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Abstract We propose a new leptogenesis scenario in which
the lepton asymmetry and matter particles are simultaneously
generated due to the coherent oscillating Higgs background.
To demonstrate the possibility of our scenario, we consider
the type-I seesaw model as an illuminating example and show
the numerical analysis. In order to generate the required lep-
ton number |ny/s| = 2.4 x 10719, we find that the scales
of the Higgs background oscillation is required to be higher
than 10'* GeV.

1 Introduction

The observation of the cosmic microwave background
(CMB) supports two important cosmological events [1,2].
One is the cosmic inflation that causes the exponential expan-
sion of the Universe. The evidence is shown in the scale
invariance of the power spectrum. Another important event
is the big bang nucleosynthesis (BBN) in which the abun-
dance of baryons (hydrogen, deuterium, helium, etc.) is fixed
from a second to 3 minutes after inflation. According to the
theory of the BBN, the required initial conditions to real-
ize the current Universe are a temperature higher than a
few MeV and the baryon number to photons number ratio
n = ng/n, ~ 6 X 10710, Despite the CMB information
is originated after 380,000 years later from the BBN, the
observation shows n = (6.10 4 0.04) x 10719 [2,3]. How-
ever, these two events cannot connect directly because the
temperature of the Universe after inflation might go to zero
due to the extreme dilution. On the other hand, the BBN must
start with a high-temperature scale at least more than a few
MeV. Therefore, the Universe must be heated due to some
mechanism after inflation.
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The (re)heating theory has been developed by many
authors (for review, see e.g. [4-7]). Typically it is described
by the decay of the inflation field into other particles after
inflation, but a picture of the perturbative decay is not cor-
rect. Taking into account a particle coupled to the oscillat-
ing inflation field, the non-perturbative particle production
occurs and the produced particle number can grow exponen-
tially by parametric resonance [4,8—10]. This process hap-
pens before the Universe is thermalized, so-called preheating
era.

On the other hand, inflation makes our Universe no par-
ticle state because any particles are extremely diluted. Thus,
the Universe must evolve from no baryon number state to
non-zero baryon number state. This scenario is called baryo-
genesis that requires a small asymmetry between baryons
and anti-baryons. The Standard Model (SM) cannot produce
enough baryon asymmetry from a symmetric Universe. At
present, one of the hopeful scenarios is the thermal leptogene-
sis [11] in which superheavy right-handed neutrinos and their
interactions are added to the SM. The decay of right-handed
neutrinos can generate lepton number. This generated lepton
number can be converted into the baryon number through the
sphaleron process [12] after the decay of the right-handed
neutrinos.

Several baryogenesis scenarios associated with preheating
have been investigated in the past. The non-perturbative par-
ticle production due to the oscillating inflation field allows
creating heavier particles than the inflaton mass, while the
ordinary reheating theory cannot kinematically. This fact can
be applied to the baryogenesis scenario in which the parent
particles are heavier than the oscillating field [13—15]. The
oscillating background field that couples to the baryon or the
lepton can also induce the chemical potentials to the baryon
or the lepton numbers. The scenario due to such chemical
potential has been discussed in [16,17].

In this paper we propose a new scenario of the baryogene-
sis that occurs in the preheating era. In contrast to the scenar-
ios mentioned above, our scenario generates the baryons or
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leptons and their asymmetry simultaneously due to an oscil-
lating background field. In earlier studies, it was pointed out
the possibility of the asymmetry production in the preheating
era with simple scalar cases that have charge violating inter-
actions and C- and CP-violating parameters [18-20]. But it
is still not clear that there exist realistic models that can gen-
erate enough baryon or lepton asymmetry.

To show the story with a concrete model, we consider
the type-I seesaw model as an example. Then our scenario
corresponds to a new-type of non-thermal leptogenesis. A
sketch of our scenario is that the lepton asymmetry is pro-
duced by the non-perturbative particle production of the left-
handed neutrinos due to the coherently oscillating Higgs
background. For example, let us consider a lepton number
violating operator CA% (H ¢4 (H ¢?) first proposed by Wein-
berg [21], where CA# is a coupling and H is the Higgs dou-
blet, and ¢4 is the lepton doublet in the generation A. This
interaction also represents mass terms of the left-handed neu-
trinos in the case that the Higgs has a vacuum expectation
value. If the Higgs vacuum expectation value varies non-
adiabatically, the left-handed neutrinos would be produced.
An important point is that this neutrino production violates
the lepton number. Therefore, if the theory has C- and CP-
violating parameters, then the lepton number asymmetry is
also generated at the same moment. However, this process
must happen at a lower energy scale than the scale of the
coupling CA8. Otherwise, the backreactions or the neutrino-
Higgs scatterings happen, erasing the generated asymmetry.
Similar situations are investigated [23-28], but the interac-
tion contents or the generation structure in those studies are
different from ours. The models in [22,23,27] were consid-
ered the type-I seesaw and a dimension six operator that is
proportional to B + L current. Then, the lepton asymmetry
can be generated by a single generation. In [24-26], the case
that the coupling of the Wienberg operator is time-dependent
was studied. Compared with those studies, our scenario is
considered the type-I seesaw with three generations of the
left- and the right-handed neutrinos, without any other higher
dimensional operator and without the time-dependent cou-
plings. Recently, the similar scenario to ours have been dis-
cussed in [28] in which the flavour of the left-handed neutrino
is single.

Since it is difficult to obtain the analytic behavior, we
will demonstrate the formulation and show the results by the
numerical calculation. For simplicity, we neglect the spa-
tial expanding effect in the later calculation. Furthermore,
we assume that the energy scale of the produced left-handed
neutrinos is much lower than the mass scale of the heavy
right-handed neutrinos in order to avoid backreactions that
would erase the generated asymmetry. Then the production
of the right-handed neutrinos associated with the Higgs is for-
bidden, and the scattering of the left-handed neutrinos and the
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Higgs intermediated with the heavy right-handed neutrinos
is also suppressed.

The paper is organized as follows. In Sect. 2, we derive the
basic operator equations and construct the effective theory in
which the right-handed neutrinos do not appear. Using these
results, we construct the equations of motion for two-point
functions and the Higgs background to evaluate the lepton
asymmetry in Sect. 3. The numerical results are also shown
in this section. We summarize our conclusion and discuss in
Sect. 4.

2 Formulation of operator equations

The goal of this paper is to demonstrate that the lepton
asymmetry can be generated by the oscillating Higgs back-
ground. At first, we explain what we must calculate to know
the generated lepton asymmetry. As mentioned in the previ-
ous section, we consider our model with the type-I seesaw
model that includes the SM and the three generations of the
right-handed neutrinos. Furthermore, we neglect the spacial
expanding effect in the later calculation for simplicity and
assume that the energy scale of the produced neutrinos is
much lower than the heavy right-handed neutrino scale in
order to avoid backreactions erasing the generated asymme-
try. In our formulation, we use the notation of the metric as
guv = diag(+1, -1 1, — 1), and use the two-component
spinors as the representation of fermions.

The net lepton number can be defined by a vacuum expec-
tation value of U (1) Noether charge of the leptons as

/d3xz ((( vL I vL) (vLaovf'))

+((e£TUOe£‘) (eAcroeéT))

—(e52750%58) — (5100 T)) (1)

where the superscript A runs the generation, and vy, ey and
ef-(, are the left-handed neutrino, the left-handed electron and
the charge conjugate of the right-handed electron, respec-
tively. The lepton number density ny can be obtained by
ni = L/V where V. = [d°x is a spatial volume of the
system. As shown in (1), we need to follow every leptonic
two-point function. To derive the equations of motion for
each two point function, at first we derive the operator equa-
tions for leptons.

In later calculation, we derive the equations of motion for
each operator field and construct the differential equations for
all the required two-point functions using the operator equa-
tions. Then, we solve them numerically, and we follow the
time evolution of the generated lepton asymmetry referring
to the solved two-point functions.
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2.1 Lagrangian

The Lagrangian relating to the lepton sector is given by
Liepton = Y (Y7511 D0 + &5 D e
A

CA‘;‘—'[,L- cA
+vp 0%iduvg”)

1 . .
-2 <§Mz’33v75‘ Vi + VP
A,B

—V2yABeab gaghh el 4 (h.c.)) 2)

where superscripts A, B run 3 generations (flavor basis) and
a, b run SU(2); components, and mass matrix of the right-
handed neutrinos M is chosen to be diagonal and real com-
ponents. We choose the unitary gauge as H! = 0, H?> =
h/v2, £' = vy, €2 = ep, then the Lagrangian by each
component is shown by

Af = - Af =
»Clepton = Z (VLTO‘MIBM\}‘E + eLTa“zaﬂef
A

CAT — 1 cA CAT = s cA
+ep oTidueR +vg 7o, VR

14 1 e
+gvB, - (— EvLTo“vf - EeLTa“ez‘
+e;AT6“e%A>

1 .
+58w W3- Talvt —effatel)
1 1 ) Af-—pn A
+ogw(W, —iW;) vy o"ep

2

1 . _
+§gW(W; + lWi) . eﬁa“vz‘)
1
= (MR 4 5 hefes?
A,B

+yABpvivel 4 (h.c.)) 3)

where B, and WZ fora = 1, 2, 3 are the gauge boson fields,
gy and gw are the gauge couplings corresponding to U(1)y
and SU (2)1 gauge symmetries, respectively.

2.2 Equations of motion
2.2.1 Approximate solution for right-handed neutrinos

At first, we derive the equations of motion for the right-
handed neutrinos. From (3), the operator equations for the
right-handed neutrinos can be obtained as

0=5"igg = S (MABve + 6D BT, @
B

0=oc" igu = > MEEvE + ODEmf). )
B

Since we assume that the scale of the non-perturbative par-
ticle production is enough lower than the right-handed neu-
trino mass scale, we can construct an effective equation in
which the right-handed neutrinos do not appear. Assuming
M ,;la <« 11in (4) and (5), we can obtain the approximate
solution as

AT — B+ _ -
vl T =3 (M DA+ (M HA B i)
B

==Y (Mg'yD*Phop "+ My ABiduh - 54 vf
B
+HMRZy AP h 51 i0,0F)
+O((Mz"9)?). 6)

Note that the first term in the above equation is of the lead-
ing order, and the second and third terms are of the next-to-
leading order.

2.2.2 Left-handed neutrinos

The operator equation for the left-handed neutrinos is given
by

—u 1 -
0= 5" il — ey B W) -]

1 . - t
+§gW(W; — WD) Ghep = i EmT ()
B
Substituting the approximate solution (6) to the above equa-

tion, we obtain an approximate equation without the right-
handed neutrinos as

—u 1 _
0=o". zaﬂvf - E(gyB,L — gWWli) -o“vf

+%8W(W,1 —iW) - otef + Z(ij,;lyZ)Athva
B
+D_O0iMgZ )
B
x <ih - Buh +h? <%gyBM — %gwwj)) GHuB
=Y sMy)A P %gwwv,i —iWhelef +-
B
(8)

where - - - means higher order terms. In the above operator
equation, we impose the following approximations:

h~(h@), B,~0, Wy~0. C))
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These indicate that the Higgs has ahomogeneous background
but the gauge fields do not have backgrounds.! Then (8)
becomes a simpler equation as

0=ak-id,vy
T)AB<h)2va

JrZ((yZ‘MI?lyU

+i (y*M‘2 YAB(hy(hy - 500y + - (10)

In (10), a matrix y, MElyVT - (h)? means the masses of the
left-handed neutrinos but it is not diagonalized in general.
This mass matrix can be diagonalized by Pontecorvo-Maki-
Nakagawa-Sakata matrix Upyns as

my(1) = —Upns Mz v Upnins - (h(1))? (11)

where m, is a diagonal matrix and every component is real.
Since Uph s Yv Mz ¥1 Upmns is a constant matrix, it can be
represented by the present Higgs vacuum expectation value
and the present left-handed neutrino masses:

_ 1
UgMNSvaRlygUPMNS =~ 3Mv.now (12)
(hnow)
where
mi
(hnow) = 246 GeV, My now = myp s (13)
m3

and m 1, my, m3 are the masses of the left-handed neutrinos
in mass basis. Equation (12) can also be rewritten as [29]

l=-m, néwUPMNs)’vMEI)’UTUPMNSmu_,%%v + (Bnow)’
=- [mv_,néwUPMNs)’vMEI/z]
x [My T Unsansmy 42| - Urnow)?
=o0"o (14)
where
0 = iMy"*yT Upninsmy L2, - (now) (15)

is an orthogonal complex matrix. Using this matrix, the
Yukawa matrix y, can be represented by

i
(hDOW)

T 1 2 1/2 il
Yo = — / Omv nowUPMNS' (16)

1" Although there are no backgrounds of gauge fields (one-point func-
tions), two-point functions that correspond to their number density are
not negligible. In our scenario, the gauge bosons can be produced by the
coherent oscillation of the Higgs background. We will see in Sect. 3.2
that the bosonic two-point functions appear in the Higgs sector.
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Hence, we can obtain

yM—ZT

Rv= <hn0w) UPMNSmu nowOTM Omv nowUPMNS

a7

Finally, the operator equation (10) written by the mass
eigenstate can be shown as

0 ="iduvy + Y (~ImyO1' ] + iz 5%]) + -

J
(18)
where the superscripts /, J run mass eigenstate indices,
VI{ = Z(UIIMNS)IAvf (19)
A
is a mass eigenstate of the left-handed neutrinos, and
(h(0)>
[my(1" = ——— - [mynowl"’ (20)
(hnow)
{h(0)) (h(1))
[Z(t)]lj =0 [ ll)/l’%OWOTM Om llj/r%ow]lj'

(hI’IOW)2
2n

Note that Z is a non-diagonal Hermitian matrix in gen-
eral. The CP-violating parameters are included by the non-
diagonal complex elements.

Since it is convenient to treat the equations by the
Fourier transformed representation, we represent (18) by
each Fourier mode. We expand vy (x) by a plane wave and
each helicity mode as

&k

v (x)e]" = Pk

e Z(ek>a[vk(t)] (22)
where (e} ) is an eigen-spinor for the helicity operator that

satisfies:?

K ('e))* = —sk|(G%)% (s =4 or —). (26)

2 1In this paper, we use the following representation:

l sk3 . 1 sk3
Sy, SN opibk [ _ 2
(@ = <1+ |k|) (@2 =55 <1 |k|> @3)

where
k' +ik?
/(k1)2 + (k2)2

is a phase defined by the x- and y-components of the momentum. They
satisfy the following orthogonality conditions;

e =

(24)

efjaoel'{ = eraoeY1 =87, efel, =sel%sT (25)
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Then (18) in the Fourier space can be represented by

ol = isikivg! + > (imlY s T — ZI Wy 4

27

Later, we will use this differential equation to derive each
two-point functions.

2.2.3 Left- and right-handed electrons

Since the electron sector does not have interaction with right-
handed neutrinos, each equation for electrons is the same as
in the SM. Moreover, as long as we use the approximation
(9), the electron sector is separated from the left-handed neu-
trinos. Therefore, even if the lepton asymmetry is generated
in the neutrino sector, the effect does not influence the elec-
tron sector. For this reason, we ignore the electron sector in
this work.

3 Analysis of lepton asymmetry

As shown in the previous section, the net lepton number is
defined by (1). We expect that the lepton asymmetry from
the electron sector can be neglected. Thus, we only consider
the neutrino sector and obtain

nL:V/deE

./ (271)3

Therefore, we need to follow the values of each two-point
functions in order to know the net lepton number.

According to the CMB observation [1], the baryon number
in the Universe is given by

A At
50 A) (véaovL >)

35 (0 - 0tortd).

(28)

"Bl _g6x 107 (29)

S lobs

where n p is the baryon density and s is the entropy density.
The lepton number required for achieving this observation
can be estimated as follows. After the lepton number is gen-
erated in our scenario, a part of it converts to the baryon
number through the sphaleron process which is in equilib-
rium at the temperature 7 < 10'> GeV. The amount can be
estimated by [12]

ng 28 np,
—_— = 30
s 79 s (30)

Thus the required lepton number is

79
"L _TRBL 5410710, (31)
N 28 s lobs

3.1 Differential equations for two-point functions

We can construct differential equations for the two-point
functions using the operator equation (27). The relevant dif-
ferential equations are given by

3, (Wi””ﬂ” _ _Z <<vk1| AL

K
+(z*)1K (USKT\)SJ>)
+zm”[se’9k(v kvlij)]
—im! [se!% (v vy ]* (32)

o)y = = 3 (torkhzk
K

+Z”<<vs_’§vi”>)
(it 1*
Tse™ (¥ ey (33)
W) = 2is|k|[se'% (v )]
=3 (s wrhoFnzH !
K

+lm [se
—zm

0y [se"éxk

+(Z) K se ™ v i)))

"oy = imi

sJf
Ve Vi ).

+i m V- kv

(34)
Note that correlation functions of three or more points that
provide the interaction effects do not appear in the above
equations because we approximate the bosonic operators
by background fields in the previous section. Although it
is still difficult to analytically solve these differential equa-
tions because of the time-dependent matrices m, and Z, the
numerical analysis can be performed in a relatively simple
way. The initial conditions for each two-point function are
chosen to be?

3 Actually, the asymptotic solution of (27) corresponding to zero par-
ticle state is given by

vl (0) = [ O1 [a)) + se™ % - [} ()*1 [, 1Y (35)
where

PT B S LY —i [Far' T ()11

L] =9 2(1 [wko)]”)e ' (30
s lJ 1 s|K| —i [ dt T ()

] =2 5 (14 o ) &)
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sIT sJ _ l Lk' -8
i i = =V - 3 ( " [wk(ro)]”> ’ >
WISy, =V - Y s 0
TkVok V=t ) [wi (10)]!
sl .. sJ — . M -8t
VI = =V 2L (10)171 ’ (41)

where t = 1 is an initial time, V = f d3xisa spatial volume
of the system, and

[k 1] = \/IKI2 + [m, ()21

(h(r))*
— 2 11\2
= \/|k| + <]’lnow>4 ([mu,now] )-. (42)

3.2 Evolution of Higgs background

The time dependence of the matrices m,(t) and Z(t) is
described by the dynamics of the Higgs background. Thus,
we must follow the time evolution of the Higgs background
in order to solve Eqgs. (32)—(34). The Lagrangian relating to
the Higgs sector is given by

1
Ltiiggs = D"H* D, H* — ZA(H”H“V + Lyukawa  (43)

where Lyukawa 18 the Higgs interaction terms with fermions.
We neglect the quadratic term of the Higgs because the scale
we focus is much higher than the electro-weak scale. Using
the unitary gauge, H' = 0, H? = h/+/2, the Lagrangian in
each component can be represented as

1 1
Lriges = 50" houh + g(g% + g3 Z 7, h?

1 1
+Zg%v W, h? — th“ + Lyukawa (44)
where we denote
i 3
<ZM>E<C?SQ mn@)(Wu)’ 43)
Ay sinf cos@ B,
sinf = g—y’ cosf = g—W, (46)
Jer +ew Jer +ew
1 .
Wi = E(W; FiW). (47)

The Lagrangian (44) leads the equation of motion for the
Higgs as

0= 87h — d;0;h + Ah?

Footnote 3 continued
and ay (alsj) is an annihilation (a creation) operator which satisfies

lap)' . [ag 11 = @m)36* (k — k)67 8", [la}) . [af,1'] = 0.

(3%)
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1 1 _
- (Z(g§ + @) ZHZ, + Eg%VW“L“WM > h
+(fermion’s terms). (48)

Taking the vacuum expectation value in the above equation,
we can obtain the equation for the Higgs background as

0 = 82(h) + A(h)> + Jpr (49)
where JgRr is a backreaction term that consists of
JBR = Smﬁ - (h) + (fermion’s two — point functions)

- 1 -
HA) = 5 (87 + g 2" Zyh)

1 -
=5 8w (W W h), (50)
h=h-—(h), (51)
- 1 1
dmiy = 3040%) — 287 + &0 (2" Z) — Sy (WHW).
(52)

This backreaction plays a quite important role. As we will see
in Sect. 3.6.1, the lepton asymmetry cannot be fixed without
the backreaction.

Because the backreaction (50) includes too much informa-
tion and thus the form is complicated, let us extract the rele-
vant effect and approximate them to be a useful form. At first,
we neglect three-point functions since we constructed the dif-
ferential equations up to two-point functions. This approxi-
mation is valid as long as (Z*) ~ (W*H) ~ 0. Moreover,
we can expect that the bosonic two-point functions would be
much more significant than the fermionic functions because
each two-point function relates to the number density and
the bosons would be exponentially produced due to the para-
metric resonance by the coherent oscillation of the Higgs
background. Therefore, we can approximate the backreac-
tion term as

JpR ~ 8m3 - (h). (53)

Speaking roughly, Sm% is the product of the couplings and
the total number densities of the Higgs and the gauge bosons.
Because it is complicated to follow the time evolution of the
two-point functions of these species (52), we approximate
them by a single real scalar field* as

1
oy ~ Naea - 58 (1) (54)
where x is an artificial scalar field that satisfies

1
0=07x — didix + 78w i)’x. (x) =0, (55)

4 The scalar x defined here is NOT a new field in the type-I seesaw
model. We treat this scalar as an approximation technique to estimate
the degrees of freedom generated by the oscillating Higgs background.
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and
N, = 12208 gy + gy (202, AW,
T D & A x2)
(56)
121 2
8w 8w

is an effective degrees of freedom included in (52). The coef-
ficients 1, 3, 6 in (56) correspond to the degrees of freedom
of h, Z, W* bosons, respectively.

Finally, the differential equation for the Higgs background
can be derived as’

1
0= 7(h) + 1) + Naeg - 783 (1) (h) (61)
= 92(h) + A ()’
1, [ &%k )
g - 8w m('“k' " 2op

where uy is x ’s time-dependent wave function which satisfies

1
0= 0 up + @y, o=k + Zg@(h)% (63)

1 . .
ui(to) = m, ug(to) = —iwr(to)ur(tp).  (64)

The above initial conditions for u; indicate zero-particle state
as the initial state. Thus, this analysis is valid in the case that
the thermal particle number described by the temperature
of the Universe is negligible. We assume that the produced
bosons due to the oscillating Higgs background are more
than the thermal particles. Otherwise, the backreaction does
not sufficiently affect to the Higgs background and the final
lepton number would not be fixed.

) (h) (62)

3.3 Scales of the particle production

In this section, we discuss what the momentum scale of the
produced left-handed neutrinos is. Non-perturbative particle

5> The representation

&Pk
xtx) = | 555 e (uk(t)ak+uk(t)*afk) (58)
leads to

&k
) =/m|uk(z>|2, (59)

but this term diverges. In order to renormalize, we add a counter term

as
d*k
= W <|Mk(f)|2 -

x® = (ren

) (60)

wak(t)

by hand. The counter term 1/2w,x corresponds to (0(2)] x 2|10(t)) where
|0(7)) is a vacuum state defined at time 7.

production occurs when the adiabatic condition is violated.
The condition for producing the heaviest left-handed neutrino
is given by

[d)k]heaviest ~ 2<hn0w>2 . ‘ <h) (65)
~ ([C!)k]heaviest)2 k~0 My heaviest <h)3
where [wg heaviest = [wk]” and My heaviest = [mv,now]”

for the heaviest generation / of the left-handed neutrinos. In
order to obtain the production scale, we need to know the
dynamics of the Higgs background. At the beginning of the
particle production era, the backreaction Jpr in (49) can be
neglected. Then the time derivative of the Higgs background
can be represented as

. A
[{R ()| ~ \/§(<hmax>4 — (h)%). (66)

In the derivation of the above equation, we assume (k) = 0
when (h) = (hmax). Substituting (66) into (65), we obtain

L 22 T Q) )

JOo 67
~VO [h@)/ ()P (67)
where
_ 4 mv,heviest(hmax> 2
0= (Mne)
_ 4 (my heviest (Pmax) 2
T < 0.1eV 6.05 x 104 GeV) : (68)

Note that the parameter Q corresponds to the resonance
parameter ¢ known in the Mathieu equation.®

In the case of Q > 1 which corresponds to the broad
resonance, the condition (67) can be simplified to

)] S V2070 (hmax).- (71)

This result shows us the production area of the left-handed
neutrinos. Furthermore, applying the Tayler expansion to the
Higgs background

. A
(h()) ~ (h(t =t))(t — t5) ~ \/;(hmax>2(t — 1) (72)

6 The Mathieu equation for a function y = y(x) is given by
0=1y"+ (A —2gcos2x)y (69)

where A and g are the resonance parameters. In this equation, the
non-adiabatic condition is obtained as

| < (VA —2g cos2x) 1 | cos x|

= —— . 70
A—2gcos2x |40, 24 sin? x (70)
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where t = t, is a time when (h(t = t,)) = 0, we obtain the
time scale of the particle production around (h) = 0 as

A

—1
It—t*|§<Q”6 Z<hmax>> = Ar. (73)

This time scale implies the momentum scale of the produced
particles as

1
LY S, [[my (t =t + Al)]heaviest| = A_l‘ = Ak. (74)

In the case of Q < 1 which corresponds to the narrow
resonance, the condition (67) is satisfied for almost any value
of (h) except the narrow area of (h) ~ (hmax). Therefore,
the time scale of the particle production is estimated by the
oscillation time scale of the Higgs background 7, as

(hmax) 1
At ~ foge ~ / dh—
0 2 ((hmax)4 - h4)

-1
=0.9270 - <\/§ (hmax)> (75)

and thus the momentum scale can be estimated by

My heviest {fimax)?
K| 5 [[my ((h) = (Amax)) Iheaviest| = WL(;MX)
(hnow)

(76)
3.4 Entropy density

Since the cosmological observation of the baryon number
density np is normalized by the entropy density s as np/s,
we need to estimate not only the net lepton number density
but also the entropy density. In this section, we discuss the
produced entropy in cases of the following two types of sit-
uation:

e Case A: The main contribution of the entropy is produced
by the perturbative decay of the inflation field ¢.

e Case B: The main contribution of the entropy is produced
by the non-perturbative decay of the Higgs background
due to its oscillation, that is, the lepton number generation
and the entropy production occurs simultaneously.

The difference in Cases A and B are not only the dominant
component of the Universe in the epoch of entropy produc-
tion but also the entropy production mechanism. In many
cases, the situation is included in Case A. While in Case B,
the Universe must be dominant by the Higgs background.
To realize this situation seems difficult if the model includes
both the Higgs background and any inflation fields. As an

@ Springer

example of Case B, the Higgs inflation model [30] would be
applicable.

3.4.1 Case A: entropy production by inflation field

The produced entropy density s at the decay time of the infla-
tion field ¢ = tg is given by

1/4
s(tg) = (éﬁ) (TpMp)¥? = 0.65 - (TyMp)>* (77)

where g, ~ 100 is the degrees of freedom of the relativistic
particles, I'y = 1/t is a decay width of ¢ and M, =
1.22 x 10" GeV is the Planck mass. Assuming the lepton
number generation is completed at t = #;, < g, the lepton
number density ny, at t = tg can be written as

a(t)?

TS np(ty) - Uit} (78)

np(tg) =np(1) -

because of ny (1) 1/a(t)3 o t~2 until # = rg. Therefore,
the lepton-to-entropy ratio at t = fg can be shown as

nr(tr) _ np(iL) - Fét[% (79)
s(tr)  0.65 - (TyM )32
— 40 x 10_10 ) nL(tL)At3 (hmax) :
' 10-8 1016 GeV
. I'y 1/2 Nosc 2 (80)
1012 GeV 5

where At is a production time scale of the left-handed neu-
trino defined in (73) and

1 11,
2w Atose

Nose ~ 8D

is the number of the Higgs oscillation until the lepton number
generation completes. Hence, this scenario requires a high
scale amplitude around (hmax) ~ 10'® GeV and strong decay
of the inflation field. We will see later with numerical results
whether enough lepton numbers are produced or not.

3.4.2 Case B: entropy production by the Higgs background

In this situation, we need to evaluate the entropy from
the information of the decay products through the non-
perturbative decay from the Higgs oscillation. In our anal-
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ysis, we estimate the entropy density with the distribution
functions of the produced particles as’

s= ) /@pﬂ+ﬁmM+$5

i for bosons
— " ;1
D D L T
i for fermions
— 7 ;07 (84)
k k

where \V; and f, @) are the degrees of freedom and the distri-
bution function for species i particle, respectively.

In our scenario, sizable gauge bosons W+ and Z and the
Higgs bosons are produced by the oscillating Higgs back-
ground. As we approximated in (54), we can also approxi-
mate (84) by the effective degrees of freedom Ngeg and the
distribution of yx particle. Then, we can obtain

dk
N NNdeg/ m[(l +fk(X)) In(1 +fk(X)) _ fk(X) In fk()()]
(85)

where the distribution function can be represented by the
wave function as

o Nl ol w1
= — (86)
2wy 2

Since it is difficult to obtain the analytic results in this case,
we will see the numerical results in Sect. 3.6.

3.5 Model parameters

Before we show our numerical results, we mention the
required input parameters for our analysis. There are 17
model parameters required by the analysis of the lepton
asymmetry:

7 In the case of the equilibrium distribution

1

T 1 (— : bosons, + : fermions) (82)

fi =

where w; = /|k|? + m? is one-particle energy, 44 is chemical potential
and T is temperature, one can derive the familiar representation of the
entropy density from (84) as

5= o+ pT— un (83)

where p is the energy density, p is the pressure and n is the number
density.

e The gauge couplings gy, gw and the Higgs self-coupling
A

e Masses of the left-handed neutrinos m, now = diag(mj,
my, ms3)

e Masses of the right-handed neutrinos Mg = diag(M,
M3, M3)

e Complex orthogonal matrix O: 6 real parameters

e Initial values of (h(zy)), (h(ty))

The SM parameters gy, gw, and A could be determined by
the renormalization group running once the initial conditions
for (h(tp)), (fz(to)) are determined.

For simplicity, we assume that m3 is the heaviest left-
handed neutrino and that a non-degenerate mass spectrum
to the left-handed neutrinos in later analysis.® Taking into
account the observations of the neutrino oscillation [31], we
set the heaviest mass of the left-handed neutrinos as

3~ 4/1Am3,| = V2.5 x 1073 eV. (87)

The mass scale of the right-handed neutrinos is con-
strained in our analysis. The lightest right-handed neutrino
must be much heavier than the heaviest left-handed neutrino
because of the validity of the effective theory. Hence, the
lightest mass of the right-handed neutrinos must be

[MR llightest > max ([m, () Iheviest) (88)
(hmax)? (hmax)?

- = ma 89

o2 T T2Ix 105 Gey O

where (hmax) 1s @ maximal value of |(k(#))|. Note that the
typical scale in our scenario is characterized by

<hl’10W)2

m3

=1.21 x 10" GeV. (90)

Finally, we mention the treatment of the complex orthogo-
nal matrix O. Since this matrix does not have any constraints,
we treat it as a set of free parameters. The parametrization
can be taken as

1 0 O c13 0 —s13 ci2 5120
O=10 c3 523 01 0 —s12¢12 0 91
0 —s23 €23 s13 0 c13 0 01

where
Cij = COS Qij
= cosh(Im 6;;) - cos(Re 6;;) — i sinh(Im 6;;) - sin(Re 6;;)

92)

8 Although the case of the degenerate mass spectrum is also applicable
to our scenario, we do not consider such a case in this paper because
the mass scale of the left-handed neutrinos cannot be determined.

@ Springer
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sij = sinf;;
= cosh(Im 6;;) - sin(Re 6;;) + i sinh(Im 6;;) - cos(Re 6;;).
93)

The complex parameters 6012, 623, 013 correspond to 6 real
parameters.

3.6 Numerical results
Finally, we show our numerical results with a set of specific

parameters. In our analysis, we set the gauge couplings and
the Higgs self-coupling at the Higgs oscillation scale as’

2 2 1
8¢ =gy =4 - 5. h=000L (94)

Then, the effective degrees of freedom defined in (56) is
evaluated as

Naeg ~ 12. (95)

Basically, the other parameters are free. In this paper, we
choose the parameters to be

My now = diag(0, \/Am3, \/|Am3,])

= diag(0, V7.5 x 105,v/2.5 x 10-3) eV,  (96)

Mg = M x diag(1, 10, 100), o7
T . T . T .

01 = E +0.1i, 03 = E +0.2i, 013 = Z + 0.3i,

(98)

where m, now and Mg are diagonal mass matrices of the left-
and right-handed neutrinos on (h) = 246 GeV and each 0;;
defined in (91), (92) is a parameter of the orthogonal matrix
O. Furthermore, we assume

(h(t9)) =0 (99)

for simplicity. With this assumption, we can regard (fmax)
as (h(tp)). The rest parameters (h(f9)) and M; are treated
as variables in our analysis. Using the above parameters,
we solve (32)—(34) and (62) numerically. Substituting the
obtained values into (28), (85) and (86) at each time, we can
follow the time evolution of the net lepton number.

9 For the Higgs self-coupling A, there exists the vacuum stability prob-
lem that the coupling A tends to run into negative at high scale > 10°-15
GeV [32,33]. Since our scenario requires the oscillation of the Higgs
background, we assume that the Higgs self-coupling maintains positive
at the focusing scale.

@ Springer

3.6.1 Case A: entropy production by inflation field

Atfirst, we focus on a situation of Case A in which the entropy
production is induced by the decay of the inflation field after
the generation of the lepton asymmetry. As discussed in Sect.
3.4.1, hyax ~ 1010 GeV is required. Our numerical results
with
(h(ty)) = 10'® Gev, M, =10" GeV (100)
are shown in the upper panel of Fig. 1. One can see that the
evolution of the net lepton number oscillates between the
positive and negative with a similar magnitude of 107° at
the first stage. The flipping of the sign happens when the
Higgs amplitude reaches to the edge, i.e., (h(t)) ~ (hmax)-
After the Higgs amplitude dumps at# ~ 190A¢ where At isa
time scale of the particle production defined in (73), however,
the oscillation of the lepton number stops and its evolution
freezes around
np A3 ~2 x 1076, (101)
The main reason for the amplitude reduction of the Higgs
background is the resonant production of the gauge bosons
and the Higgs boson. The production of the left-handed neu-
trinos with lepton number violation also occurs but the energy
conversion from the Higgs background is much smaller
because the interaction is suppressed by the right-handed
neutrino mass scale. Once enough bosons are produced, their
plasma behaves as an effective mass of the Higgs back-
ground. In consequence, the Higgs background loses its
energy and the non-adiabatic condition, and hence the all
of the particle production finally stops. Since the neutrino
production freezes, the asymmetry flipping also freezes. As
seen in the lower panel of Fig. 1, the asymmetry flipping
lasts forever if the backreaction is not taken into account in
the analysis. Therefore, the effect of the backreaction has an
important role to fix the final amount of the asymmetry.
Substituting the numerical results (101) and Nygc ~ 7 into
(80), one can obtain

1/2
PLUR) 5 4 x 10710 (—F¢ > B
s(tr) 4.2 x 100 GeV
Thus, there exist possible parameters to explain in Case A if
the amplitude of the Higgs background and the right-handed
neutrino mass scale is higher. Note that the estimation here
is valid in the case that the effect of the decay product from
the inflation field can be neglected during the generation of
the lepton asymmetry. Because the backreaction to the Higgs
background in our numerical analysis only includes the con-
tribution from W and Z. If the contribution of other decay
products is not negligible, the time evolution of the Higgs
background, and hence, the net lepton number would change.

(102)
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Fig. 1 Upper: the time evolutions of the lepton number in a volume
of Ar? and the amplitude of the Higgs background. The parameters are
set by (h(19)) = 10'® GeV and M; = 10'7 GeV. The first two figure
shows the time evolution of the net lepton number with normal and
logarithmic scales of the vertical axes. The third figure shows the time
evolution of the Higgs amplitude. Lower: the time evolutions with the
same parameters to the upper panel but without the backreaction effect
(JBr = 01in (49))

In contrast to the case of parameters (100), cases of the
lower scales of (h(fg)) and M tend not to be able to explain
the current asymmetry. According to our calculation with
parameters (h(fp)) = 1.5 x 10'* GeV and M; = 101 GeV,
the analysis shows np(t)A? ~ —4 x 1072 and Noge ~ 5.
(See the lower panel of Fig. 3 for its evolution.) These results
lead

nLUR) 5 4y 1010, (

103
s(tr) (103)

Ty 1/2
1.4 x 1015 GeV) '
Because the required decay width is greater than the mass of
the inflation field mg ~ 1013 GeV, this scenario seems not
to work.

3.6.2 Case B: entropy production by the Higgs background

Next, we focus on the situation of Case B in which the entropy
production occurs through the resonant particle production
of the gauge bosons W and Z due to the oscillation of the
Higgs background. Since we assume the main production of
entropy happens in this dynamics, the lepton-to-entropy ratio

is fixed after all of the particle production due to the Higgs
background completes. In this case, surprisingly, enough lep-
ton asymmetry can be generated even if the scale of the ampli-
tude of the Higgs background is smaller than Case A. As an
example of the successful results, we show the numerical
results with the parameters

(h(tp)) = 1.5 x 10'* Gev, M; =10 GeV (104)
in Fig. 2. The upper panel shows the time evolution of the
lepton-to-entropy ratio and the amplitude of the Higgs back-
ground. Although the aspects of the time evolutions are sim-
ilar as seen in Fig. 1, one can see a different point that the
graph of |ny/s| seems to decrease in its evolution during
the flipping of the asymmetry. The reason can be seen from
the lower panel of Fig. 2 that shows the time evolutions of
the number density of bosons, entropy density, and net lepton
density in the volume A73. Actually, the magnitude of the net
lepton number is almost fixed except its sign. But the entropy
is generated exponentially by the parametric resonance. As a
result, ny /s reduces at the early stage, and the magnitude is
fixed because the entropy production becomes steady at the
later stage. It is also interesting that the produced entropy is
much smaller than the bosonic number density.

Finally, we show the comparison with different values for
(h(tp)) and M in Fig. 3. According to this result, larger scale
of (ho)) and M gives larger magnitude of ny, /s. Although
we fix (h(t9))/M1 = 0.1 in this comparison, the case of
(h(t0))/ M1 < 0.1 leads smaller magnitude of ny /s during
the whole time evolution. This figure also shows that more
than 10!* GeV scales for (h(tp)) and M are required to
generate |ny /s| ~ 1079 in our scenario.

4 Conclusion and discussion

In this paper, we proposed a new leptogenesis scenario in
which the lepton asymmetry is generated by the coherent
oscillating Higgs background, and demonstrated that the
type-I seesaw model as an illuminating example can generate
enough lepton number. Although the analytic results are not
derived because of the difficulty of the analysis, we showed
the numerical results with some choices of parameters. We
emphasize that in our scenario the particle production and
the asymmetry generation occur simultaneously. Hence any
perturbative decay processes do not need during the lepton
asymmetry generation. This is a quite different point from
the ordinary scenario. Although we discussed the type-I see-
saw model, a similar scenario is possible to be constructed
by other models that include the baryon or lepton number
violating interaction, C- and CP-violating parameters, and
the time-varying background fields. If such a model has the
oscillating background field and baryon or lepton number

@ Springer
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Time evolution of lepton-to-entropy ratio and Higgs amplitude
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Fig. 2 Numerical results with parameters (h(f)) = 1.5 x 10" GeV
and M; = 10" GeV. Upper: the time evolution of the lepton-to-entropy
ratio, its absolute value with the logarithmic scale and the amplitude of
the Higgs background. The final value of the lepton-to-entropy ratio at
t/At = 100 is ny /s = —6.54 x 10719, Lower: the time evolution of
the number of bosons, their corresponding entropy and lepton number
in volume Ar3
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Fig. 3 Thetime evolution of the absolute value of the lepton-to-entropy
ratio comparison with several initial conditions. The initial value of
(h(t0)) and the lightest right-handed neutrino mass M are varied but
their ratio is fixed as (h(f9))/ M1 = 0.1. The time scale At is evaluated
in the case of (h(z9)) = 10'0 GeV
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violating interaction with C and CP violation, then the asym-
metry could be generated.

We considered two cases of entropy production separately.
One is due to the perturbative decay of the inflation field, that
is considered in the standard reheating theory. In this situa-
tion, the typical amplitude scale of the Higgs background
is required around (h) ~ 10'® GeV. Another case is due
to the non-perturbative decay from the oscillating Higgs
background, in which the Higgs inflation model would be
applicable. An advantage compared to Case A, lower scale
(h) ~ 10" GeV is possible. Note that the parameter choice in
Sect. 3.6 is an example in whole parameter space. For exam-
ple, there exists the allowed parameter choice for (ko) > 1014
GeV in Case B if other parameters (e.g., M;, 6;;, etc.) are
chosen to the different values.

In both cases, the quite large initial value for the Higgs
background compared to the electroweak scale is required. In
Case B, the origin of such a large value would be expected that
the quantum fluctuation grows before or during inflation as
similar to the chaotic inflation because the Higgs is identified
to the inflaton.'? However, to apply this expectation might be
not straightforward in Case A. Once the Higgs achieves the
large expectation value before or during inflation, its value
can be maintained as long as the Higgs oscillation scale is
smaller than the Hubble friction ~/A (ko) < H.If we consider
the chaotic inflation, then H ~ 1013714 GeV at the end of
inflation is expected. Then, the initial Higgs background must
be (ho) < Hend/~/A ~ 3 x 101415 GeV in order to start the
Higgs oscillation after inflation. As we have seen in (103), the
lower initial value of (ko) leads a unfavorable requirement
I'y 2 mgy to explain the present baryon asymmetry. Thus,
if one wants to seek the origin of the large initial value (k)
by the quantum fluctuation, additional conditions might be
required to maintain the Higgs initial background in Case A,
e.g., the existence of a flat-shape potential at (h) > (hg) or
other mechanisms.

Because we used some approximations in our analysis
to avoid complicated formulations, we need to mention the
validity and the condition.

First, we constructed an effective theory in which the right-
handed neutrinos do not appear. If one wants to apply to a case
that the scale of the initial amplitude of the Higgs background
is larger than the mass scale of the right-handed neutrinos, a
complete calculation is needed.

Secondary, we neglected the fermionic two-point func-
tions and any correlation functions of more than two-points.
In the case that the bosonic resonant production is not rele-

10 The chaotic-type Higgs inflation is already ruled out because the
CMB spectrum requires & ~ 107!3. The successful Higgs inflation
model [30] has the non-minimal coupling between the Higgs and grav-
ity. In the case of A = 0.001, the logarithmic potential is realized at
[(h)] = 6 x 100 GeV. In |(h)| < 6 x 10™ GeV, the Higgs potential
behaves as the SM.
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vant, the fermionic two-point function could affect the back-
reaction in (50) as well as the bosonic terms. If the effects
of the correlation functions of three and more points could
be included in the analysis, the results would describe the
effects of decay and scattering processes, which could pro-
vide secondary sources of the lepton asymmetry.

Thirdly, our analysis neglects the decay of the Higgs and
the gauge bosons. If those particles rapidly decay in the lepto-
genesis time scale, the parametric resonance that reduces the
energy of the Higgs background does not occur. For example,
the decay rate of W can be evaluated by

1
Ty = 0.058 - g&mwy = 0.058 - 5g€V|<h>| (105)

where the coefficient 0.058 is taken to satisfy the current
experimental result I'yy = 2 GeV [34,35] at the electroweak
scale. Applying our parameter (94), one can obtain

Ty = 0.0051|(h)]. (106)

Using the Boltzmann equation neglected the expansion effect
onw = —T'w(nw (107)

where ny is the number density of W boson, we can estimate
the decrease rate of W bosons in each interval of the particle

production as
t+2tosc
P [—/ dt’ FW(t/)]
t

{max) 0.0051h
= exp —2/ dh
0

% (<hmax>4 - h4)
— 0:00517/v2h _ (70 (108)

nw (t + 2tosc) —
nw (1)

where 7. 1s the quarter-oscillation time defined in (75) and
we used (66) as going to the second line. Because of the
decay rate of Z, I'z = 2.5 GeV, the decrease rate of Z could
be similar. Since 70% of W and Z bosons could survive
until the next particle production, we can expect that still
the parametric resonance can work well. If the decay of W
and Z is taken into account, the end time of the leptogenesis
would be slightly longer because the resonance efficiency is
reduced.

Finally, we neglected the spatial expanding effect in the
whole calculation. Although a realistic model must include
the expansion effect, we ignored it for simplicity and to
see a clear structure of the dynamics. As we mentioned
above, the Higgs background can maintain the initial value
of its amplitude when the Hubble parameter H is much
larger than the oscillation scale of the Higgs background
(H > Al{hmax)]). The Higgs background can start to
oscillate after the expansion scale becomes smaller than the

oscillation scale (H < VA (hmax)|). However, the expand-
ing effect might change the whole dynamics seriously. Since
the time scale of the particle production At is much smaller
than the Hubble inverse H~! in many cases, the expand-
ing effect at the moment of the particle production can be
negligible. But the spatial expansion makes the amplitude of
the Higgs background shrink, and thus the velocity of the
background at the particle production area becomes smaller.
Consequently, the amount of the produced left-handed neu-
trinos would be reduced, and thus there is a possibility that
the lepton asymmetry would become smaller. On the other
hand, entropy production would also be reduced. The result
might strongly depend on the evolution of the Hubble param-
eter, i.e., the matter contents. We leave the analysis with the
expanding effect to a future work.
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