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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 violation 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,
np = ny — ng," and the number density of photons, n., [2]:

np = 2 ~ (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 —ny and np = 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,
0.4 (8ujly), 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 ~ (Lo)(Lo)".2 Second, the
derivative coupling between the Higgs field ¢ and the lepton number current j4': Ogime ~
Gu(qugb) J4 [10-13|. As long 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 peg(t) ~ 9:(¢T¢) as Odims ~ O(dTd)(ne — nz) 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 subse-
quent 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 &:
1 1
SJinf = /d413\/9J [2 (MI% + §¢>TJ¢J) Ry — §|au¢J’2 — Vi) (2.1)

where J stands for the Jordan frame, V;(¢s) = %qbii,, 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,uu> (2'2)
where we truncate the conformal factor Q2 up to the quadratic power of ¢ :

§ o
D(py) = 1+ —507. (2:3)
M3

We have omitted explicit £ subscript for simplicity. The final form of the action in the

Einstein frame is

4 M 1 2
St = [ d°xy/—yg TR - §|au¢‘ =V(9)|, (2.4)
where the potential in the Einstein frame V(¢) is
V.
v(g) = A0 2.5)

The inflaton fields in both frames are related by

¢ 1466 .y [ VEAF65)ds o ] 622 /M2
MP—\/Tsmh (pr)_\/ésmh ( W . (2.6)

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

2 19l 2
02 ~ e\/;A?p ,]\jp ~ (sgnoy) \éé In <1 + 5@) . (2.7)
Therefore,
1 2 1ol 1/2
J% ~ (sgn ¢) NG (e 3Mp — 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(9) ~ 5 M (29)

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

%és? +V(¢) = 3M}H? (2.10)
<5+3H<15+f;;=0 (2.11)

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

sin(Mt)
t) ~ pg——-—~. 2.12
B(1) = o (212)
In the Higgs inflation, the eﬂ“ecti\zfe mass M during the oscillation is not a free parameter
but fixed from X\ and ¢ as M? = /\3]?21’ , and ¢g 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 ~ ~
Laim-5,7 = Mii)(LﬂU)(‘I)JLJ)T, (2.13)

where ® = igy®* and we have assumed this operator is Planck suppressed with a parameter
¢s < 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  2csMp ( |8 )
B h 2.14
T M Q ¢ T\ 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 Mp &« ¢ <

13
MTP, 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 d,¢ = gﬁég. 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
iy = 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]:

C6

@<6u¢3>jz = 55 (2,6%)52, (2.15)

Ce .
Op = ——= &1 ;0,44 = A

_ i
where we have taken unitary gauge to the Higgs doublet ® and the dimensionless constant
cg parameterizes the size of the dimension-six effective coupling. In the last equation, we
used the spatial homogeneity of the inflaton sector. j% has the meaning of the number
density of the lepton, j% =np =1lll=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 = —&—%(8@2) 32 [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”:

peir(67) = Aji%@m%). (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

() = Lo ( Af) (2.17)

Fig. 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 j 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
<I)T,<I>18u(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 — fwg. (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 = §,F for any function F.

By Bogoliubov transformation, Eq. (3.1) leads to a coupled equations of Bogoliubov
coefficients « and 3,

ay(r,k) = ) [ i’ — (sk + iy, e2J5 ws(r)ar’,

Bs(7,
S w?
as(7, k) k)

Sor [l = (sk 4 iy, ] €2 o (T, (3:2)

62(77 k) -
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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 ¢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 55(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 35 values at late times indicate particle production from the time

dependent background: the generated number density for the helicity s is given by

1 3k
(a(t)/aena)? / np BT ),

where S5(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 aepq 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

ns(t) =

(3.3)

densities of each helicity states at a sufficiently late time when the Higgs field value becomes
small so that m, (¢) < Tren [23]:

Mot = Jim ni(t) — ng(t) = (aend)g [ s,

reh Qyreh 27T)

(3.4)

where the net occupation number is the helicity weighted sum at the end of the reheating
f(p) = f(tren, k) =D, sfs(k) = f+— f— describing the differences between particle (s = +)
and anti-particle (s = —). Comoving lepton number density 7, = [ (Q‘jBT])%, 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 Fig. 2. Note that the
asymmetry is dominantly generated during the early time within first several oscillations so
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Figure 3. The final occupation numbers multiplied by k® considering the contribution of from the
phase space depending on the (cs5,cs). Blue and red colors are used to represent different sign of
the final occupation numbers.

that it is relatively insensitive to exact value of t,o,. nr, is determined by ¢5 and cg paramters.
Final spectrum of the occupation number f(k) multiplied by &% taking the contribution from
the phase space are also shown in Fig. 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
B ™ N

en 20(3) T8

nr

N1 (tren) = (3.5)

Ty reh

where the photon number density at the end of the reheating n|yen = 23) T3, with ¢(3) ~

2

1.2and T = eMeen T, where Ny, = In (“r—eZ).G Because nj, is solely determined by cs

Qen

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.



102
5\ 1021 1014
(0]
S 102
% 19 1 1010 B\i
= 10 z
® (0)
= 108 110 @
® <
] 17
10
S 1100.
ZI\L— 1016
. 10.01
0952 0954 0956 0958 0960 0962 0.964

Ns

Figure 4. Rescaled temperature T = eNeen veh and Tren vs ng. The blue line is T and red solid,

dashed, and dotted lines represent the reheating temperatures Tyop assuming w = (0,1/10,1/5)
during the reheating, respectively. Results are calculated taking Ref. [33] into account by combining
Nien and Tiep 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].

and cg, it suffices to specify T (which we call ‘rescaled temperature’) to obtain 7, (treh)-
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.

Nrew T, can be inferred by the Hubble scale H, at pivot

Rescaled temperature T=e
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 (agTy _N
T =¢elNrenp o= —"— H.e N, 3.6

o e <119*,reh) (’f*) ‘ (36)

For a given model of inflation, H, and N, are generally related to the slow-roll parameters
e and 7, hence the observables ns and r at pivot scale. In the case of Higgs inflation [18],
3 1 2 2

6*24—N*2, n*:—E, ns:1—6e*+277*:1—ﬁ*, N*zl—ns'

(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
Ay = —— % H, =7nMpy|=As(1 —ny). )
SWZG*M]% TiMp 9 ( n) (38)

Hence, we can evaluate T solely as a function of ns. Fig. 4 depicts the values of T and Treh
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 7' € (10'% — 10'8)GeV
as a preferred regime. Assuming w = 0, the reheating temperature suggested in Ref. [22]
Tren € (3 x 101 — 1.5 x 1014) GeV corresponds to T ~ 106 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

(sm) _ 28

sphal — % (39)

nB = Csphal "B—L,i>
[7]. Therefore, for successful baryon asymmetry, we also require 7z, ; 2 31p.
Considering the transition through the sphaleron effect, final baryon asymmetry for
given comoving lepton number 7z, (cs5, ¢g) and rescaled reheating temperature 7' is given by
" C(SM) 2>

TNy,
ng(cs, ce, T) ~ “sphal 7 7%
2¢(3)1®

(3.10)
The observed value is npops ~ 6 X 10719 [2]. As can be seen from Fig. 5, there exist
reasonable parameter regions of (cs,cg) 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 ¢; < 1 and
Ce <

~

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 Fig. 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 Fig. 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]. However, as identifying the inflaton decay as the source of the lepton asymmetry,

In Fig. 3, the Einstein-frame momentum cut-off is A = Mp /¢ = 0.01. Large c¢ ~ 100 makes it one
order of magnitude smaller, A/\/cs ~ 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 (c5,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.

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 asymmetry.

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 € (1015 — 10'®) GeV. The sphaleron
processes eventually convert the lepton asymmetry into baryon asymmetry. We emphasize
that our scenario is a minimal realization of baryogenesis since we do not require any extra

— 11 —



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 cou-
pling 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 Jordan

frame:
Sut = [ oy [39°R) ~ 5 0u000,00  Vato)] (A1)
where we consider a conformal factor
02 =1+ £4%. (A.2)

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

Juv = ngJ;w' (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 = [R + 3¢" 0,0, In Q* — ggwaﬂ InQ?9, In 92] : (A.4)
When we substitute Eq. (A.2) and Eq. (A.3) to the action Eq. (A.1) becomes
1 /% +662¢%\ V.
S = /d4:c\/—g |:R— 3 <Q4§¢J> 9" 0, 00 b — Jg(;ij)] . (A.5)
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To make its kinetic term canonical, we redefine the inflaton field: The Einstein frame field
¢ is given by

d¢ QQ+6§2(Z)2 1/2
dmz( Q J) ‘ (4-8)

This can be analytically integrated:

242
¢=,/126 sinh ™~ (\/ 1+ 6¢) ¢>J)—J6sinh1< fj;%) (A7)

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

¢J |¢| < 5

(A8)
“WEimreed) 1ol> L

For the intermediate regime 1/¢ < ¢ < 1/4/€, the latter relation in Eq. (A.8) implies

2 2
02 ~ e\/;lqbl, and £¢? ~ e\/;(b -1~ \/ggb, that is,

¢~ \/gésb%- (A.9)

Then the Jordan-frame potential V(¢ ) = 4¢4 leads to the Einstein-frame potential Vg =
V;/Q* in the intermediate regime relevant to the reheating phase:

Agh/4  AME

Vi(g) = R0 (A.10)
(L+eof)” 66
. 2 _ >\M
This corresponds to Eq. (2.9) with M T

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:

Sy = /d4$\/ [—wjeJa YD by — *(MN +yds) U yibg + 4 ( 0u07) 4|, (A1)
where ej,* is vielbein in the Jordan frame and
1 fa. b]
DJM = 8M + Zw(]abﬂ’y y (Al?)
is covariant derivative of spinor with the spin connection w jup,,

WJiabpy = eJauv,uery- (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
Vuesd” = Ouesa” +T5,e00™, (A.14)

with FKM being the affine connection. The spin connection in the Jordan frame wjqp, is
related to the spin connection wjq, and vielbein e, in the Einstein frame

Wabpy = Waby + €y 0a I Q — €4,05 In (A.15)
and this results in
Yes "Dy = Q5/2'yaea“DM1/1, (A.16)
where we redefine the spinor field in the Einstein frame v by
vy = Q% (A.17)
Then, the transformation of the current is
Jh = ) regat vy = Qe iyt = QLR (A.18)
The final form of the fermion sector becomes

1— 1 /M _
5= [ateyg [gve D (MY gy L] )

Note that the Dirac and Majorana mass terms change differently as

1/2
_1 1| _[2 1l
My _ Yy, = vMp <1 —e 3MP> . (A20)

If the origin of neutrino masses is the seesaw mechanism,

My vy 2°Mp . (|4
. _ b , A21
™S My T MyQ T Mye S (A.21)

V6

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

2
VI s =V L. (A22)

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. We

— 14 —



also define m, = am,, and I = apu. We will denote F/ = 8, F and F = 9,F for any function
F.
The equation of motion for neutrino with additional term Eq. (2.15) is

—,

(10 —id - O)vy, = —m, (io2)v], — VL, (B.1)
or in the momentum space
(i0; + & - k)vp = —i, (i02)v} — fve. (B.2)

Mode expansion of the neutrino field is

d3k k i) eikT L N, —tk-T
v = /(270:35;1 [53(7', k‘)as(k;)e k + Xs('r, k‘)al(k)e k ’ (B.3)

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

{as(E), a;(/;”>} — (27)30,00(k — K): (B.4)

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

- o . R oo~ 1 .
hhg(E) = shs(k), h=5k= 5k (B.5)
where k = k/|k| and
hi(k)hg (k) = 64y, > ho(k)hi(k) =1, (B.6)
s==+1
we rewrite coefficients & and xs as
(T, k) = us (7, k)hs(K), Xo(7, k) = vg(7, k) hs(K) (B.7)

where x¢ = io2x™ 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,
(i10r + sk)us = —myvs — fiusg, (i0; — sk)vs = —myus + fivs. (B.8)

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

US(T, E) = %Me_i fOT ws (7))’ + \/B/%mez foT UJS(T/)dT,’

vs(7, k) = —%\/1 ¥ foemHo ws(Tdr" \B/‘%\/l — foet o ws(mar’ (B.9)
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where

sk+p
ws

W (. k) = (k + sji)* + 1, fo= (B.10)
Here one can see explicit difference between of the dispersion relations between two helicities
due to the existence of u 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 fOT dr'w(r") = wr. We emphasize that
this does not ruin the generality of the following derivations. We also denote g+ = /1 £ f.
Then, the the Eq. (B.9) becomes

e a —iwT B wT
’LL(T, k) = Eg_e + Egﬁ_e
. o —iwT ﬁ wT
v(T, k) = ——\/Qnge + —ﬂg,e . (B.11)

From the definition of f,

2 (k + sp)? my
= _=y1-f2=— B.12

The first equation of Eq. (B.8) for u and v can be rearranged to
(10r + fw)u = —(g4+9—)wv. (B.13)
Plugging Eq. (B.10) into this equation gives

(a'g_ +ag )e ™ + (B'gy + By )e™T

+ag-(1+ flwe™™ = Bgy (1 — Flue™ = —v/2(gsg_Jwv (B.14)

Note that the terms in the second line exactly cancelled as

ag—(1+ flwe ™" — Bg, (1 — flwe™T
= gig-w (agrwe ™7 — Bg_™T) = —V/2(gyg-)wv, (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_e—ifwd'r + 6/g+eifwd'r + ag/_e—ifwd'r + ng_e—i-ifwdT -0
(2) a/nge—ifwdT _ B’g,eifw‘h + ag;e—ifwdT _ ,6’g’_e+if‘”d7 —0. (Blﬁ)

By multiplying g+ and g_,

(1) x g— +(2) x g+) :

o (g2 +97)e ™ =—alg-g" +g19)e ™ — Blg-gy —g+g e
(1) x g+ —(2) x g-)

B9 + 97)e™T = —algrg’ —g-g\)e ™ — Blgrg +g-g ). (B.17)

wWT
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One can easily prove that there are useful relations between g4 and g_ as followings:

!
2 2 f
gL+ =2, 9-9_ + g9+, =0, 9-9 —g+9_ = T (B.18)

Then, Eq. (B.17) can be simplified as

i B sier _
oz:—— 1—f22 , 6 =

fl e—2iw7’

«
NV

which leads us to the desired result corresponding to Eq. (3.2) after reintroducting explicit

(B.19)

s index and integrals:

BSQ(T);{:) |:~Vﬁ, B (Sk‘ + :U’) ] 2i [ wS(T/)dT
T,

W

(1, k) =

as(
203

Bi(r, k) = [ il — (sk + fiym,] e Jo ws(7)dr", (B.20)

with the initial conditions a4(0, k) = 1 and (54(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(1, k) = ag(r, k)e i Jo ws()dr" By(1, k) = Bs(r, k)et o ws(7)dr" (B.21)
to make Eq. (B.20)
AL(T,k) = —csBy(1, k) —iws Ap(T, k),  Bp(1,k) = csAs(1, k) + iwsBs(1, k),  (B.22)

where

1
2w?

cs(1, k) = [ (si) — (k + sy (B.23)

[ﬁluﬁ/ - (Sk + ﬁ)ﬁ/lil] = 2w

with the initial conditions A4(0,%k) = 1 and B(0,k) =
We will solve the equation in the physical Einstein-frame time and the physical mo-
mentum,

Ay(t,p) = —CsBy(t,p) — iwsAs(t,p),  Bs(t,p) = CsAs(t,p) +iwsBs(t,p),  (B.24)
with
Os(t.p) = 5 [mu(Hsp -+ sit) = (p 4 spu) (Hm, + 1y )]
~ s [mspi = (p + s (B.25)

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

In this section, we will the derivations of the relation between Tyen, Nien, 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

agp 43 3
Tien = T C.1
" 0 <arch> <119*,rch> ( )

1
4 3 4
=1Tp <a0> (Geq> ( 5 > =1Tp <a0> eNrad ( 5 ) (C.2)
Qeq Qreh 11g. ,;reh Qeq 11g. ,;reh

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

W=

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 as. The gu ren
is the effective relativistic degrees of freedom at the end of the reheating. We will take
Gx.reh = 106.75.

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

N* =1In <aend) , Nreh =In (a/re}l> s Nrad =In < aeq > (CB)
Ay Gend Qreh

we have following relation:

ao. _ ag Gx Gend Greh _ aopH. e—N*ef rehefNrad' (04)
Geq Oy Gend Greh Oeq ks

where we used k, = a.H, at last equality.

NrenT? - can be determined by the Hubble scale

Therefore, rescaled temperature T=e
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 NV,

1
~ 43 3 aoTO _N.
T = eMNenTyy = Hoe N, C.5
e eh < 1 19*7reh ) ( k. ) x€ ( )

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

3 1 2 2

~— . —— ~1 =066 +2m 21— —, N, = .
anz N o € 20 N, 1—

(C.6)

€x

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

1 H? 3
A= H, = nMpy/ S A (1 = ny). .
8m2e, M2 TP\ S (1=ny) (€.7)

Hence, we can evaluate T solely as a function of ng. Note that we does not assume any
equation of state during the reheating so far.
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Tren and Nyep, are determined seperately when specific equation of state is given [33]:

3(1+w)

7"-2g>|<,reh

1 —_ 3w—1
4 3 T 4 n 3(1+w)
Tren = [( 5 > a% OH,e N <5Ved> ] (C.8)

1/4
4 1 45 1 11g, k., v
Nreh = ——In{ ——) —=1n M —In —In end — N,
1—3w 4 7r2g*,reh 3 43 aplyp H,

119*,reh

where

(C.9)
4| Vo
9 256
Vend = =2 MpA (1 — ng)? C.11

for Higgs inflation.
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