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Abstract The present matter content of our universe may
be governed by a U (1)B−L symmetry – the simplest gauge
completion of the seesaw mechanism which produces small
neutrino masses. The matter parity results as a residual gauge
symmetry, implying dark matter stability. The Higgs field
that breaks the B − L charge inflates the early universe suc-
cessfully and then decays to right-handed neutrinos, which
reheats the universe and generates both normal matter and
dark matter manifestly.

1 Introduction

The standard model must be extended in order to account
for small neutrino masses and flavor mixing [1,2] as well
as dark matter component [3,4]. The seesaw mechanism is
a compelling idea that realizes consistent neutrino masses,
generated through the exchange of heavy right-handed neu-
trinos [5–13]. This mechanism can simply be realized in the
gauge completionU (1)B−L for the standard model. Here, the
right-handed neutrinos arise as a result of B − L anomaly
cancellation, while their heavy Majorana masses (or seesaw
scale) are set by B − L breaking scale. This B − L dynam-
ics also implies a natural leptogenesis, which generates the
observed baryon asymmetry of the universe via CP-violating
right-handed neutrino decay followed by sphaleron process
[14–16].

Several analyses of theU (1)B−L model were presented in,
e.g., [17–22] and its dark matter candidates were extensively
signified by modifying the symmetry and/or particle content
[23–30]. As a matter of fact, a Z2 symmetry was added to
the above theory, protecting some candidate we want, for
instance a right-handed neutrino or new neutral scalar, from
decay. But let us ask what is the nature of the Z2 symmetry
and which is the correct/appropriate mechanism for produc-
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ing the dark matter relic. In a recent research, Ma put forward
that the Z2 symmetry may originate from a lepton parity, rec-
ognizing the matter parity [31]. But, like supersymmetry the
matter parity must be imposed by hand, since the lepton num-
ber or R-symmetry is not conserved by the theory. Obviously,
alternative choice for Z2 (cf. [23–30]) or matter parity (cf.
[32,33])1 might lead to another solution for dark matter plus
several unrelated production mechanisms, which are all due
to the fact that we have not yet had an underlying principle
governing dark matter physics. Our primary aim is to look
for a more fundamental law in order to manifestly stabilize
dark matter candidates and set their present abundance.

In this paper, we prove that theU (1)B−L gauge symmetry
for seesaw mechanism play such a law in regard to the dark
matter sector. Indeed, this U (1)B−L theory can supply dark
matter stability naturally after symmetry breaking, which rec-
ognizes the novel dark matter candidates, without requiring
any ad hoc modification and extra symmetry.2 The dark mat-
ter relic is governed by just B − L dynamics as produced
through a leptogenesis, similar to that of the baryon asym-
metry.3 Thus this new neutrino mass generation scheme also
implies dark matter component and its abundance, besides
the baryon asymmetry, which we will also prove that they all
depart from the early universe inflation appropriately derived
by the B − L symmetry [51–57].

To be concrete, we reconsider the question of B − L
anomaly cancellation. We show that right-handed neutrinos
can be divided into two kinds: (i) dark matter includes NR

fields that have even B − L number and (ii) normal matter
contains νR fields that possess odd B − L number. We prove
that the matter parity arises naturally as a residual B − L
gauge symmetry, derived by a B − L breaking scalar field.

1 Including the cases that omit the extra symmetry while adding can-
didates with appropriate B − L charges.
2 This interpretation is more elegant than the class of gauge theories
recently studied in [34–46].
3 See [47–50] for relevant discussions.
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This scalar field inflates the early universe successfully and
defines the seesaw scale. The fields νR obtain large Majorana
masses in similarity to the often-studied right-handed neutri-
nos, which make observed neutrino masses small, whereas
the fields NR have arbitrary masses providing a novel candi-
date for dark matter, stabilized by the matter parity conserva-
tion. We point out that the inflaton decays to a pair of νR or the
Higgs field which reheats the early universe. As a result of the
U (1)B−L gauge symmetry and matter parity, both the normal
and dark matter abundances observed today are simultane-
ously generated by the CP-violating decays of the lightest νR
in the early universe, analogous to the standard leptogenesis.
Thus, this Abelian recognition of B − L symmetry and mat-
ter parity is more simple than a previous proposal [58] and
initiating a new research direction looking for dark matter
candidates in connection to the baryon asymmetry produc-
tion, where both kinds of the matter relics originate from the
same source, addressed in a common framework.

The rest of this work is arranged as follows. In Sect. 2,
we set up the model. In Sect. 3 we examine the potential
minimization and scalar mass spectrum. In Sect. 4 we discuss
neutrino mass. In Sect. 5 we obtain the dark and normal
matter asymmetries. The other dark matter bounds are given
in Sect. 6. Finally, we conclude this work in Sect. 7. For
completeness, in Appendix A we investigate cosmological
inflation and reheating.

2 The model

The gauge symmetry is given by

SU (3)C ⊗ SU (2)L ⊗U (1)Y ⊗U (1)B−L , (1)

where B − L is baryon minus lepton charge, while the rest
is the ordinary gauge group. The electric charge operator is
related to the hypercharge by Q = T3 + Y , in which Ti
(i = 1, 2, 3) are SU (2)L weak isospin.

The fermion content transforms under the gauge symme-
try as

QaL = (uaL daL)T ∼ (3, 2, 1/6, 1/3), (2)

uaR ∼ (3, 1, 2/3, 1/3), (3)

daR ∼ (3, 1,−1/3, 1/3), (4)

ψaL = (νaL eaL)T ∼ (1, 2,−1/2,−1), (5)

eaR ∼ (1, 1,−1,−1), (6)

νnR ∼ (1, 1, 0, x), (7)

NmR ∼ (1, 1, 0, y). (8)

Herea = 1, 2, 3,n = 1, 2, 3, . . . , N , andm = 1, 2, 3, . . . , M
are family indices. The fields νR and NR are new fields,
required in order to cancel B − L anomalies, whereas the
other fields define ordinary particles. Notice that the B − L

charge of the ordinary particles has been assigned analogous
to the standard model, i.e. determined by the baryon or lep-
ton number of them, motivated by the fact that the standard
model and observed phenomena actually conserve B − L .

The nontrivial anomaly cancellation conditions are

[Gravity]2U (1)B−L ∼
∑

fermions

[(B − L) fL − (B − L) fR ]

= −(3 + Nx + My) = 0, (9)

[U (1)B−L ]3 =
∑

fermions

[(B − L)3
fL − (B − L)3

fR ]

= −(3 + Nx3 + My3) = 0. (10)

The solutions with the smallest M + N are x = y = −1
for M + N = 3 and (x, y) = (−4, 5) for (N , M) = (2, 1),
which were well-established in the literature, e.g., [23,25,28,
59]. Such cases do not provide simultaneously dark matter
candidates and successful leptogenesis. We consider the next
solution for N + M = 4,

(x, y) = (−1, 0) for (N , M) = (3, 1), (11)

or in other words,

ν1,2,3R ∼ (1, 1, 0,−1), NR ∼ (1, 1, 0, 0). (12)

Here NR is a truly sterile neutrino under the gauge symmetry,
which was actually omitted in the literature, e.g., [59].

Besides the standard model Higgs doublet,

φ = (φ+ φ0)T ∼ (1, 2, 1/2, 0), (13)

we introduce two scalar singlets,

ϕ ∼ (1, 1, 0, 2), χ ∼ (1, 1, 0, 1), (14)

which are required to break the B − L symmetry, giving
new fermion masses, as well as supplying asymmetric dark
matter.

The minimal solution of νaR, NR and the minimal choice
of ϕ, χ would yield viable phenomenological aspects, which
are also strictly implied by the following residual gauge sym-
metry. Indeed, if one goes to the next step with N +M = 5, a
solution arisen is (x, y) = (−1, 1) with (N , M) = (4, 1). In
this case, the new fermions do not supply dark matter stabil-
ity naturally. Moreover, the solution with (x, y) = (−1, 0)

for (N , M) = (3, 2) is not minimal. Similarly, while ϕ, χ are
necessarily imposed, more scalar fields added would break
the criteria of a minimal model.

The Lagrangian is

L = Lkinetic + LYukawa − V, (15)

where the first part defines kinetic terms and gauge interac-
tions. Whereas, the Yukawa interactions and scalar potential
are given, respectively, by

LYukawa = hdab Q̄aLφdbR + huab Q̄aL φ̃ubR
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+heabψ̄aLφebR + hν
abψ̄aL φ̃νbR

+1

2
xabν̄

c
aRϕνbR + ya ν̄

c
aRχNR

−1

2
mN N̄

c
RNR + H.c., (16)

V = μ2
1φ

†φ + μ2
2ϕ

∗ϕ + μ2
3χ

∗χ + [μϕ∗χ2 + H.c.]
+λ1(φ

†φ)2 + λ2(ϕ
∗ϕ)2 + λ3(χ

∗χ)2

+λ4(φ
†φ)(ϕ∗ϕ) + λ5(φ

†φ)(χ∗χ)

+λ6(ϕ
∗ϕ)(χ∗χ). (17)

We can choose the potential parameters so that φ and ϕ

develop the vacuum expectation values (VEVs) such as

〈φ〉 = 1√
2
(0 v)T , 〈ϕ〉 = 1√

2
�, (18)

while χ possesses vanishing VEV, i.e. 〈χ〉 = 0.4 For consis-
tency, one imposes

� � v = 246 GeV. (19)

The gauge symmetry is broken as

SU (3)C ⊗ SU (2)L ⊗U (1)Y ⊗U (1)B−L

↓ �

SU (3)C ⊗ SU (2)L ⊗U (1)Y ⊗ WP

↓ v

SU (3)C ⊗U (1)Q ⊗ WP

where the first step implies the matter parity WP , while the
second step yields the electric charge Q = T3 + Y .

The B − L symmetry is broken by two units due to
[B − L](ϕ) = 2, but not complete, leading to a residual
symmetry. Indeed, the matter parity conserves the VEV of
ϕ, i.e. WP� = �, where WP = eiα(B−L) is a U (1)B−L

transformation. We obtain ei2α = 1, implying α = kπ for
k = 0,±1,±2, . . . Hence, WP = eikπ(B−L) = [eiπ(B−L)]k .
The field representations under WP is given in Table 1. It
is clear that WP = 1 for minimal |k| = 6, except the iden-
tity with k = 0. Therefore, WP is automorphic to Z6 group,
namely

WP = Z6 = {1, p, p2, p3, p4, p5}
where p ≡ eiπ(B−L) and p6 = 1. We see that Z2 = {1, p3}
is an invariant (normal) subgroup of Z6. So, we factor-
ize WP = Z6 = Z2 ⊗ Z3, where Z3 = Z6/Z2 =
{Z2, {p, p4}, {p2, p5}} is the quotient group of Z6 by Z2.
One further defines Z3 = {[1], [p2], [p4]}, where each coset
element [g] includes two elements of Z6, the characteris-
tic g and the other p3g multiplied by p3, and note that
[p4] = [p2]2, [p2]3 = 1. That said, Z2 and Z3 are generated
by the generators p3 = (−1)3(B−L) and [p2] = [w3(B−L)],
respectively, where w ≡ ei2π/3 is the cube root of unity.

4 Explicitly shown in the next section.

Table 1 Field representations under the residual symmetry, where the
WP value of a fermion does not depend on its left or right chirality and
generation index

Field (ν, e) (u, d) (Gauge boson, φ) ϕ N χ

WP (−1)k eikπ/3 1 1 1 (−1)k

p3 −1 −1 1 1 1 −1

[p2] 1 w 1 1 1 1

Notice that since p6 = eiπ6(B−L) = 1, we have 3(B − L) to
be integer. Hence p3 = 1 or −1 correspond to the represen-
tations 1 or 1′ of Z2, while [p2] = [1] → 1, [w] → w, or
[w2] → w2 correspond to the representations 1, 1′, or 1′′ of
Z3, where the isomorphism “→” defines the corresponding
representation. The field representations under component
subgroups Z2, Z3 are also added to Table 1.

It is clear that the only quarks transform nontrivially under
the quotient group Z3. Therefore, the theory automatically
conserves Z3 because of SU (3)C symmetry; in other words,
Z3 is accidentally conserved by SU (3)C . Neglecting the quo-
tient group Z3, the residual symmetry WP is already defined
by Z2 = {1, p3}. In other words, considering the residual
symmetry for k = 3, we get WP = (−1)3(B−L). The matter
parity is conveniently rewritten as

WP = (−1)3(B−L)+2s (20)

after multiplying the spin parity (−1)2s , which is conserved
by the Lorentz symmetry.

At this step, WP is odd, if

B − L = 1 + 2k

3
= ±1

3
,±1,±5

3
, . . .

for boson, and

B − L = 2k

3
= 0,±2

3
,±4

3
, . . .

for fermion. In view of WP , the field NR that has B−L = 0 is
the minimal solution for dark fermions, while the field χ that
has B − L = 1 (where the conjugated χ has B − L = −1)
is the minimal solution for dark scalars. Here notice that the
bosonic solution for B−L = ±1/3 was not interpreted, since
it disturbs the quotient Z3 group, not ensured by SU (3)C .

Moreover, the notation “W” means particles that have
“wrong” B − L number and odd under the matter parity
(i.e. WP = −1), say NR and χ , called wrong particles.5 All
the other particles, including the standard model, νR , ϕ, and
U (1)B−L gauge (called Z ′) fields, are even under the matter
parity (i.e. WP = 1), which have normal B − L number or

5 Namely, they have basic B − L charge – not counting for charge
addition due to the cyclic property of residual symmetry – different
from the standard model definition.
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Table 2 Matter parity for the
model particles

Particle ν e u d Gluons Photon W Z Z ′ φ ϕ N χ

WP 1 1 1 1 1 1 1 1 1 1 1 −1 −1

differ from that number by even unit as ϕ does, called normal
particles. They are summarized in Table 2.

It is easily realized that the χ vacuum value vanishes,
〈χ〉 = 0, due to the matter parity conservation. Also, the
lightest wrong particle (LWP) between NR and χ is abso-
lutely stabilized responsible for dark matter. Furthermore,
the new observation is that νR couples both Nχ and eφ,
through the complex Yukawa couplings, y and hν , respec-
tively. Hence, the asymmetric dark and normal matter can be
simultaneously produced by CP-violating decays of νR , in
the same manner of the standard leptogenesis. Of course, the
νR fields are generated after cosmic inflation derived by the
inflaton ϕ – the scalar field that breaks B − L – which also
induces the neutrino seesaw masses. Let us see.

3 Scalar potential

The scalar potential implies the gauge symmetry breaking.
First, the ϕ field obtains a large VEV derived by V (ϕ) =
μ2

2ϕ
∗ϕ + λ2(ϕ

∗ϕ)2 to be

�2 = −μ2
2/λ2, (21)

provided that λ2 > 0, μ2
2 < 0, and |μ2| � |μ1,3|.

Integrating ϕ out, one finds that the effective potential at
leading order as

V (φ, χ) = μ2
1φ

†φ + μ2
3χ

∗χ + λ1(φ
†φ)2 + λ3(χ

∗χ)2

+λ5(φ
†φ)(χ∗χ). (22)

Note that the mixing terms (μϕ∗χ2 +H.c.)+ϕ∗ϕ(λ4φ
†φ +

λ6χ
∗χ) between ϕ and (φ, χ) give small contributions,

assuming that |λ4| 
 |μ2
1|/�2, |λ6| 
 |μ2

3|/�2, and
|μ| 
 |μ2

3|/�, such that the two sectors, ϕ and (φ, χ), are
approximately decoupled.

Here, a question arisen is that the ϕ contribution to
the standard model Higgs and dark scalar masses, such as
1
2�2(λ4φ

†φ + λ6χ
∗χ), create a hierarchy, instabilizing the

electroweak vacuum? This problem can be cured by setting
λ4 = 0 = λ6 at the tree level as well as imposing a classical
conformal symmetry that suppresses tree-level mass param-
eters, analogous to [60–62]. Then λ4,6 are induced at the one-
loop level by new fermion contributions and at the two-loop
level by top quark, similar to the diagrams shown in [60–
62]. The induced coupling λ4 can be so small and negative
which triggers the electroweak symmetry breaking, whereas
the induced coupling λ6 can be so small and positive which
conserves the matter parity. Such couplings transmute to the

expected, finite Higgs and dark-scalar masses. The hierarchy
question in this framework is worth exploring to be published
elsewhere.

Choosing the parameters as μ2
1 < 0, μ2

3 > 0, λ1,3,5 > 0
we derive the VEVs from V (φ, χ) to be

v2 = −μ2
1/λ1, 〈χ〉 = 0. (23)

The physical scalar fields with corresponding masses are
given as

ϕ = 1√
2

(
� + H ′ + iGZ ′

)
, m2

H ′ = 2λ2�
2, (24)

φ =
(

G+
W

1√
2
(v + H + iGZ )

)
, m2

H = 2λ1v
2, (25)

χ, m2
χ = μ2

3. (26)

Here H is identical to the standard model Higgs boson, while
H ′ is a new heavy Higgs boson associate to B− L symmetry
breaking. GW , GZ , and GZ ′ are massless Goldstone bosons
eaten by W , Z , and Z ′ gauge bosons, respectively. χ has an
arbitrary mass mχ , but below the � scale.

4 Neutrino mass

The ordinary fermions obtain appropriate masses as in the
standard model. The new fermions get masses as follows

LYukawa ⊃ −1

2
(ν̄L ν̄cR)

(
0 mD

mT
D mR

)(
νcL
νR

)

− 1

2
mN N̄

c
RNR + H.c., (27)

where we define ν = (ν1 ν2 ν3)
T and

[mD]ab = −hν
ab

v√
2
, [mR]ab = −xab

�√
2
. (28)

The dark fermion NR gets an arbitrary mass mN . The
observed neutrinos (∼ νL) gain a mass via the seesaw mech-
anism due to v 
 � to be

mν � −mDm
−1
R mT

D = hνx−1(hν)T
v2

√
2�

. (29)

Comparing to the neutrino data, mν ∼ 0.1 eV, we get

� ∼ [(hν)2/2x] × 1015 GeV ∼ 1015 GeV, (30)

which is naturally at the inflation scale and is hereafter taken
into account. Of course, the heavy neutrinos ∼ νR have the
mass, mR , proportional to the � scale.
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The cosmic inflation can be successfully derived by the
inflaton field ϕ when it nonminimally interacts with gravity,
analogous to the Higgs inflation [63]. This is briefly presented
in Appendix A; additionally, the interested reader can look
at [64] for more detailed treatment. Also from Appendix A
for estimation of the x coupling, we obtain the right-handed
neutrino mass scales,

mν1R ∼ 1011 GeV, mν2,3R � 1013 GeV. (31)

With the mass mν1R < 1011 GeV, the reheating happens
immediately after the end of inflation yielding a reheating
temperature TR ∼ 4.4 × 1010 GeV, where ν1R is present
in the thermal bath of the universe. However, with the mass
mν1R > 1011 GeV there is a period of preheating, waiting for
necessary oscillations of inflaton before decay. In this case,
the nonperturbative decay productions of inflaton to Z ′Z ′ can
rapidly thermalize, making a cosmic plasma with background
temperature much higher than the reheating temperature, e.g.
103TR [65]. Consequently, all the right-handed neutrinos can
be created through thermalizing of Z ′ or lighter states during
the preheating. Hence, in the following we mainly consider
thermal lepogenesis scenario coming from ν1R decay.

5 Asymmetric matter

The Yukawa Lagrangian yields

L ⊃ −ēaL [me]abebR − 1

2
mN N̄

c
RNR

−1

2
ν̄aL [mν]abνcbL − 1

2
ν̄caR[mR]abνbR

+hν
abψ̄aL φ̃νbR + yb N̄

c
RχνbR + H.c., (32)

where me ≡ −hev/
√

2, while mν and mR were given in
(29) and (28), respectively. The mixing effect (mixing angle)
between νL and νR is too small, i.e. � � mDm

−1
R ∼ v/� 


1, as omitted.
The gauge states (a) are related to the mass eigenstates,

subscripted by (i ) for i = 1, 2, 3, through mixing matrices,

eaL ,R = [VeL ,R]ai ei L ,R, νaL ,R = [VνL ,R]aiνi L ,R, (33)

such that the corresponding mass matrices are diagonalized,

V †
eLmeVeR = diag(me,mμ,mτ ), (34)

V †
νLmνV

∗
νL = diag(m1,m2,m3), (35)

V T
νRmRVνR = diag(mν1R ,mν2R ,mν3R ). (36)

Here m1,2,3 are the active neutrino masses (as observed),
whereas mν1,2,3R are the sterile neutrino masses. Concern-
ing the sterile neutrino sector we assume a hierarchical
mν1R < mν2,3R and flavor-diagonal VνR = 1 without loss
of generality. The last equality means that νaR = νi R for
a = i = 1, 2, 3 are physical Majorana fields by themselves.

Fig. 1 CP-violating decays of νR that produce both dark matter Nχ

and normal matter (ψφ), respectively

We rewrite (32) in the mass bases,

L ⊃ −mei ēi ei − 1

2
mN N̄

c
RNR

−1

2
mi ν̄i Lνci L − 1

2
mνi R ν̄ci Rνi R

+zi j ψ̄i L φ̃ν j R + y j N̄
c
Rχν j R + H.c., (37)

where all i, j indices are summed, and ψi L = (ν′
i L ei L)T

with ν′
i L = [V †

eLVνL ]i jν j L related through the lepton mixing

matrix. The Yukawa couplings zi j = [V †
eLh

ν]i j and y j are
all complex, hence they are the sources of CP violation.

It is noteworthy that in the early universe, the lightest right-
handed neutrino ν1R decays simultaneously to normal matter,
ν1R → ψiφ, and dark matter, ν1R → Nχ , through the dia-
grams, supplied in Fig. 1, up to one-loop level. This produces
the corresponding CP asymmetries, responsible for observed
matter relics, defined by

εiNM = �(ν1R → ψiφ) − �(ν1R → ψ̄i φ̄)

�ν1R

,

εDM = �(ν1R → Nχ) − �(ν1R → N̄ χ̄ )

�ν1R

, (38)

where �ν1R = mν1R (2[z†z]11 + y∗
1 y1)/16π is the total width

of ν1R .
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Notice that the flavor effect can be important during the
electroweak sphaleron since the interaction rates of charged
lepton flavors through the Yukawa couplings to the standard
model Higgs boson, i.e. �l � 5×10−3(hl)2T for l = e, μ, τ ,
may wash out generated asymmetries in ν1R decay [66,67].
However, at the temperature of asymmetric ν1R decay, T =
mν1R � 1011 GeV, the Hubble rate H1 = 0.33

√
g∗T 2/mP �

1.37×104 GeV is nearly comparable to the largest rate of tau
flavor �τ � 5×104 GeV. The flavor separation if presented is
only between the tau flavor and the combined state of muon
and electron flavors, which as explicitly shown in [58] is
smaller than the single flavor contribution. For simplicity,
the lepton asymmetry production will be considered to be
independent of flavor effect, yielding a net contribution by
summing εNM = ∑

i ε
i
NM. Applying the Feynman rules for

the diagrams in Fig. 1 we obtain

εNM = 1

8π(2[z†z]11 + y∗
1 y1)

×
∑

j

�
{
(3[z†z] j1 + y∗

j y1)[z†z] j1
}
r1 j , (39)

εDM = 1

8π(2[z†z]11 + y∗
1 y1)

×
∑

j

�
[
([z†z] j1 + y∗

j y1)(y
∗
j y1)

]
r1 j , (40)

where r1 j = mν1R/mν j R , in agreement with [50].
The abundance yield of a particle α is defined as Yα =

nα/s, where nα and s are the α particle number density and
the entropy density, respectively. The abundance yield of a
particle asymmetry is Y�α = Yα − Yᾱ , which should van-
ish at early times. The evolution of the sterile neutrino Yν1R

and of the normal Y�ψ and dark Y�N matter asymmetries
are determined by the Boltzmann equations. Like the Higgs
doublet φ, the asymmetry of χ is rapidly erased due to the
fast interactions, e.g. the λ5 coupling, that convert χ ↔ χ̄ .
Thus, the asymmetries of φ, χ would vanish, which are not
considered. The Boltzmann equations include ν1R decays,
inverse decays, and 2-to-2 scatterings between the normal
(ψφ) and dark (Nχ) sectors, such as

sH1

w

dYν1R

dw
= −γD

(
Yν1R

Y eq
ν1R

− 1

)
, (41)

sH1

w

dY�ψ

dw
= γD

[
εNM

(
Yν1R

Y eq
ν1R

− 1

)
− Y�ψ

2Y eq
ψ

Brψ

]
+ · · · ,

(42)

sH1

w

dY�N

dw
= γD

[
εDM

(
Yν1R

Y eq
ν1R

− 1

)
− Y�N

2Y eq
N

BrN

]
+ · · · ,

(43)

where w = mν1R/T , γD = [m3
ν1R

K1(w)/π2w]�ν1R is the
thermally averaged ν1R decay density, Brψ,N = �ψ,N/�ν1R

are branching ratios that relate to the decay rates, �ψ =
mν1R [z†z]11/8π and �N = mν1R y

∗
1 y1/16π , of ν1R to ψφ

and Nχ respectively, and the dots denote the mentioned scat-
terings. The terms that include εNM,DM create Y�ψ,�N asym-
metries when ν1R drops out of equilibrium, while the terms of
Brψ,N present the inverse decays that wash out the generated
asymmetries.

We are in the narrow-width approximation, i.e. �ν1R 

mν1R and �2

ν1R
/H1 
 mν1R , where �ν1R/H1 is not too

small so that ν1R decays before dominating the universe.
The inverse decays are the main source of washout, whereas
the 2-to-2 processes can be neglected, as mediated by ν1R

and Z ′ to be much small. The Eqs. (42) and (43) are decou-
pled from each other, hence the corresponding asymmetries
evolve independently, parameterized as

Y�ψ = ηψεNMY eq
ν1R (0), Y�N = ηN εDMY eq

ν1R (0), (44)

where Y eq
ν1R (0) = 135ζ(3)/(4π4g∗) � 4 × 10−3. The

efficiency factors ηψ,N are obtained by solving the Boltz-
mann equations, respectively. It is shown that the normal
sector with seesaw masses typically lies in the strong-
washout regime, leading to an approximate solution, ηψ �
H1/�ψ 
 1 [50]. The washout in the dark sector is con-
sidered suitably to be weak, �N/H1 
 1, yielding the solu-
tion, ηN � 1.6 Additionally, the sphaleron process converts
only the lepton asymmetry to baryon asymmetry, given by
YB = (12/37)Y�ψ similar to the standard model, while it
does not convert the dark matter asymmetry to baryon due
to the matter parity conservation. The observational data
implies �DM � 5�B [53], which leads to

mN

mp
� 5YB

Y�N
� 5

3
ηψ

εNM

εDM
, (45)

where mp and mN are the proton and fermion dark matter
masses, respectively. Further, we use the experimental mea-
surement of baryon asymmetry normalized to photon num-
ber 5.8 × 10−10 ≤ nB/nγ ≤ 6.5 × 10−10 at 95% CL, which
correspondingly translates to

YB � 1.3 × 10−3ηψεNM = (0.82−0.92) × 10−10, (46)

with the aid of nγ /s � 0.142 [53].
Following [68], the Dirac Yukawa coupling of neutrinos

satisfies

[z†z]i j = (2/v2)
√
mνi Rmν j R [R†.diag(m1,m2,m3).R]i j ,

(47)

6 The washout effect in the dark sector can be moderate or strong but
is not interested in this work.
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where R is an arbitrary orthogonal matrix parameterized in
terms of three Euler (complex) angles, θ̂1,2,3, such as

R =
⎛

⎝
ĉ2ĉ3 −ĉ1ŝ3 − ŝ1ŝ2ĉ3 ŝ1ŝ3 − ĉ1ŝ2ĉ3

ĉ2ŝ3 ĉ1ĉ3 − ŝ1ŝ2ŝ3 −ŝ1ĉ3 − ĉ1ŝ2ŝ3

ŝ2 ŝ1ĉ2 ĉ1ĉ2

⎞

⎠ , (48)

where ĉi = cos θ̂i and ŝi = sin θ̂i . For numerical investi-
gation, we take mν1R = 1011 GeV and mν2R = mν3R =
1013 GeV, as implied from (31). We consider the active
neutrinos having a normal hierarchical spectrum, such as
m1 = 0, m2 = 8.6 × 10−3 eV, and m3 = 0.05 eV [53]. Fur-
ther, we assume y3 = y2 = y1e−iθ , where y1 is real since
its phase can be removed by redefining appropriate fields
in the relevant Yukawa interaction. With the given value of
mν1R , the weak washout present in the dark sector implies
�N/H1 � (3.8 × 102y1)

2 
 1. So we fix y1 = 10−3. To
ascertain the strong washout in the normal sector, we compute
�ψ/H1 � 103[R†mνR]11/eV = 8.6|ĉ2|2|ŝ3|2 + 50|ŝ2|2 �
1, thus either θ̂2 or θ̂3 is finite. Therefore, we put θ̂3 = π/2.

We plot the observable quantities (YB ,mN/mp) on a coor-
dinate plane as the function of parameters, θ̂1 = θ̂2 ≡ θ̂ and
θ , in the regions, −4 < �(θ̂) < 4, −4 < �(θ̂) < 4 and
0 < θ < π , respectively. Having totally three parameters,
one of them would be fixed, while the other two vary, yield-
ing three figures as indicated in Fig. 2. There, we also show
the YB bounds as the horizontal lines in each panel. With
the choice of the parameters, the fermion mass is limited by
mN ∼ 250 GeV, much larger than the proton mass. Although
the N dark matter is asymmetrically produced in the thermal
bath of the universe, its mass may be below the electron mass
– the decoupling mass limit of thermal relics. Hence, N can
take a mass between the keV and weak scales.

Specially, we may have a scenario of nonthermal leptogen-
esis, given that ν1R is directly produced by the inflaton decay
� → ν1Rν1R . In this case, the reheating temperature may be
lower than the lightest right-handed neutrino mass. The total
lepton asymmetry is simply summed of flavor asymmetries.
The lepton and dark matter asymmetry densities normalized
to photon density relate to the CP asymmetries by

ηNM,DM = 3

2
εNM,DM × Br(� → ν1Rν1R) × TR

m�

. (49)

This leads to ηNM/ηDM = εNM/εDM. The remark is that
this nonthermal scenario produces asymmetries coinciding
with the thermal scenario above when thermally produced
ν1R with washout effects in both normal and dark sectors to
be weak, i.e. ηψ � 1 � ηN . Indeed, the latter case implies
ηNM/ηDM � εNM/εDM as approximately hold as the former
case, where the thermal leptogenesis is flavor independent
and very effective. All the cases imply

mDM

mp
� 5ηB

ηDM
� 5

3

εNM

εDM
. (50)

It is evident from (46) that εNM � 10−7 for ηψ � 1. Assum-
ing �N � �ψ , i.e. y1 � 10−2(|ŝ2|, |ĉ2ŝ3|), and taking
mν2R = mν3R = 102mν1R and y2 = y3 = y1e−iθ with
real y1, as before, we derive

mDM

mp
∼

(
10−2

y1

)2
1

sin(2θ)
. (51)

Now, the condition εNM � 10−7 yields |ĉ2|2|ŝ1| sin(θ −
Argŝ1) ∼ 10−2. Provided that y1 ∼ 10−2 and sin 2θ ∼
10−3–1, from (51) we have mDM ∼ 1–1000 GeV. A smaller
mass of dark matter can be obtained if y1 is bigger than 10−2.

6 Dark matter detection

In this section, we will examine the direct detection experi-
ments of dark matter and the dark matter signatures at col-
liders. Simultaneously, we will outline the multicomponent
nature of dark matter that the model owns and indicates
opportunities to probe them.

6.1 Dark-matter nucleon scattering

As obtained in the previous section, the thermal leptogenesis
yields a fermion dark matter candidate, N . Its present abun-
dance is asymmetrically produced through the CP-violating
decay of the lightest right-handed neutrino which is out of
equilibrium. The N mass should be smaller than that of the
dark scalar χ , so that N is stabilized by the matter parity.
Whereas, the heavier candidate χ has the vanishing present
density due to the fast interaction with the standard model
Higgs boson H as well as completely annihilating to the nor-
mal particles through such Higgs portal. Additionally, the
heavy state χ if created by some source7 can decay to the
stable light state N plus normal fields, through the coupling
y j . Since ν j R is superheavy, the decay only proceeds due to
the mixing of ν j R with the standard model neutrinos. That
said, one has a coupling y j� jk N̄ c

RχνckL , where � jk ∼ v/�

is the νL–νR mixing matrix element in the seesaw mecha-
nism, as mentioned. The decay rate is

�(χ → Nc
RνL) � mχ

8π

∑

k

y2
j�

2
jk

∼
( mχ

100 GeV

) ( y j
10−3

)2
(

1013v

�

)2

4 × 10−32 GeV. (52)

With the benchmark values of the parameters given in the
previous section, we get �(χ → NRνL) ∼ 4×10−32 GeV. It
leads to the lifetime of χ to be τχ = �−1(χ → NRνL) ∼ 0.5

7 Such as particle colliders or inelastic scattering of N dark matter with
thermal neutrinos in the sun.
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Fig. 2 Baryon asymmetry YB
and fermion dark-matter mass
mN despited as the function of
two CP-violating parameters
determined in the ranges as
shown on the top of each panel
whereas the first CP-parameter
is fixed
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yr. Therefore, χ is enough lived to present at dark matter
detectors, if it is created.

On the other hand, in the alternative scenario with the
nonthermal leptogenesis, the candidate χ can contribute to
dark matter abundance if it is lighter than N . Indeed, in such
case the generated asymmetry of χ from inflation and right-
handed neutrino decay can remain to present day, since the
asymmetric decay rate may always be smaller than the expan-
sion rate, such that χ neither reaches thermal equilibrium nor
thermalizes with the ordinary particles. In this case, N can
be long lived if it is produced by some source, similar to the
above thermal case for χ .

That said, the dark matter detections and collider searches
should take both candidates into account. Unfortunately,
the fermion candidate with gauge quantum numbers N ∼
(1, 1, 0, 0) is truly sterile and does not interact with the Higgs
fields H, H ′ (perhaps it has only gravity interaction). Since
the interaction of N with normal matter is stringently sup-
pressed, it easily evades the current bounds from detection

experiments and colliders. Therefore, we only discuss the
scalar candidate hereafter.

The dark matter direct detection experiments measure
recoil energy deposited by dark matter when it scatters off
nucleons of heavy nuclei in a large detector. At the funda-
mental level, this scattering is due to the interaction of dark
matter with quarks and gluons confined in nucleons via a
portal. Since Z ′ and H ′ are superheavy, the viable portal is
the standard model Higgs boson, H . Indeed, the dark matter
χ scatters off nucleons via the Higgs portal determined by
the interaction, L ⊃ −λ5vHχ∗χ , in which H interacts with
quarks confined in nucleons of the nuclei as usual. Notice
that the interaction of H with gluons is induced by loops to
be small. Given that χ is nonrelativistic, the relevant process
can be determined by the effective Lagrangian, such as [69]

Leff ⊃ 2λqmχχ∗χ q̄q, (53)

which has only spin-independent and even interactions. The
strength of the effective interaction is induced by the t-
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Fig. 3 Monojet production at the LHC associated with the emission of a dark matter pair

channel exchange of the Higgs H to be

λq = λ5mq

2mχm2
H

. (54)

The χ -nucleon (p/n) scattering amplitude is summed over
the quark-level contributions weighted by the corresponding
nucleon form factors. Thus, it takes the form,

σχ−p/n = 4m2
r

π
λ2
p/n, (55)

where mr = mχmp/n/(mχ + mp/n) � mp/n , and

λp/n

m p/n
=

∑

u,d,s

f p/nTq
λq

mq
+ 2

27
f p/nTG

∑

c,b,t

λq

mq
, (56)

where f p/nTG = 1 − ∑
u,d,s f p/nTq with the f p/nTq values given

by [70]

f p/nTu = 0.014 ± 0.003, f p/nTd = 0.036 ± 0.008,

f p/nT s = 0.118 ± 0.062. (57)

Taking mp/n = 1 GeV and mH = 125 GeV, the χ -
nucleon cross-section is evaluated to be

σχ−p/n �
(

λ5

0.1

)2 (
1 TeV

mχ

)2

× 6.125 × 10−46 cm2 (58)

�
(

λ5

0.004

)2 (
100 GeV

mχ

)2

× 10−46 cm2. (59)

Provided that mχ is at TeV as in the nonthermal leptogene-
sis and λ5 similar to the Higgs coupling, the model predicts
σχ−p/n ∼ 6 × 10−46 cm2, in good agreement with the cur-
rent search [71]. Additionally, if the dark matter mass is at
the weak scale, say mχ ∼ 100 GeV, comparing to the data
σχ−p/n ∼ 10−46 cm2 requires λ5 ∼ 0.004. Of course, for
the case of dark matter originating from the thermal lepto-
genesis, we should discuss a mechanism for producing χ ,
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Fig. 4 Mono-Z production at the LHC associated with the emission
of a dark matter pair

as mentioned in footnote 7, before it reaches the XENON
detector. Below, we investigate one of such mechanisms, but
such search also applies for χ to be a stable dark matter.

6.2 Mono-X signature

At particle colliders, the scalar dark matter χ may be directly
created, recognized in the form of large missing transverse
momentum (or energy). An expected signal of such dark mat-
ter would be associated with a corresponding excess of a
mono-X or two-X ’s final state, which recoils against such
missing energy carried by the dark matter. The state X might
include a jet (quark, gluon), a boson (gauge, Higgs), or a lep-
ton (charged, neutral). For simplicity and concreteness, this
work considers only mono-X signature and investigates such
process at the LHC.

In this model, the scalar dark matter and the normal matter
couple through the standard model Higgs boson portal due to
the interaction, −λ5vHχ∗χ , as mentioned, as well as those
of H to the standard model particles.8 Notice that, for the
latter at the LHC, the Higgs boson H can couple to gluons
dominantly via top loop as well as to quarks via the tree-
level Yukawa interactions, as usual. Hence, through the H
exchange, the mono-X signature contains mainly (i) a jet via
the process pp → jχ∗χ , which is given at partonic level as
gg → gχ∗χ , qqc → gχ∗χ , and gq → qχ∗χ as despited in
Fig. 3, (ii) a Z via the process qqc → Zχ∗χ as presented in
Fig. 4, and (iii) a H via gg → Hχ∗χ processes, as described
in Fig. 5. Here the pair of dark matter produced (χ∗χ ) pass in
form of missing energy at the detectors, while the observable
mono-X signal characterizes those dark matter candidates
due to the laws of conservation.

All the processes pp → jχ∗χ , qqc → Zχ∗χ , and
gg → Hχ∗χ depend on two nontrivial parameters, λ5 and
mχ , since the rest is known in the standard model. Addi-

8 Because of � � v, the mixing between Z and Z ′ due to the kinetic
mixing term and the spontaneous symmetry breaking is absolutely sup-
pressed. Hence, the Z boson does not interact directly with χ and that
the Z portal is unavailable.

tionally, all the corresponding amplitudes are proportional
to λ5, except for the only contribution with the left-bottom
diagram in Fig. 5, which is proportional to λ2

5. For λ5 < 1 as
investigated in the previous section, the odd contribution is
negligible, meaning that all the corresponding cross-sections
scale as λ2

5. In other words, the dark-matter Higgs coupling
λ5 simply scales the production cross-sections as λ2

5 and that
such processes indeed depend only on one parameter, mχ ,
justifying a simplified model with the Higgs boson portal in
order to set the LHC limits. It is clear that the dark matter can-
didate with a mass at TeV regime yields a signal strength more
smaller than that with a mass at the weak scale. Additionally,
a numerical investigation shows that the production cross-
sections for mono-Z and -H are radically smaller than the
monojet one. Hence, we display only the result for the mono-
jet process. Generalizing the result in [72] for mχ = 100
GeV, one has

σ(pp → jχ∗χ) � 1.8λ2
5 fb and 6.25λ2

5 fb, (60)

at the LHC for
√
s = 8 TeV and 13 TeV, respectively. For

the benchmark value of λ5 = 0.004 corresponding to the
χ mass obtained in the direct detection, the model predicts
σ(pp → jχ∗χ) � 2.9 × 10−5 fb and 10−4 fb, according to
the above collision energies.

Last, but not least, since the new gauge Z ′ and Higgs
H ′ bosons are superheavy, they negligibly contribute to the
production cross-sections of the mono-X signature. Indeed,
from the gauge interactions of Z ′ with quarks and χ as well
as from the interactions of H ′ with gluons and χ (determined
through the mixing with H by an angle ∼ v/�), integrate
Z ′, H ′ out. The new gauge and Higgs portals yield an effec-
tive Lagrangian

Leff ⊃ 1

12�2 q̄γμqχ∗←→i∂ μχ + λ5αs

12πm2
H ′

v2

�2 GnμνG
μν
n χ∗χ.

(61)

Studying the mono-gluon signatures, Ref. [73] shows the
constraints on the effective couplings, namely

1

12�2 <
1

(0.3 TeV)2 ,
λ5αs

12πm2
H ′

v2

�2 <
1

(3 TeV)2 . (62)

They are obviously satisfied for the choice of the parameters
from the outset, � � v, mH ′ = √

2λ2� � mH , and λ5 <

4π limited by the perturbative condition.
Since the fermion candidate NR interacts very weakly with

the normal matter, it easily escapes from the current experi-
mental searches, analogous to the right-handed neutrino sin-
glet often interpreted in the literature. In other words, the
dark matter NR can have an arbitrary mass above keV.
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Fig. 5 Mono-H production at the LHC associated with the emission of a dark matter pair

6.3 Alternative to asymmetric dark matter

The XENON1T experiment has reported an excess of elec-
tronic recoil events possessing a recoil energy ranging from
1 keV to 7 keV, peaked about 2.3 keV, with a high statisti-
cal significance over 3σ [74]. Such electronic recoil signals
seemingly reveal the presence of a structured dark matter.
Indeed, the analysis in [75] indicated that the dark matter
scattering on electrons would be fast moving with velocity
v ∼ 0.03–0.25 for dark matter mass from 0.1 MeV to 10
GeV, which is one order larger than the typical velocity of
cold dark matter v ∼ 10−3 rotating around our galaxy. This
suggests a two-component structure of dark matter, one of
it dominates the galactic halo in form of cold dark matter,
having only gravitational interaction, whereas the other one
need not to contribute to the abundance, created and boosted
in annihilation of the cold dark matter, subsequently scatter-

ing on electrons in the XENON detector. Alternatively, the
dark matter components have a small mass separation, such
that the inelastic scattering of the higher mass component
into the lower mass component with electrons may cause the
excess. Indeed, the multicomponent dark matter has been
phenomenologically motivated as revealing interesting con-
sequences for galaxy structure [76,77], especially to accom-
modate the multiple gamma-ray line and boosted dark matter
signals [78,79], as well as dark matter self-interactions [80].
This work does not go into those issues in detail, but argu-
ing that the model provides necessary ingredients for them, in
alternative to the studied scenario of asymmetric dark matter.

Going back Table 1, the model has another residual gauge
symmetry, the quotient Z3 group generated by

[p2] = [w3(B−L)], (63)
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Table 3 Dark field representation under the complete residual gauge
symmetry, the matter parity generated by WP and the quotient Z3 group
generated by [p2]
Symmetry WP = (−1)3(B−L)+2s [p2] = [w3(B−L)]
N −1 1

χ −1 1

F 1 w

S −1 w

in addition to the matter parity. [p2] is nontrivial, if

B − L = ±1

3
+ k = ∓1

3
,±2

3
,±4

3
, . . . , (64)

for k integer and generic field (not distinguishing fermion or
boson). Thus the minimal solution is B − L = 1/3 or −1/3,
transforming as 1′ or 1′′ under Z3, respectively. We introduce
two colorless fields, a vectorlike fermion F = (1, 1, 0, 1/3)

and a scalar S ∼ (1, 1, 0, 1/3), which match the solution.
Notice that the charge B− L = −1/3 is characterized by the
conjugated F, S, not necessarily introduced an extra field.
The solution S coincides with the bosonic solution of the
matter parity. So, S transforms nontrivially under both the
matter parity and Z3. The representations of the dark fields
under these residual symmetries are given in Table 3.

Notice that like F, S, the ordinary quarks transform non-
trivially under Z3 (see Table 1). Now taking SU (3)C into
account, the dark field F, S are neutral, while the quark u, d
have 3 colors. As a result, F, S cannot decay to u, d, if kine-
matically allowed/opened, due to the SU (3)C conservation.
The lightest of F, S is stabilized by Z3 with an arbitrary mass.

The two residual symmetries define a scenario of two-
component dark matter. They are

1. χ, S: Both contribute to the dark matter relic as a co-
WIMP, set by the Higgs H, H ′ and gauge Z ′ portals and
the self-interaction χ∗χ S∗S.

2. N , F : Acting as co-WIMP, if N is coupled to F through
either a singlet scalar field or a heavier S dark field as
added. Additionally, F has Z ′ portal, connecting to nor-
mal particles, whereas N does not.

3. N , S: Acting as co-WIMP, if N interacts with S via either
a singlet scalar field or a heavier F dark field imposed.
In this case, S has extra H, Z ′, H ′ portals, while N does
not.

4. F, S: Dark matter observables are governed by Z ′ portal.
Additionally, S has extra H, H ′ portals.

5. F, χ : Similar to the F, S case.

Above, the breaking of U (1)B−L is assumed at TeV regime.
Note that N ∼ (1, 1, 0, 0) only interacts with normal matter
via gravity or self-interacts with other dark fields. The mecha-

nism for producing it in the early universe is through the inter-
action with other dark fields, different from the leptogenesis
mechanism. Additionally, the remaining dark fields χ, F, S
contribute apart to the abundance (even vanished), depending
on how strong they interact with the standard model particles.
Even if one component has vanishing density, at present it
can be created, boosted in the annihilation of the remaining
component – the cold dark matter – through the dark matter
self-interaction. Hence, the boosted dark mater is popular in
this setup, worth in finding the evidence for dark matter.

Final remark is that for the case N , χ considered in the
body text and for � ∼ TeV, one integrates νR out from the
interaction y j N̄ c

Rχν j R + H.c., leading to an effective cou-
pling,

Leff ⊃ y2
j

mν j R

N̄ c
RNRχ∗χ + H.c. (65)

The light state between χ and NR is stabilized by the matter
parity, while the remainder fast decays. If NR is lighter than
χ , it can be produced by annihilation of χ via the above effec-
tive interaction, differing from the leptogenesis. By contrast,
if χ is lighter than NR , its density is set by the gauge and
Higgs portals.

7 Conclusion

We proved that the U (1)B−L gauge theory provides a man-
ifest solution for the leading questions, such as the neutrino
masses and cosmological issues of inflation, dark matter and
baryon asymmetry. In fact, the B − L anomaly cancela-
tion obeys the new degrees of freedom for dark matter, and
the matter parity arises as a residual B − L gauge symme-
try, making such candidates stable. Additionally, the B − L
dynamics determines the neutrino mass generation seesaw
mechanism, new Higgs inflation scenario when including
a nonminimal interaction with gravity, as well as reheating
the early universe by inflaton decays to right-handed neu-
trinos. The lightest right-handed neutrino of which decays
CP-asymmetrically to both the present-day observed dark
matter and normal matter asymmetries. The residual sym-
metry of the model may be larger than the matter parity, that
is multiplied by a quotient Z3 group, yielding interesting
two-component dark matter scenarios.
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Appendix A: Inflation

We consider the inflation scheme derived by the B−L break-
ing scalar field, governed by the potential,

V (�) = 1

2
μ2

2�
2 + 1

4
λ2�

4, (A1)

where the inflaton field � ≡ √
2�(ϕ) � � + H ′ is the

real part of ϕ, while its imaginary part GZ ′ was absorbed to
the longitudinal component of Z ′ gauge boson by a gauge
transformation, ϕ → �/

√
2 = e−iGZ ′/�ϕ.

Note that this tree-level potential is disfavored by the cur-
rent data (cf. [53] for a review of inflation potential). Further-
more, � couples to the extra fields Z ′, νR , φ, and χ which
modify V (�) by a Coleman-Weinberg potential [81] through
quantum corrections, such as

VCW(�) = a

64π2 �4
(

ln
�2

�2 − 1

2

)
, (A2)

a = 9λ2
2 + 1

4
λ2

4 + 1

4
λ2

6 − 1

2
x4
i i + 48g4

B−L , (A3)

where the renormalization scale is fixed as 〈�〉 = � at which
the total potential Vtot = V + VCW possesses a local min-
imum, given that a/λ2 > −16π2, responsible for B − L
breaking. However, the total potential does not naturally fit
the data too, since (i) the large-field inflation � > � simply
mimics the tree-level one, where

Vtot(�) � 1

4

(
λ2 + a

16π2 ln
�2

�2

)
�4 (A4)

is almost insensitive to �/�, while (ii) the small-field infla-
tion � < � predicts a too large number of e-folds in contra-
diction to the standard cosmological evolution, as shown in
[58].

In what follows, the Coleman-Weinberg contribution is
skipped, i.e. Vtot = V . Fortunately, when � rolls to the
potential minimum from large value, � > �, the potential
is approximated as

V (�) � 1

4
λ2�

4, (A5)

which conserves a scale (or conformal) symmetry.9 Includ-
ing gravitational effect, the theory contains a nonminimal
coupling of inflaton to gravity,

L ⊃ 1

2
(m2

P + ξ�2)R, (A6)

where mP = 2.4 × 1018 GeV is the reduced Planck mass,
R is the Ricci scalar, and ξ satisfies 1 
 ξ 
 (mP/�)2

in order to maintain a chaotic inflation and consistent Higgs
physics from induced gravity [63]. Conformally transform-
ing the Lagrangian to the canonical form in the Einstein
frame, ĝμν = �2gμν with �2 = 1 + ξ�2/m2

P , the effective
potential takes the form,

U (�̂) = V

�4 � λ2m4
P

4ξ2

(
1 − e

−
√

2
3

�̂
mP

)2

, (A7)

where �̂ = √
3/2mP ln �2 is canonically normalized infla-

ton field [82].
The potential U (�̂) is flat with large field values, �̂ �

mP , yielding appropriate inflation observables. Indeed, the
slow-roll parameters are directly computed from (A7) as

ε = 1

2
m2

P

(
U ′(�̂)

U (�̂)

)2

� 4m4
P

3ξ2�4 , (A8)

η = m2
P
U ′′(�̂)

U (�̂)
� 4m4

P

3ξ2�4 − 4m2
P

3ξ�2 , (A9)

ζ 2 = m4
P
U ′(�̂)U ′′′(�̂)

U 2(�̂)
� − 16m6

P

3ξ3�6 + 16m4
P

9ξ2�4 , (A10)

while the curvature perturbation and the number of e-folds
are given by

�2
R = U

24π2m4
Pε

∣∣∣∣∣
k0

� λ2�
4
0

128π2m4
P

(
1 + m2

P

ξ�2
0

)−2

, (A11)

N = 1√
2mP

∫ �̂0

�̂e

d�̂√
ε

� 3ξ

4m2
P

(�2
0 − �2

e)

+3

4
ln

1 + ξ�2
e/m

2
P

1 + ξ�2
0/m

2
P

, (A12)

respectively. Here �2
R = 2.215 × 10−9 is determined at the

pivot scale k0 = 0.05 Mpc−1, while �e (�̂e) and �0 (�̂0)
define the � (�̂) value at inflation end according to ε = 1,
i.e. ξ�2

e = (2/
√

3)m2
P , and at horizon exit according to k0,

respectively [53].
The e-folding number logarithmically depends on the

inflation scale and the reheating temperature, hence possess-
ing a value in the range N = 50–60 in order to explain
the horizon problem in the standard cosmological evolution

9 Conversely this scale symmetry suppresses the quadratic term
1
2 μ2

2�
2.
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[83]. It follows that ξ�2
0/m

2
P = 71.33–84.84 from (A12)

and ξ/
√

λ2 = (4.23–5.04) × 104 from (A11) according to
the N range, respectively. Corresponding to this N range,
the inflation predictions are given at the horizon exit, such
that the spectral index ns � 1 − 6ε + 2η = 0.961–0.967,
the tensor-to-scalar ratio r � 16ε = 0.00419–0.00296, and
the running index α � 16εη − 24ε2 − 2ζ 2 = −(7.48–
5.23) × 10−4, respectively. All such predictions are in good
agreement with the Planck and BICEP2/Keck Array experi-
ments [84–86].

Notice that the Coleman-Weinberg contributions would
modify the inflation potential U (�̂). However, such correc-
tions may be neglected, if we require gB−L , x, (λ4,6)

1/2 <

(λ2)
1/4 ∼ 0.1, such that the induced beta function is small,

i.e. a � λ2. The last number, 0.1, is roundly estimated from
the above constraints for ξ, λ2 as well as using � ∼ 1015

GeV.
After inflation, �̂ oscillates near the potential minimum

which violates the scale symmetry. In this case, the soft μ2

term is turned on. Expanding the potential and including the
soft μ2 term, we obtain

U (�̂) = 1

2
m2

�̂
(�̂ − �̂)2 + O(�̂3), (A13)

where we define �̂ = ξ
√

3/2�2/mP and the inflaton
mass is m

�̂
= √

λ2/3mP/ξ � 2.77 × 1013 GeV, taking
ξ/

√
λ2 = 5 × 104 into account. Since the higher order cor-

rection O(�̂3) quickly vanishes after the end of inflation,
�̂ < �̂e = √

3/2 ln(1 + 2/
√

3)mP � 0.94mP , the corre-
sponding Klein–Gordon equation for �̂ field gives an approx-
imate solution,

�̂ � (mP/m
�̂
t) sin(m

�̂
t) + �̂, (A14)

as usual. It is stressed that the inflaton field rolling within the
range �̂ ∈ (�̂e, �̂) would undergo a numerous oscillations
after the inflation end to reach the minimum because of �̂ =
�̂ = √

3/2ξ(�/mP )2mP 
 �̂e, due to the constraint ξ 

(mP/�)2 from the outset.

According to the leptogenesis in the text, one takes the
x coupling to be flavor diagonal, satisfying x11 < x22,33 ∼
gB−L � 0.1. Correspondingly, it leads to mν1R < mν2,3R ∼
mZ ′ , where

mZ ′ = 2gB−L(
√

2/3mP�̂/ξ)1/2,

mνi R = −xii (mP�̂/
√

6ξ)1/2 (A15)

are given in the Einstein frame. The concerning perturbative
decay of inflaton, �̂ → ν1Rν1R , is allowed if m

�̂
> 2mν1R ,

implying

�̂ <
1

2
√

2

√
λ2m�̂

x2
11

. (A16)

Comparing the r.h.s with �̂e, the inflaton decays immediately
or does so after several oscillations, if

x11 ∼ 1√
6

ln−1/2
(

1 + 2√
3

)
λ

1/4
2

(√
λ2

ξ

)1/2

∼ 10−4.

(A17)

Further, we require

�̂ > Max

{
1

2
√

2

√
λ2m�̂

x2
22,33

,
1

16
√

2

√
λ2m�̂

x2
B−L

}
, (A18)

such that the inflaton cannot decay to ν2,3R and Z ′. Compar-
ing the r.h.s with �̂, one obtains

x22,33 ∼ gB−L � 10−2. (A19)

With the choice of parameters, the decay channel �̂ →
ν1Rν1R is viable, yielding a width � = x2

11m�̂
/32π . This

sets the reheating temperature to be

TR =
(

90

π2g∗

)1/4 √
mP� � 4.4

( x11

10−4

)
1010 GeV, (A20)

where g∗ = 106.75 is the effective number of degrees of
freedom. Since x11 ∼ 10−4, the reheating temperature is
predicted to be TR ∼ 4.4 × 1010 GeV.

Compare the inflaton decay rate to the Hubble rate, i.e.
� � H , where

H = 1√
3mP

√
ρ

�̂
� 0.13m

�̂
j−1 (A21)

inversely depends on the number of inflaton semioscilla-
tions j = m

�̂
t/π after inflation. The inflaton undergoes

2 j � 26.14/x2
11 ∼ 2.6 × 109 oscillations, in order for their

products to thermalize. This implies a long stage of preheat-
ing, a common issue raised in theories of perturbative inflaton
decay. However, in this period of preheating, the nonpertur-
bative decay �̂ → Z ′Z ′ may happen through broad and
narrow parametric resonances [87] characterized by gauge
interaction 2g2

B−L Z
′2�̂2. Here the effect of nonperturbative

parametric resonance does not happen for fermionic prod-
ucts, say �̂ → ν2Rν2R, ν3Rν3R , due to the Pauli exclusion
principle. The preheating of this model is worth exploring, a
task to be investigated elsewhere.

Last, but not least, the quantum gravity contribution to the
inflation potential can be effectively expanded in terms of
U ′′(�̂)/m2

P and U (�̂)/m4
P , as shown in [88]. Indeed, the

present model yields U ′′(�̂)/m2
P = m2

�̂
/m2

P ∼ λ2/ξ
2 ∼

10−9 and U (�̂)/m4
P ∼ λ2/ξ

2 ∼ 10−9, which are strongly
suppressed. This justifies the effective theory of large field
inflation under consideration, in agreement to [63].
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