.
The period of rapidly changing Higgs field, naturally realized in Higgs inflation during the
reheating, allows large enhancement in the produced asymmetry in lepton number, which
is eventually converted into baryon asymmetry of the universe. This scenario is compatible
with high reheating temperature of Higgs inflation model.
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1 Introduction

Mysteriously the universe is populated by matter rather than anti-matter. This matter-
antimatter asymmetry has been a long-standing problem in particle physics and cosmology
since it could not be understood within the framework of the Standard Model (SM). Con-
ventional wisdom is to look for a theory which satisfies the Sakharov conditions when CPT
symmetry is assumed [1]: (1) Baryon number violation, (2) C and CP violation, and (3)
out of equilibrium. Even though all the conditions are fulfilled in the SM, the CP vio-
lation is too weak to account for the observed amount of asymmetry. The asymmetry is
conveniently represented by the difference between the number densities of baryons and
anti-baryons, ng = ny — ng,l and the number density of photons, n, [2]:

np = 22 ~ (612 +0.04) x 107°. (1.1)

Ty
One of the most popular ideas is leptogenesis in a GUT theory [3] (for review see
e.g. [4-6]), where right handed neutrinos have Majorana masses that allow lepton number

"We will use small letters b(b) and £(€) for particle (anti-particle) numbers density, and capital letters B
and L for ‘total’ number density. Therefore, ng = ny — ng and nyp, = ng — ng.



violation. The sphaleron processes eventually convert the lepton asymmetry to a baryon
asymmetry [7]. However, the large Majorana mass is beyond the coverage of currently
available or future coming experiments in near future so that the idea is hardly confirmed
by observational data [8]. For possible search of sphaleron effect, see ref. [9].

When inflaton is involved, the issue is subtle since spatially homogeneous inflaton
background in an expanding universe does not respect CPT symmetry: notably, the cou-
pling between the inflaton and the divergence of the current of lepton (or baryon) number,
9uJt (0,4%), would generate an effective chemical potential for lepton (or baryon) num-
ber [10-13]. Therefore once the lepton (or baryon) number is generated by certain processes
in the early universe, the chemical potential will contribute to the generation of net lepton
(or baryon) number. We note that similar derivative couplings (or variations) have been
adopted to explain baryon asymmetry in earlier works [14-16].

In this work, we consider Higgs inflation as a concrete example [17, 18]. Two higher
dimensional operators in the framework of Higgs inflation: first, we consider the dimension-
five Weinberg operator, violating lepton number [19]: Ogims ~ (L¢)(Lo)T.2 Second, the
derivative coupling between the Higgs field ¢ and the lepton number current j7: Odime ~
6”(¢T¢)) J1' [10-13]. Aslong as we accept the coherence of the Higgs field for spatial variation
(i.e. 9;¢ = 0), the dimension six operator generates effective (time dependent) chemical
potential e (t) ~ 9(¢7¢) as Odime ~ Ou(¢'¢)(ne — ng) for the difference in lepton and
anti-lepton number densities. In our setup, all the masses of the SM particles including
neutrinos change in the course of time by oscillating Higgs field after the inflation, which
allows generation of lepton number as we will closely see in the later sections.

This paper is organized as follows: in section 2, we will set out model including the
higher dimensional operators. In section 3, we calculate particle production and subsequent
lepton asymmetry from the coherently oscillating Higgs inflaton background. We also
present the numerical results and read the viable parameter space to explain current baryon
asymmetry. In section 4, we conclude.

2 Setup

In this section, we will briefly review the major results of the Higgs inflation [17, 18], as well
as relevant characteristics of reheating phase after inflation [20-22]. Then we will discuss
additional two higher dimensional operators to the SM Lagrangian, and their effects to
baryon asymmetry.

2.1 Higgs field equation during and after inflation

Higgs inflation has attracted a lot of attention due to its simplicity and consistency to the
current measurement of the spectral index ns; and tensor-to-scalar ratio r. To suppress r
value, one introduces a non-minimal coupling between the Higgs scalar and the Ricci scalar
R. One of the distinguished features of the Higgs inflation is that the fermion masses are
very large and time-dependent during the inflation and subsequent reheating epochs due

20ne of the ultraviolet (UV) completion models is the heavy Majorana neutrino being integrated out,
motivated by the seesaw mechanism.



to the dynamics of the vacuum expectation value of the Higgs field as an inflaton. We
emphasize that this is also responsible for the large lepton asymmetry generated from the
Higgs inflaton condensate.?

In addition, to describe the action in the canonical Einstein frame without the non-
minimal coupling, one performs the conformal transformation. From this, fermion masses
also obtain additional conformal weight. See appendix A for detailed derivation.

The Jordan-frame action of the inflaton sector is given by the SM Higgs with a non-
minimal coupling constant &:

SJinf = /d4$\/ -9 B (MI% + §¢TJ¢J) Ry — %|au¢J|2 — Vi) (2.1)

where J stands for the Jordan frame, Vj(¢s) = %gbﬁ, and the real scalar ¢ is the physical
Higgs direction in the unitary gauge. We transform the action eq. (2.1) to Einstein frame
with Weyl transformation:

uv = Q2(¢J).9J;W7 (2'2)
where we truncate the conformal factor Q2 up to the quadratic power of ¢ ;:

D(05) = 1+ 107 63, (2.3)
P
We have omitted explicit E subscript for simplicity. The final form of the action in the

Einstein frame is

M} 1
SE int = /d%\@ [QPR - 5\81@\2 - V(¢)1 ; (2.4)
where the potential in the Einstein frame V' (¢) is
V.
V() = J(?zi(¢)). (2.5)

The inflaton fields in both frames are related by

o J1+66 [ VET+6E), oy ] 682¢% /M3
7 ¢ sinh (A/[P)—\/ésmh (14‘&?3/%23 . (2.6)

In the limit of £p > Mp, eq. (2.3) and eq. (2.6) can be approximated as

2 19l 6 2
02~ eV, Ajp:(sgn¢ﬂ{ln<l+§%>. (2.7)
Therefore,
oy 1 I 12
i (sgn ¢) e (e 1) : (2.8)

3See ref. [23] where lower reheating temperature of the order of 10'? GeV is assumed in order to generate
sufficient lepton number to photon ratio in a non-Higgs inflation. In ref. [24] oscillating Higgs field during
(p)reheating is considered with preexisting C/CP violation as the source of asymmetry.



Let ¢g be the inflaton field value at the end of inflation, after which the inflaton
potential can be approximated by a quadratic form in general:*

V(g) ~ %M%Q. (2.9)

Here, M determines the frequency of the oscillation right after the inflation. Then the
solution of the Friedmann equations

%d’? +V(¢) = 3M}H? (2.10)
$+3H¢+§;=0 (2.11)

describes the dynamics of the oscillating homogeneous inflaton field as an approximate
form [20]

sin(Mt)
t) =~ ¢pg——-=. 2.12
Blt) = 603 (212)
In the Higgs inflation, the effective mass M during the oscillation is not a free parameter
2
but fixed from A and € as M? = %, and ¢ is order of Planck scale [21]. As we will see,

the neutrino mass and the effective chemical potential of lepton number change in time
accordingly to the oscillating Higgs field in eq. (2.12).

2.2 Lepton number violation and effective chemical potential

In the SM, it is the simplest to introduce the Weinberg operator, the minimal lepton-
number-violating dimension-five operator, in order to account for the observed neutrino

masses:

C P ~ ~
Ldim-5,7 = Mig)P(LJ(I)J)((I)JLJ)Tv (2.13)

where ® = io5®* and we have assumed this operator is Planck suppressed with a parameter
¢5 < O(1). This can be used to realize a leptogenesis. We emphasize that we are in the
Jordan frame now. Although we will only consider a single flavor in the following discussion,
the generalizations to three flavor or more are straightforward.

This operator generates the neutrino mass

cs ¢%5  2esMp ( |8 )
S B h 2.14
" Mp Q) ¢ "M\ Vemp (2.14)

in Einstein frame, where we take conformal transformation of the fermion mass m — m/$Q

into account. The detailed derivation of eq. (2.14) is found in appendix A.

4This approximation to quadratic potential form is generically valid in Higgs inflation when Ng—P SRS

M—\/E, corresponding to early stages of the reheating where the amplitude of oscillation is in intermediate
range. The value of ¢ stays large (¢ > Mp/€) most of the time, and passes by smaller field value regime
only in short periods of time. After several oscillations the amplitude becomes small ¢ < Mp/§ and the

potential is reduced to the conventional quartic one in lower energies. More details are found in appendix A.



On the other hand, during and right after the inflation, the fact that the inflaton field
is nearly homogeneous implies 0,¢ = <Z'>52. As mentioned in Introduction, this inflaton
background spontaneously breaks Lorentz symmetry, and hence CPT symmetry. We em-
phasize that this is universal characteristic of all standard inflation scenarios and motivates
us to think the spontaneous symmetry breaking of CPT as the source of matter-antimatter
asymmetry in the inflationary framework.

As we will see, when inflaton couples to derivative of a lepton (or baryon) current jf =
lot¢, the CPT breaking actually leads to asymmetry between decay rates into particles
and antiparticles. In this work, we introduce an effective dimension-six operator [23]:

Os = =313 ) ®s0ut = 3 7 Ou)if = 35 63131, (2.15)
where we have taken unitary gauge to the Higgs doublet ® and the dimensionless constant
ce¢ parameterizes the size of the dimension-six effective coupling. In the last equation, we
used the spatial homogeneity of the inflaton sector. j9 has the meaning of the number
density of the lepton, j9 = ny = 11l = ny — ng. Note that the operator eq. (2.15) does
not violate the lepton number by itself, though it generate a difference of decay rates
between particles and anti-particles under presence of another lepton-number violating
operator. Therefore, we introduce explicit lepton number violating Weinberg operator as
discussed earlier.”

A possible intuitive interpretation of the operator eq. (2.15) is as an effective chemical
potential in the sense that this term makes energy density shift, Ap = —]\‘2—‘3}%(8@2) 79 [10,
11, 25], although this picture is under controversy; see refs. [13, 26]. Note that our result of
asymmetry between particle and anti-particle is valid no matter whether this interpretation
is possible or not. Anyway motivated by this interpretation, we call the following the
“(effective) chemical potential”:

CHE A‘Z%w%). (2.16)

As we will see, this makes difference between dispersion relations of particle and antipaticle.
Due to the exact cancellation of the conformal factor from the metric and current, the
effective chemical potential does not obtain additional conformal factor. However, we still
need to consider the inflaton field transformation

_ s
pe(6) = Lo (eVin) (2.17)

Figure 1 shows shape of the chemical potential and the neutrino mass as a function of the
number of oscillations.

SHowever, there is another source of lepton number violation in eq. (2.15): anomalous B+ L. In general,
the global L is anomalous and its current j7 is not conserved. Indeed in the SM, what is anomalous
is B + L, and therefore the anomaly-induced higher-dimensional operator from ®'®FF should rather be
@Ei{;@u(jf + j%). Without additional source of B — L breaking, the generated B + L by this operator
would be quickly washed out by the sphaleron effects in the absence of strong first order phase transition.
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Figure 1. The shape of the effective chemical potential (left) and the neutrino mass (right) as
functions of number of oscillation: Mt/2m, where ¢ is the physical time in Einstein frame. The
values are rescaled by relevant factors cs Mp /€ and cgMp /€, respectively. Both are sizable only
during the first few oscillations.

3 Neutrino production from oscillating Higgs inflaton

Due to its coherence of the field configuration of the inflaton field after the inflation, it is
legitimate to describe the inflaton field as a classical field, but the matter field should be
quantized. Therefore, we are describing Higgs condensate as a time dependent classical
field and only quantize neutrino fields.

3.1 Lepton number density

In the oscillating phase, the Higgs field varies in time and results in oscillations of SM
particle masses, especially of neutrino ones that are induced by lepton number violating
Weinberg operator in eq. (2.14). The generated numbers of neutrinos and anti-neutrinos
can be obtained by a method analogous to the gravitational particle production in time
dependent background [27, 28] following ref. [23]. The details of calculations are found in
appendix B, and we only briefly sketch the ideas and some key results here.

The equation of motion for neutrino with the chemical potential term in eq. (2.15) in

momentum space is:
(i0; + G - k), = —iy (ioo)VE — fivg. (3.1)

Here we use the conformal time defined as 7 = [dt/a(t) and the comoving momentum
k = ap, and mass parameters m, = am, and g = ap with a and p being the scale factor
and the physical momentum, respectively. We also define time derivatives as F' = 0, F
and F' = 9, F for any function F.

By Bogoliubov transformation, eq. (3.1) leads to a coupled equations of Bogoliubov
coefficients o and S,

oly(r k) = 2 [y i — (sk -+ i)l ] €2 Jo «s(7)dr"

Bs (T,
20 T 9,2

BT, k) = 2( k)[ Vi — (sk + )] e 2 o worhar’ (3.2)
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Figure 2. The time evolution of the absolute values of occupation number f(k) of the neutrino
for various k values with £ = 100 and c¢5 = ¢ = 1. For large k, the occuption number converges
rapidly and is highly suppressed, so the contribution to the asymmetry is small. The asymmetry is
mainly generated at the early stages of the reheating within a few oscillation O(1) and converges
soon after the end of the inflation. For smaller k, even though the convergence is rather weak, the
total contribution is minor due to small phase space.

with the initial conditions a4(0,%k) = 1 and (s(0,k) = 0, where s = + represents helicity
states. These equations are numerically solved from 7 = 0 at the end of the inflation.
Importantly, non-zero s values at late times indicate particle production from the time
dependent background: the generated number density for the helicity s is given by

mt) = ot [ R e 53)

’ (a(t)/aena)® J (2m)3 770 2707 '
where (7, k) is Bogoliubov coefficient from the time-dependent background or the change
of vacuum state at each moment obtained by eq. (3.2) and acpq is the scale factor at the end
of the inflation. Note that a(t)~3 factor in front accounts dilution from the expansion of the
universe. The occupation number for s at the end of reheating is fs(t, k) = |Bs(7(t), k)|*.
The final net number density of the produced lepton is the difference between the number
densities of each helicity states at a sufficiently late time when the Higgs field value becomes
small so that m, (¢) < Tyen [23]:

3 3
=t 0= (5 [ .
where the net occupation number is the helicity weighted sum at the end of the reheating
f(p) = f(tren, k) = X4 sfs(k) = fy— f— describing the differences between particle (s = +)
and anti-particle (s = —). Comoving lepton number density ny, = [ (2‘137’)“3 f(k) is insensitive
to tren as f(t, k) rapidly approches to a constant for a given k. The explicit evolution of
the occupation numbers f(¢, k) for various modes are depicted in figure 2. Note that the
asymmetry is dominantly generated during the early time within first several oscillations



Cs5
Co 0.01 0.1 1
1071 107 1071
1071 107 107"
10718 o 1071 10718
o oasf R T ] LR ] S
0.01 410 410 X 10
. -17 -17 =17
10 | 10 10
1018 10-18 1018
107" 107" 107"
1.x10™ 5.x107 0.001 0.005 1.x107* 5.x107 0.001 0.005 1.x107 5.x107 0.001 0.005
k k k
107 10" 1071
10»13 10-12 10-!2
10—14 10—13 10-13
PP ) o | A el 7\ 4014
4 10 % 10 % 10
1 10718 10715 10-15
107 107" 1071
107" 1077 107
1.x107* 5.x107* 0.001 0.005 1.x10* 5.x10~* 0.001 0.005 1.x107* 5.x10~* 0.001 0.005
Kk 3 K
107 10°° 107
107" 1071 1071
10-%2 107" 10"
RPT, e ] < E | | S a2l =120
100 10 < 10 10
107 107" 107"
1071 107 10
107° 107" 107"
1.x10™ 5.x107 0.001 0.005 1.x107* 5.x107 0.001 0.005 1.x107* 5.x107 0.001 0.005
k k k

Figure 3. The final occupation numbers multiplied by k? considering the contribution of from the
phase space depending on the (cs5,cg). Blue and red colors are used to represent different sign of
the final occupation numbers.

so that it is relatively insensitive to exact value of t.n. 71 is determined by c; and cg
paramters. Final spectrum of the occupation number f(k) multiplied by k3 taking the
contribution from the phase space are also shown in figure 3. For large k£ modes, the
occupation numbers are suppressed. For small modes, even though the occupation numbers
are larger, the phase space is too small to contribute to the final asymmetry.

3.2 Lepton asymmetry and reheating temperature

Finally, the lepton asymmetry is given by

nr, ™

reh B 2C(3) T3

nL(treh) = (35)

Ty reh

XET3 with ((3) ~

where the photon number density at the end of the reheating n|renh = 1

1.2 and T = eNren veh where Ny = In (“r—cb).ﬁ Because ny, is solely determined by cj

Gend

and cg, it suffices to specify T (which we call ‘rescaled temperature’) to obtain 1y, (ten).

5Because the interaction rate due to the dimension-five operator 2.13 is small compared to the expansion
rate, there will be no further lepton number production after the reheating. When we regard Majorana
neutrino as the origin of dimension-five operator, this is equivalent to impose Tien < My, which is satisfied
in Higgs inflation when My > O(10'® GeV). See figure 4.
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Figure 4. Rescaled temperature T = eNren Ty and Thep VS ns. The blue line is T and red solid,
dashed, and dotted lines represent the reheating temperatures Tyen assuming w = (0,1/10,1/5)
during the reheating, respectively. Results are calculated taking ref. [33] into account by combining
Nien and Tre in the case of the Higgs inflation. Unlike the reheating temperature or e-folding
number of the reheating (red lines), blue line is independent of the choice of the equation of state.
Orange colored regions are 1o and 20 allowed regions from the Planck 2018 result on the spectral
index ng [34].

Although (p)reheating processes after the end of inflation is highly non-trivial and model
dependent,” we can find possible parameter regions of the rescaled temperature without
large uncertainties [33] as we will see below. See appendix C for more detailed review.

Rescaled temperature T = eNren Ty, can be inferred by the Hubble scale H, at pivot
scale and e-folding number N, between time when the pivot scale k, crosses the horizon
and the time at the end of the inflation without the knowledge of the equation of state
during the reheating:

1
~ 43 3 aoT() _
T = eMeh Ty = H,e N 3.6

‘ reh ( 1 19*,reh> < k. > ‘ ( )

For a given model of inflation, H, and NN, are generally related to the slow-roll parameters
e and 7, hence the observables ng and r at pivot scale. In the case of Higgs inflation [18],

3 1 2 2
~ o == ~1—06€ +2n 21— —, N, ~

€x ~ .
1—ng

(3.7)

"Early analysis relevant for the reheating in the Higgs inflation is done in refs. [21, 22, 29, 30]. For
the possible unitarity violation issue during the Higgs inflation reheating, see refs. [31, 32]. In particular,
ref. [31] argued that the longitudinal mode of gauge boson production is so violent that preheating may
finish right after the first oscillation in Higgs inflation with a large non-minimal coupling £ 2> 100. However,
this phenomena violates the unitarity but also is sensitive to higher order operators [32]. Therefore, we will
assume there are at least a few oscillations after the inflation in our work.



The Hubble scale also determines the amplitude of the power spectrum is given by

1 H? /3
Ag = *, H,.=mM —A (1 —nyg). 3.8

Hence, we can evaluate T solely as a function of ns. Figure 4 depicts the values of T and

Tren as a function of the spectral index ns. Note that rescaled temperature T is independent
of equation of state, w = p/p during the reheating while T, itself is highly depends on
w [33, 35, 36]. From the Planck 2018 1o bound, we will consider T' € (10 — 10'8)GeV
as a preferred regime. Assuming w = 0, the reheating temperature suggested in ref. [22]
Tren € (3 x 1013 — 1.5 x 10'4) GeV corresponds to T ~ 1016 GeV, which is also within the
preferred regime.

3.3 Baryon asymmetry

In our scenario, ‘net’ B — L number (in fact, only L number) is generated right after the
inflation and is frozen by the time of the end of reheating. Later, generated lepton number

asymmetry transfers to baryon number through sphaleron effects, conserving B — L, so
that [7]

SM 28
np = Csphal NB—L,is CBM _

sphal — 779 : (39)

Therefore, for successful baryon asymmetry, we also require 7y, ; 2 31B.
Considering the transition through the sphaleron effect, final baryon asymmetry for
given comoving lepton number 717, (c5, ¢g) and rescaled reheating temperature 7' is given by

= CS(SIIIQW%NU
ng(cs,ce,T) ~ R (3.10)
The observed value is 7p obs >~ 6 X 10719 [2]. As can be seen from figure 5, there exist
reasonable parameter regions of (c5,cs) and (A, &) in the Higgs inflation scenario which
explain current baryon asymmetry np with desired rescaled temperature.

To avoid unitarity violation from larger m, or peg than cut-off scale of Higgs inflation
during the reheating A = Mp /¢ [37-41], we will only consider the cases where ¢5 < 1 and
¢6 < 100. The particles with the momentum larger than the cut-off would be strongly
coupled and their behavior cannot be descibed within the effective field theory. In our
parameter choice, the majority of the particles are generated with momentum smaller than
the cut-off scale A = Mp /¢ as depicted in figure 3.8 For larger ¢ > 10%, the suppression on
lepton number density so large that the asymmetry may not be enough to explain current
relic within preferred temperature regime. This can be seen in figure 5.

Usually, it is believed that the spontaneous baryogenesis mechanism does not work in
super-cooled regime due to its inefficiency from the cancellation during the oscillations [25].

®In figure 3, the Einstein-frame momentum cut-off is A = Mp /& = 0.01. Large cg ~ 100 makes it one
order of magnitude smaller, A/\/ce ~ 1073. We see that the unitarity issue arises, namely the location of
dominant peaks becomes located at p > 1072, only when ¢5 > 1 and ¢ > 100.

~10 -
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Figure 5. Solid lines represent the parameter values of (cs, cg) (left) (A, €) (right) explaining current
baryon asymmetry ng ~ 6 x 10710 for various rescaled temperatures denoted in the box. We have
taken (cs,cg) = (1,1) for the left panel and (A, &) = (1072,100) for the right panel. Shaded regions
correspond to the reheating temperature given in ref. [22] with w = 0.

However, as identifying the inflaton decay as the source of the lepton asymmetry, both the
amplitude of the effective chemical potential and the neutrino mass are so large that the
produced lepton numbers are enough to explain current relic density without any fine-
tuning of the parameters. We also do not have to assume such a low scale inflation as
in ref. [23], which considers neutrino decay from the condensate of the SM Higgs (not
identified as the inflaton).

As the final remark, we note that the strong bound on spontaneous baryogenesis
from baryon isocurvature perturbation [25] is not imposed in our scenario because we
do not assume any light bosonic fields in the early time other than SM. This is one
of the advantages regarding the possibility of the inflaton decay as the source of baryon

asymimetry.

4 Conclusion and discussion

We propose a scenario explaining baryon asymmetry of our universe in Higgs inflation.
The sizable spontaneous leptogenesis in the oscillating phase after inflation is realized by
two effective operators: the Weinberg operator responsible for lepton number violation
and the effective “chemical potential” operator of the interaction between Higgs-squared
and the lepton-number current. While the oscillating Higgs field is being damped out, the
time dependent masses induced by the lepton number violating operator would lead to
production of neutrinos and anti-neutrinos. The chemical potential makes an asymmetric
between the generated lepton and anti-lepton numbers, while maintaining consistency with
high reheating temperature in Higgs inflation: T e (10'® — 10'8) GeV. The sphaleron
processes eventually convert the lepton asymmetry into baryon asymmetry. We emphasize

- 11 -



that our scenario is a minimal realization of baryogenesis since we do not require any extra
degree of freedom beyond the SM particles. The precise measurement of the mass of top
quark (my), strong coupling constant («) and the Higgs self-coupling (\) from the collider
experiments in the future will solidify or disprove the validity of our scenario.

As a final remark, in critical Higgs inflation [42-44], relatively small non-minimal
coupling as small as & < O(10) is allowed. In this case, asymmetry generation becomes
more efficient and there are more allowed parameter spaces. In addition, the unitarity
problem is relieved and the dangerous violent preheating is tame. We leave analysis of the
reheating processes and spontaneous leptogenesis in the critical Higgs inflation for future.
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A Conformal transformation

In this section, we will review the conformal transformations on inflaton and on a relevant
fermion sector. We set Mp = 1 here.

A.1 Inflaton sector

Let us consider the gravity and the non-minimally coupled inflaton action in the Jor-

dan frame:
St = [ dhaov/=0s |30 Ry — 500600060~ Vi(6s)|. (A1)
where we consider a conformal factor
02 =1+ £4%. (A.2)

By the conformal transformation, the metric in the Einstein frame g, is

uv = Q29J,uu- (A3)

Note that we do not put subscript ‘E’ explicitly. By the conformal transformation, it is
well known that the Ricci scalar also transforms to (in the metric formalism):

Ry =Q? [R + 3¢ 0,0, In Q* — gg’“’({“)“ In 0?9, In QQ} : (A.4)
When we substitute eq. (A.2) and eq. (A.3) to the action eq. (A.1) becomes
1 [ Q2+ 66292 y V(o
S = /d‘*mﬁ—g lR— 5 <Q4] 9" 0,050, 0 — ((24 ) . (A.5)
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To make its kinetic term canonical, we redefine the inflaton field: the Einstein frame field
¢ is given by

1/2
do _ <92+6§2¢?,> ' (A.6)

db o1

This can be analytically integrated:

2 42
¢ = ! 265 sinh ! ( €1+ 6§)¢>J> — V6sinh ™! (, / f_ﬁ ?%) : (A7)

In the limit of £ > 1, this relation can be approximated as’

oy 9] < !

< (A.8)

Vam(res) tol> 1

For the intermediate regime 1/¢ < ¢ < 1/4/€, the latter relation in eq. (A.8) implies
02 ~ e\/gl(z", and §¢?, ~ e\/%ﬁ -1~ \/ggb, that is,

o=\ 2eon. (A9)

Then the Jordan-frame potential Vj(¢;) = %gb‘j leads to the Einstein-frame potential

¢~

Ve = V;/Q* in the intermediate regime relevant to the reheating phase:

Aoy/4 AMp

_ 2
Ve(¢) = a +€¢3)2 ~ e o (A.10)
This corresponds to eq. (2.9) with M? = )‘?f\g’.

A.2 Fermion sector

Under the conformal transformation, fermion sector also changes. We consider a Dirac
spinor Langrangian as well as Majorana neutrino with mass My and the dimension-six
inflaton-current interaction term:

c

1— 1 —
Sy = [ /=5 |~ 5Bsesd Doy = 5 (My +y02)0500 + 5 (9,03) T4 | - (A1)

where e j,* is vielbein in the Jordan frame and

1
Dy, =0,+ ZWJabu'Y[a'Yb] (A.12)

is covariant derivative of spinor with the spin connection w sqp,

WJaby = €JavVyesp’ - (A.13)

9Here we only consider the absolute value of ¢ following the logic of [21].
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Here the covariant derivative V, is defined by
Vuejay = Mejay + FKMQJGA, (A.14)

with FK# being the affine connection. The spin connection in the Jordan frame wjqp, is
related to the spin connection wy,; and vielbein e, in the Einstein frame

Waby = Waby + € 0a IN Q2 — €4,0, In 2 (A.15)
and this results in
Ve o Dyuthy = Q%29 Dyib, (A.16)
where we redefine the spinor field in the Einstein frame v by
by = Q3. (A.17)
Then, the transformation of the current is
T = era v s = Qe v p = QLI (A.18)

The final form of the fermion sector becomes

1 (MN +yos

1— _
5y = [[atev=g |- glesr D - 5 (a0 Gy @] (a9)

Note that the Dirac and Majorana mass terms change differently as

M _ 1ol M _ /212
My = = = Mye ¥, MD—>§/2¢J=y\/€P<1—€ ) . (A20)

If the origin of neutrino masses is the seesaw mechanism,

Mp  yPeT  2°ME (9]
L= _ n (120, A.21
m My — VS, Mne sin <\/€> ( )

This result can also be derived from the dimension-five Weinberg operator as in the main

text:

2
Vg3 = \/fgﬂzgw. (A.22)

with identification y?/My = c5/Mp.

B Bogoliubov transformation

This section presents details of Bogoliubov transformation used in section 3. The material
closely follows ref. [23], with minor changes of notations. In this section, we will mainly
use comoving coordinates: the conformal time 7 = [dt/a and the comoving momentum
k = ap, with a and p being the scale factor and the physical momentum, respectively.
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We also define m, = am, and i = ap. We will denote F' = 8.F and F = §,F for any
function F'.
The equation of motion for neutrino with additional term eq. (2.15) is

(i — iG - D)y = —iny,(ioy)V} — vy, (B.1)
or in the momentum space
(i0; + & - kK)vp = —in, (i02)v} — fve. (B.2)

Mode expansion of the neutrino field is

/ dng Z [55 T, E Jas( ) ik + xs(7T k)al(lg)e_“;'f], (B.3)

s=+1

where s is the helicity index; as and al are annihilation and creation operators, respectively,
satisfying the anticommutation relation

{as(®), al ()} = (27)%6,00(F — F'); (B.4)

&s and s are coefficients with definite helicities and spinor indices are suppressed.
Using the unit helicity eigenstate hs such that

hhy(F) = sha(F), h=§.7— %5 i (B.5)
where k = k/|k| and
hi(k)hy (B) = 0y, 3 ho(R)Rl(k) =1, (B.6)
s=+1
we rewrite coefficients £ and s as
£5(r, F) = us(7, ) hs(F), XE(r, F) = vs(m, B)hs(F) (B.7)

where x¢ = i09x™ in our notation. We choose x¢ so that u and v both correspond to
positive frequency modes.
Substituting this mode expansion to eq. (B.1), we obtain coupled differential equations

for uy, and vy,
(10; + sk)us = —myvs — g, (10r — sk)vs = —myus + fvs. (B.8)

For the simplicity of the calculation, we perform additional expansion,

’U,S(T’ E) — %me—i fOT ws(T’)dT’ + &mel foT ws(T’)dT
’US(T’ E) = _j%me_ifd—ws( \B/S»m Zf() Ws(T ’T (Bg)
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where

sk+ 1
ws

w2(1, k) = (k + sii)? +m2, fs= (B.10)
Here one can see explicit difference between of the dispersion relations between two helicities
due to the existence of p and this eventually becomes the source of the lepton asymmetry.

Just for the simplicity of the notation, We will omit explicit s subscript for a while.
In addition, we will consider w as a constant so that [ d7’w(7’) = wr. We emphasize that
this does not ruin the generality of the following derivations. We also denote g+ = /1 £ f.
Then, the eq. (B.9) becomes

- o . 5 .
7]{ — g e T M TWT
u(T, k) \/ig e + ﬁg+e
o(r By = —Lgpemior 4 Bg giwr, (B.11)
’ Nox V2
From the definition of f,
2 (k + Sﬁ)Q 2 my
= _=4/1— 2= —. B.12
f (k—l—Sﬁ)Q—i-ﬁl,%’ g+9 f W ( )
The first equation of eq. (B.8) for w and v can be rearranged to
(i10r + fw)u = —(g4+9— )wu. (B.13)
Plugging eq. (B.10) into this equation gives
(a'g— + agl)e™™T + (8'g+ + Byl )e™T
T ag-(1+ Pwe™™ = Bgy (1 — flue = —v2(gyg-Jwv (B.14)
Note that the terms in the second line exactly cancelled as
ag-(1+ flwe ™" — Bgy (1 — flwe™T
= gyg-w (agwe ™ — Bg_“T) = —V2(gyg-w, (B.15)
and the similar procedure can be applied to the second equation of eq. (B.8).
Finally, we obtain a set of equations
(1) a/g_efifwdT +/8/g+eifwd7' —i—ag’,e*if‘”dT +Bgﬁr€+iIWdT -0
(2) a/g+e—ifwd7 . /Blg_eifwdT + ag;e—z’fwdT _ BgLe+ifwdT —0. (B16)
By multiplying g+ and g_,
(1) x g- +(2) x 1) :
o (g2 +g2)e ™ = —alg-g_ + g1gy)e ™ = Blg-g' — g9 )T
(1) x g4 —(2) xg-):
B2 +g1)eT = —algygl — g-g')e ™ — B9+ gl + g-g )™ . (B.17)
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One can easily prove that there are useful relations between g and g_ as followings:

!

2 2 / / / / f
+92 =2, -g_ + =0, —9y — e ——— B.18
95 +9 9-9- +9+94 9-94 ~9+9- = =5 (B.18)

Then, eq. (B.17) can be simplified as
/ ﬁ f, 2iwT ! o f, —2iwT

o = - ——e"7, =————e¢ , B.19
21— f? b 21— f? ( )

which leads us to the desired result corresponding to eq. (3.2) after reintroducting explicit
s index and integrals:

S(T,k) (o - ~\ ~ i [ we(r!)dr
o (ro) = =20 R) i — (s 4 ) 25

ws
s(Tok) (o ~\ ~ =2 [T we(r!)dr'
34k = ) Gt (s 4y o2 (B.20)

2 v
S

with the initial conditions as(0,k) = 1 and (0, k) = 0, where we take 7 = 0 at the end of
the inflation. This corresponds to choosing the Bunch-Davies vacuum (having only positive
frequencies) for the initial state of neutrino field at the end of inflation [27, 28].

One can further introduce new variables A and B for numerical convenience as

Ay(r, k) = a(r, k)e o @ By(r, k) = Bs(r, k)e' Jo “o(7", (B.21)
to make eq. (B.20)
Al(1,k) = —csBs(1, k) — iws Ak(1, k),  Bj(1,k) = csAs(1, k) +iwsBs(1, k),  (B.22)
where

cs(T k) =

[muﬁ/ — (sk + ﬁ)m:/] my (sit)" — (k + Sﬁ)m;] ) (B.23)

27 =2 L

with the initial conditions As(0,k) =1 and B;(0,k) = 0.
We will solve the equation in the physical Einstein-frame time and the physical mo-
mentum,

As(t,p> = _CsBs(typ) - iwsAs(t,p), Bs(t,p) = CsAs(tap) + iwsBs(t,p), (B~24)

with
S . .
Cs(t,p) = 55 lmu(Hsp + sp1) — (p+ sp) (Hmy, + 1))
S . .
~ o a mwsi = (p + sp)iin] (B.25)

where we neglect terms proportional to Hubble parameter H(t) in the last step by the fact
that frequency of © and m, is much larger than the Hubble scale during the reheating.
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C Relation between T,cn, Nien, and ng

In this section, we will the derivations of the relation between Tien, Nyeh, and ng following
ref. [33]. Similar calculation has been conducted by [35, 36].

Tracing back from the current temperature of universe Ty ~ 2.73 K, we can deduce
the reheating temperature

1

ag 43 3
Tien = T4 C.1
reh 0 <areh> (119*,reh> ( )

1
4 3 4
=T o ( Geq ) 3 =T, 40 ) ,Nuaa 3 (C.2)
Geq Qreh 119*,reh Qeq 119*,reh

where ag, Geq, aren is the scale factor at the time of the end of the inflation, matter-radition

ol

equality, and at the end of reheating, respectively. For future use, we will denote the scale
factor when CMB pivot scale (k./ag = 0.05 Mpc~!) leaves the horizon as a.. The G reh
is the effective relativistic degrees of freedom at the end of the reheating. We will take
Gxreh = 106.75.

By defining e-folding numbers for each stages during the history of the universe as

N, =In (“e“d> , N, = In (“) : Nypg = In ( feq > (C.3)

A Gend Greh

we have following relation:

ao ag Qs Gend Greh _ agH. e~ Ve o= Nren o= Nrad (C4)

Geq Gy Qend Areh Oeq k.
where we used k. = a4 H, at last equality.
Therefore, rescaled temperature T' = eMNeen T 1, can be determined by the Hubble scale
at pivot scale H, and e-folding number between time when the pivot scale k. crosses the
horizon and the time at the end of the inflation N,,

1
~ 43 \? [aoT
T = eNeen Ty, = ( ) (ao 0) H,e V- (C.5)

119*,reh k*

For a given model of inflation, H, and N, are generally related to the slow-roll pa-
rameters € and 7, hence the observables ngs and r at pivot scale. In the case of Higgs
inflation [18],

3 1 2 2

6*247]\].*2, U*Z_Ea n321_65*+27’}*21_ﬁ*, *

(C.6)

- 1—ng

The Hubble scale also determines the amplitude of the power spectrum is given by

1 H? 3
Ay = . H, = nMpy/ = As(1 — ny). .

Hence, we can evaluate T solely as a function of ngs. Note that we does not assume any

equation of state during the reheating so far.
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Tren and Niep are determined seperately when specific equation of state is given [33]:

3(14w)

3 — Lt 7 Bw-1
43 ’ aOTO _N 45‘/end 3(1+w)
Tren = Hee™™ | 5 — C.8
" (119*,reh> I8 ¢ 7T2g*,reh ( )
[ 1/4
11 *,re %
Nreh: 4 _lln i _lln (gvh> —hl( k > —In Vv—and _N*
1-3w | 4 T2 G reh 3 43 aoTy H,
(C.9)
4 T y/A
=13, |616-In (;_;d ) - N*] (C.10)
where
9 256

Vena = *7T2M4As 1—mn, 2 C.11
end 9 P ( ) (2 + \/3)2(5 4 3”5)2 ( )

for Higgs inflation.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References
[1] A.D. Sakharov, Violation of CP Invariance, C asymmetry, and baryon asymmetry of the
universe, Sov. Phys. Usp. 34 (1991) 392 [Usp. Fiz. Nauk 161 (1991) 61] [INSPIRE].

[2] PARTICLE DATA GROUP collaboration, Review of particle physics, PTEP 2020 (2020)
083CO01.

[3] M. Fukugita and T. Yanagida, Baryogenesis without grand unification, Phys. Lett. B 174
(1986) 45 [INSPIRE].

[4] S. Davidson, E. Nardi and Y. Nir, Leptogenesis, Phys. Rept. 466 (2008) 105
[arXiv:0802.2962] [iNSPIRE].

[5] S. Blanchet and P. Di Bari, The minimal scenario of leptogenesis, New J. Phys. 14 (2012)
125012 [arXiv:1211.0512] [INSPIRE].

[6] D. Bodeker and W. Buchmiiller, Baryogenesis from the weak scale to the GUT scale,
arXiv:2009.07294 [INSPIRE].

[7] S.Y. Khlebnikov and M.E. Shaposhnikov, The statistical theory of anomalous fermion
number nonconservation, Nucl. Phys. B 308 (1988) 885 [INSPIRE].

[8] E.J. Chun, K.Y. Lee and S.C. Park, Testing Higgs triplet model and neutrino mass patterns,
Phys. Lett. B 566 (2003) 142 [hep-ph/0304069] [INSPIRE].

[9] Y. Jho and S.C. Park, Probing new physics with high-multiplicity events: Ultrahigh-energy
cosmic rays at air-shower detector arrays, arXiv:1806.03063 [INSPIRE].

[10] A.G. Cohen and D.B. Kaplan, Thermodynamic generation of the baryon asymmetry, Phys.
Lett. B 199 (1987) 251 [InSPIRE].

~19 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1070/PU1991v034n05ABEH002497
https://inspirehep.net/search?p=find+doi%20%2210.1070%2FPU1991v034n05ABEH002497%22
http://dx.doi.org/10.1093/ptep/ptaa104
http://dx.doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1016/0370-2693(86)91126-3
https://doi.org/10.1016/0370-2693(86)91126-3
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB174%2C45%22
https://doi.org/10.1016/j.physrep.2008.06.002
https://arxiv.org/abs/0802.2962
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0802.2962
https://doi.org/10.1088/1367-2630/14/12/125012
https://doi.org/10.1088/1367-2630/14/12/125012
https://arxiv.org/abs/1211.0512
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1211.0512
https://arxiv.org/abs/2009.07294
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2009.07294
https://doi.org/10.1016/0550-3213(88)90133-2
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB308%2C885%22
https://doi.org/10.1016/S0370-2693(03)00770-6
https://arxiv.org/abs/hep-ph/0304069
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0304069
https://arxiv.org/abs/1806.03063
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1806.03063
https://doi.org/10.1016/0370-2693(87)91369-4
https://doi.org/10.1016/0370-2693(87)91369-4
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB199%2C251%22

[11] A.G. Cohen and D.B. Kaplan, Spontaneous baryogenesis, Nucl. Phys. B 308 (1988) 913
[INSPIRE].

[12] A. Dolgov and K. Freese, Calculation of particle production by Nambu Goldstone bosons with
application to inflation reheating and baryogenesis, Phys. Rev. D 51 (1995) 2693
[hep-ph/9410346] [INSPIRE].

[13] A. Dolgov, K. Freese, R. Rangarajan and M. Srednicki, Baryogenesis during reheating in
natural inflation and comments on spontaneous baryogenesis, Phys. Rev. D 56 (1997) 6155
[hep-ph/9610405] [INSPIRE].

[14] F. Takahashi and M. Yamada, Spontaneous baryogenesis from asymmetric inflaton, Phys.
Lett. B 756 (2016) 216 [arXiv:1510.07822] [INSPIRE].

[15] V. Domcke, Y. Ema, K. Mukaida and M. Yamada, Spontaneous baryogenesis from azions
with generic couplings, JHEP 08 (2020) 096 [arXiv:2006.03148] [INSPIRE].

[16] N.D. Barrie, A. Sugamoto, T. Takeuchi and K. Yamashita, Higgs inflation, vacuum stability,
and leptogenesis, JHEP 08 (2020) 072 [arXiv:2001.07032] [INSPIRE].

[17] D.S. Salopek, J.R. Bond and J.M. Bardeen, Designing density fluctuation spectra in
inflation, Phys. Rev. D 40 (1989) 1753 [nSPIRE].

[18] F.L. Bezrukov and M. Shaposhnikov, The standard model Higgs boson as the inflaton, Phys.
Lett. B 659 (2008) 703 [arXiv:0710.3755] [iNSPIRE].

[19] S. Weinberg, Baryon and lepton nonconserving processes, Phys. Rev. Lett. 43 (1979) 1566
[INSPIRE].

[20] L. Kofman, A.D. Linde and A.A. Starobinsky, Towards the theory of reheating after inflation,
Phys. Rev. D 56 (1997) 3258 [hep-ph/9704452] [NSPIRE].

[21] J. Garcia-Bellido, D.G. Figueroa and J. Rubio, Preheating in the Standard Model with the
Higgs-Inflaton coupled to gravity, Phys. Rev. D 79 (2009) 063531 [arXiv:0812.4624]
[INSPIRE].

[22] F. Bezrukov, D. Gorbunov and M. Shaposhnikov, On initial conditions for the hot Big Bang,
JCAP 06 (2009) 029 [arXiv:0812.3622] [INSPIRE].

[23] L. Pearce, L. Yang, A. Kusenko and M. Peloso, Leptogenesis via neutrino production during
Higgs condensate relaxation, Phys. Rev. D 92 (2015) 023509 [arXiv:1505.02461] [InSPIRE].

[24] S. Enomoto, C. Cai, Z.-H. Yu and H.-H. Zhang, Leptogenesis due to oscillating Higgs field,
Eur. Phys. J. C' 80 (2020) 1098 [arXiv:2005.08037] INSPIRE].

[25] A. De Simone and T. Kobayashi, Cosmological aspects of spontaneous baryogenesis, JCAP
08 (2016) 052 [arXiv:1605.00670] [INSPIRE].

[26] A. Dasgupta, R.K. Jain and R. Rangarajan, Effective chemical potential in spontaneous
baryogenesis, Phys. Rev. D 98 (2018) 083527 [arXiv:1808.04027] [INSPIRE].

[27] N.D. Birrell and P.C.W. Davies, Quantum fields in curved space, Cambridge Monographs on
Mathematical Physics, Cambridge University Press, Cambridge U.K. (1984) [INSPIRE].

[28] V. Mukhanov and S. Winitzki, Introduction to quantum effects in gravity, Cambridge
University Press, Cambridge U.K. (2007).

[29] J. Repond and J. Rubio, Combined preheating on the lattice with applications to Higgs
inflation, JCAP 07 (2016) 043 [arXiv:1604.08238] [INSPIRE].

—90 —


https://doi.org/10.1016/0550-3213(88)90134-4
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB308%2C913%22
https://doi.org/10.1103/PhysRevD.51.2693
https://arxiv.org/abs/hep-ph/9410346
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9410346
https://doi.org/10.1103/PhysRevD.56.6155
https://arxiv.org/abs/hep-ph/9610405
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9610405
https://doi.org/10.1016/j.physletb.2016.03.020
https://doi.org/10.1016/j.physletb.2016.03.020
https://arxiv.org/abs/1510.07822
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1510.07822
https://doi.org/10.1007/JHEP08(2020)096
https://arxiv.org/abs/2006.03148
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2006.03148
https://doi.org/10.1007/JHEP08(2020)072
https://arxiv.org/abs/2001.07032
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2001.07032
https://doi.org/10.1103/PhysRevD.40.1753
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD40%2C1753%22
https://doi.org/10.1016/j.physletb.2007.11.072
https://doi.org/10.1016/j.physletb.2007.11.072
https://arxiv.org/abs/0710.3755
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0710.3755
https://doi.org/10.1103/PhysRevLett.43.1566
https://inspirehep.net/search?p=find+doi%20%2210.1103%2FPhysRevLett.43.1566%22
https://doi.org/10.1103/PhysRevD.56.3258
https://arxiv.org/abs/hep-ph/9704452
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9704452
https://doi.org/10.1103/PhysRevD.79.063531
https://arxiv.org/abs/0812.4624
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0812.4624
https://doi.org/10.1088/1475-7516/2009/06/029
https://arxiv.org/abs/0812.3622
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0812.3622
https://doi.org/10.1103/PhysRevD.92.023509
https://arxiv.org/abs/1505.02461
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1505.02461
https://doi.org/10.1140/epjc/s10052-020-08672-7
https://arxiv.org/abs/2005.08037
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2005.08037
https://doi.org/10.1088/1475-7516/2016/08/052
https://doi.org/10.1088/1475-7516/2016/08/052
https://arxiv.org/abs/1605.00670
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1605.00670
https://doi.org/10.1103/PhysRevD.98.083527
https://arxiv.org/abs/1808.04027
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1808.04027
https://doi.org/10.1017/CBO9780511622632
https://doi.org/10.1017/CBO9780511622632
https://inspirehep.net/search?p=find+doi%20%2210.1017%2FCBO9780511622632%22
https://doi.org/10.1088/1475-7516/2016/07/043
https://arxiv.org/abs/1604.08238
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1604.08238

[30] M.P. DeCross, D.I. Kaiser, A. Prabhu, C. Prescod-Weinstein and E.I. Sfakianakis, Preheating
after multifield inflation with nonminimal couplings. I: covariant formalism and attractor
behavior, Phys. Rev. D 97 (2018) 023526 [arXiv:1510.08553] [INSPIRE].

[31] Y. Ema, R. Jinno, K. Mukaida and K. Nakayama, Violent preheating in inflation with
nonminimal coupling, JCAP 02 (2017) 045 [arXiv:1609.05209] INSPIRE].

[32] Y. Hamada, K. Kawana and A. Scherlis, On preheating in Higgs inflation,
arXiv:2007.04701 [InSPIRE].

[33] J.L. Cook, E. Dimastrogiovanni, D.A. Easson and L.M. Krauss, Reheating predictions in
single field inflation, JCAP 04 (2015) 047 [arXiv:1502.04673] [InSPIRE].

[34] PLANCK collaboration, Planck 2018 results. X. Constraints on inflation, Astron. Astrophys.
641 (2020) A10 [arXiv:1807.06211] [INSPIRE].

[35] J.-O. Gong, S. Pi and G. Leung, Probing reheating with primordial spectrum, JCAP 05
(2015) 027 [arXiv:1501.03604] [INSPIRE].

[36] R.-G. Cai, Z.-K. Guo and S.-J. Wang, Reheating phase diagram for single-field slow-roll
inflationary models, Phys. Rev. D 92 (2015) 063506 [arXiv:1501.07743] INSPIRE].

[37] C.P. Burgess, H.M. Lee and M. Trott, Power-counting and the validity of the classical
approzimation during inflation, JHEP 09 (2009) 103 [arXiv:0902.4465] [INSPIRE].

[38] J.L.F. Barbén and J.R. Espinosa, On the naturalness of Higgs inflation, Phys. Rev. D 79
(2009) 081302 [arXiv:0903.0355] [INSPIRE].

[39] C.P. Burgess, H.M. Lee and M. Trott, Comment on Higgs inflation and naturalness, JHEP
07 (2010) 007 [arXiv:1002.2730] [InSPIRE].

[40] R.N. Lerner and J. McDonald, Higgs inflation and naturalness, JCAP 04 (2010) 015
[arXiv:0912.5463] [INSPIRE].

[41] F. Bezrukov, A. Magnin, M. Shaposhnikov and S. Sibiryakov, Higgs inflation: consistency
and generalisations, JHEP 01 (2011) 016 [arXiv:1008.5157] [INSPIRE].

[42] Y. Hamada, H. Kawai, K.-y. Oda and S.C. Park, Higgs inflation is still alive after the results
from BICEP2, Phys. Rev. Lett. 112 (2014) 241301 [arXiv:1403.5043] [INSPIRE].

[43] F. Bezrukov and M. Shaposhnikov, Higgs inflation at the critical point, Phys. Letl. B 734
(2014) 249 [arXiv:1403.6078] [INSPIRE].

[44] Y. Hamada, H. Kawai, K.-y. Oda and S.C. Park, Higgs inflation from standard model
criticality, Phys. Rev. D 91 (2015) 053008 [arXiv:1408.4864| [NSPIRE].

~ 91 —


https://doi.org/10.1103/PhysRevD.97.023526
https://arxiv.org/abs/1510.08553
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1510.08553
https://doi.org/10.1088/1475-7516/2017/02/045
https://arxiv.org/abs/1609.05209
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1609.05209
https://arxiv.org/abs/2007.04701
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2007.04701
https://doi.org/10.1088/1475-7516/2015/04/047
https://arxiv.org/abs/1502.04673
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1502.04673
https://doi.org/10.1051/0004-6361/201833887
https://doi.org/10.1051/0004-6361/201833887
https://arxiv.org/abs/1807.06211
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1807.06211
https://doi.org/10.1088/1475-7516/2015/05/027
https://doi.org/10.1088/1475-7516/2015/05/027
https://arxiv.org/abs/1501.03604
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1501.03604
https://doi.org/10.1103/PhysRevD.92.063506
https://arxiv.org/abs/1501.07743
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1501.07743
https://doi.org/10.1088/1126-6708/2009/09/103
https://arxiv.org/abs/0902.4465
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0902.4465
https://doi.org/10.1103/PhysRevD.79.081302
https://doi.org/10.1103/PhysRevD.79.081302
https://arxiv.org/abs/0903.0355
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0903.0355
https://doi.org/10.1007/JHEP07(2010)007
https://doi.org/10.1007/JHEP07(2010)007
https://arxiv.org/abs/1002.2730
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1002.2730
https://doi.org/10.1088/1475-7516/2010/04/015
https://arxiv.org/abs/0912.5463
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0912.5463
https://doi.org/10.1007/JHEP01(2011)016
https://arxiv.org/abs/1008.5157
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1008.5157
https://doi.org/10.1103/PhysRevLett.112.241301
https://arxiv.org/abs/1403.5043
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1403.5043
https://doi.org/10.1016/j.physletb.2014.05.074
https://doi.org/10.1016/j.physletb.2014.05.074
https://arxiv.org/abs/1403.6078
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1403.6078
https://doi.org/10.1103/PhysRevD.91.053008
https://arxiv.org/abs/1408.4864
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1408.4864

	Introduction
	Setup
	Higgs field equation during and after inflation
	Lepton number violation and effective chemical potential

	Neutrino production from oscillating Higgs inflaton
	Lepton number density
	Lepton asymmetry and reheating temperature
	Baryon asymmetry

	Conclusion and discussion
	Conformal transformation
	Inflaton sector
	Fermion sector

	Bogoliubov transformation
	Relation between T(reh), N(reh) and n(s)

