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In this work, we classify all the effective Uð1Þ symmetries and their associated Noether charges in the
standard model (SM) and its minimal supersymmetric extension (MSSM) from the highest scale after
inflation down to the weak scale. We then demonstrate that the discovery of the violation of baryon minus
lepton number (B − L), which pinpoints to its violation in the primordial Universe at any cosmic
temperature above 30 TeV, will open up a new window of baryogenesis in these effective charges above this
scale. While the fast SM baryon number violation in the early Universe could be the first piece to solve the
puzzle of cosmic baryon asymmetry, (B − L) violation could be the second important piece. In the
background of an expanding Universe, there is ample opportunity for out-of-equilibrium processes to
generate an asymmetry in the numerous effective charges in the SM or the MSSM, making a baryon-
asymmetric Universe almost unavoidable. Finally, we provide examples in the SM and the MSSM where
baryogenesis can proceed through out-of-equilibrium dynamics without explicitly breaking baryon or
lepton number.

DOI: 10.1103/PhysRevD.103.L051705

I. INTRODUCTION

Symmetry has been a guiding principle in physics. In the
standard model (SM), the gauge symmetry SUð3Þc ×
SUð2ÞL ×Uð1ÞY fixes all the possible interactions among
the fields. However, once one consider the same theory in
an expanding Universe, new effective symmetries can arise
if the rates of certain interactions are slower than the
Hubble rate—i.e., out of thermal equilibrium. For instance,
while baryon-number-violating interactions due to SUð2ÞL
instanton-induced operators are suppressed to an unob-
servable rate today [1], they were in thermal equilibrium for
cosmic temperatures above the weak scale [2]. This baryon-
number violation in the primordial Universe, among others,
could be a key ingredient to understand the observed
cosmic baryon asymmetry represented by the baryon-
number density asymmetry over the cosmic entropic
density YΔB ∼ 9 × 10−11 [3].
Symmetry in the context of baryogenesis is a double-

edged sword. On the one hand, if a symmetry remains
exact, no asymmetry can be generated in the associated
Noether charge. On the other hand, it can protect an
asymmetry generated from being erased. This was first

elucidated by Weinberg [4]: that as long as there is a linear
combination of baryon and lepton number Bþ aL that is
conserved, a baryon asymmetry is preserved even if
baryon-number-violating interactions are in equilibrium.
The use of other types of symmetry as a protective
mechanism was further explored in the SM [5–7], in its
extension [8,9], and in its supersymmetric extension [10],
and it was generalized in Ref. [11].
In this work, we will categorize all the effective

symmetries and their associated Noether charges in the
SM and the minimal supersymmetric standard model
(MSSM), from the highest temperature after reheating,
T ∼ 1016 GeV, down to the weak scale. Making use of
(B − L)-violating interactions which are in equilibrium, we
show that asymmetries can be generated in any of the
effective charges through out-of-equilibrium processes
which can, but do not have to violate baryon nor lepton
number.

II. GENERALITY

Here we give a brief review of the formalism discussed in
Ref. [11], which will be used in this work and also to fix the
notations. For any particle species i that distinguishes from
its antiparticle ī—i.e., a “complex particle”—its number
density asymmetry can be defined as nΔi ≡ ni − nī, where
ni is the number density of particle i. This is equivalent to
its charge density if we assign the particle (antiparticle) a
charge 1 (−1) under a global Uð1Þi. Considering r species
of complex particles i, we can define r number of such
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global Uð1Þi’s preserved by their kinetic terms (which
include possible gauge interactions).
Next, let us put the system in an expanding Universe.

Assuming that fast gauge interactions are able to thermalize
the particles, a common temperature T can be defined at
each moment. To scale out the effect due to cosmic
expansion, we define the number asymmetry of the particle
i as

YΔi ¼
nΔi
s

; ð1Þ

where s ¼ 2π
45
g⋆T3 is the cosmic entropic density, with g⋆

being the total relativistic degrees of freedom. From r
number of Uð1Þi ’s, we can form any other r linear
combinations Uð1Þx. A convenient basis is such that as
the expanding Universe is cooling down, Uð1Þx is sub-
sequently broken by interactions which get into thermal
equilibrium.
The source ofUð1Þx can be due to additional interactions

like the Yukawa interactions or those from instanton-
induced effective operators due to the Bell-Jackiw anomaly
[1]. To determine if a Uð1Þx is preserved by the latter type
of interactions, we can look at the anomaly coefficient of
the triangle diagram of the type Uð1Þx − SUðNÞ − SUðNÞ,
defined as

AxNN ≡X
i

cðRiÞgiqxi ; ð2Þ

where the sum is over particle i with degeneracy gi, charge
qxi under Uð1Þx, and representation Ri under the SUðN≥2Þ
gauge group with cðRiÞ ¼ 1

2
in the fundamental represen-

tation and c2ðRiÞ ¼ N in the adjoint representation. In
general, each fermion i with representation Ri under
SUðNÞ will contribute proportionally to cðRiÞ to the
SUðNÞ instanton-induced effective operator1

OSUðNÞ ∼
Y
i

Ψ2gicðRiÞ
i ; ð3Þ

where the product is over all left-handed chiral fields Ψi
with nontrivial representation Ri under SUðNÞ. Notice that
if AxNN ¼ 0, Uð1Þx is conserved by the operator.
If a system possesses aUð1Þx, its charge can bewritten as

YΔx ¼
X
i

qxi YΔi; ð4Þ

where i sums over all particle species with charge qxi under
Uð1Þx. Assuming equilibrium phase-space distribution for
particle i characterized by a common temperature T, its

energy Ei, and chemical potential μi ≪ T, the formula
above can be inverted as [11]

YΔi ¼
X
x

giζi
X
y

qyi ðJ−1ÞyxYΔx; ð5Þ

where ζi ¼ 1 (2), where i is a massless fermion (boson),2

and J is a symmetric matrix in charge space defined as

Jxy ≡
X
i

giζiqxi q
y
i : ð6Þ

From Eq. (5), we can construct the baryonic charge as

YΔB ¼
X
i

qBi YΔi ¼
X
x

X
y

JByðJ−1ÞyxYΔx: ð7Þ

It is apparent that the cosmic baryon asymmetry is propor-
tional to the Uð1Þx charges of the system. Next, our goal is
to characterize all the Uð1Þx’s in the SM and MSSM.

III. THE STANDARD MODEL

Before the electroweak (EW) symmetry breaking, the
SM kinetic terms respect a total of 16 Uð1ÞΨj

’s, each
corresponding to the individual field rotation of the
15 fermionic fields and a scalar Higgs SUð2ÞL doublet
H: Ψj → eiqΨjϕΨj, where Ψ ¼ fQα; Uα; Dα;lα; Eα; Hg
with family index α ¼ 1, 2, 3. Here Qα and lα are the
quark and lepton SUð2ÞL doublets, while Uα, Dα, and Eα

are the up-type quark, down-type quark, and lepton SUð2ÞL
singlets, respectively.3 Since all the parameters of the SM
have been measured, we can choose the following con-
venient basis according to the order in which the Uð1Þx
symmetries are subsequently broken at Tx as we go down in
the cosmic temperature:

x ¼ ft; u; B; u − b; τ; u − c; μ; B3 − B2; u − s;

B3 þ B2 − 2B1; u − d; e; B=3 − Lα; Yg: ð8Þ

Uð1ÞBα
corresponds to baryon flavor symmetries, with

qBα
Qα;Uα;Dα

¼ 1=3, and Uð1ÞB ≡Uð1ÞB1þB2þB3
is the total

baryon number. Uð1ÞB=3−Lα
is the linear combination of the

B=3 and lepton flavor symmetries Uð1ÞLα
, with qLα

lα;Eα
¼ 1.

The rest of the global charges are normalized to 1.
Uð1ÞY is the hypercharge gauge symmetry, which is only

broken at TEW ∼ 160 GeV [12], while the rest are effective
(global) symmetries which are broken at Tt ∼ 1015 GeV,
Tu∼2×1013GeV, TB∼2×1012GeV, Tτ ∼ 4 × 1011 GeV,
Tu−b∼3×1011GeV, Tu−c∼2×1010GeV, Tμ ∼ 109 GeV,

1Due to the convention cðRiÞ ¼ 1
2
for fundamental representa-

tion, the factor of 2 is included such that the field enters in an
integer number.

2Foraparticlewithmassmi,ζi¼ 6
π2

R
∞
mi=T

dxx
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2−m2

i =T
2

p
ex

ðex�ξiÞ2,where ξi ¼ 1 (−1) where i is a fermion (boson).
3Wewill also denotefU1; U2; U3g ¼ fu; c; tg,fD1; D2; D3g ¼

fd; s; bg, and fE1; E2; E3g ¼ fe; μ; τg.
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TB3−B2
∼ 9 × 108 GeV, Tu−s ∼ 3 × 108 GeV, TB3þB2−2B1

∼
107GeV, Tu−d ∼ 2 × 106 GeV, and Te ∼ 3 × 104 GeV.
The estimations of Tx are explained in the Supplemental
Material [13]. Once broken at Tx, the symmetries are
not restored again, with the exception of Uð1ÞB. From
Eq. (3), we have the SUð2ÞL instanton-induced operator
OSUð2ÞL ∼

Q
α ðQlllÞα, which violates Uð1ÞB, and the

associated processes are in thermal equilibrium [2] from
TB ∼ 2 × 1012 GeV [14] down to TB− ∼ 130 GeV [12].
This is the source of baryon-number violation for EW
baryogenesis [15], though in the SM, two other Sakharov’s
conditions for baryogenesis [16]—sufficient C and CP
violation [17,18], and sufficiently out-of-equilibrium proc-
esses [19]—are not fulfilled.
Among the global symmetries, only Uð1ÞB=3−Lα

(or any
linear combinations) are exact: they are conserved by all the
Yukawa interactions and free from SUð2ÞL and SUð3Þc
mixed anomalies. At temperatures below Te ∼ 30 TeV,
only Uð1ÞY and Uð1ÞB=3−Lα

remain conserved, and from
Eq. (7), we have

YΔB ¼ cBðB−LÞYΔðB−LÞ þ cBYYΔY; ð9Þ

where YΔðB−LÞ ¼
P

αYΔðB=3−LαÞ and cBx ≡P
y JByðJ−1Þyx,

with the J matrix defined in Eq. (6). Assuming the EW
symmetry is broken at TEW ∼ 160 GeV above TB− [12], we
have cBðB−LÞ ¼ 30

97
and cBY ¼ − 7

97
assuming that top quarks

are nonrelativistic (cf. Ref. [20]). Equation (9) holds only
down to temperature TB−, below which the baryon number
is frozen. If the Universe is always hypercharge neutral,
YΔY ¼ 0, this implies that Uð1ÞB−L has to be broken above
TB− to generate a nonzero baryon asymmetry, as utilized in
leptogenesis [21], its variants [22,23], and SO(10) baryo-
genesis [24].4 With YΔY ¼ 0 and in the absence of new
charges, if (B − L)-violating interactions remain in thermal
equilibrium from Te down until TB−, baryogenesis will
fail.5

It is usually required that (B − L)-violating interactions
from new physics be out of equilibrium for a viable
baryogenesis scenario (see, for example, Refs. [20,33]).
In this work, we will point out an orthogonal scenario.
Rather, we argue that any in-equilibrium (B − L)-violating
interactions in fact facilitate baryogenesis and allow a new
avenue of baryogenesis through out-of-equilibrium gener-
ation of asymmetry in the effective charges identified
in Eq. (8).

In general, fast (B − L)-violating interactions are more
than welcome, since they will act as the source of nonzero
(B − L) charge in Eq. (9) [34]. The indication that Uð1ÞB−L
is broken from new physics is ubiquitous. If the SM is
treated as an effective field theory at low energy, at mass
dimension 5, we have the Weinberg operator lαHlβH,
which breaks (B − L) by 2 units and gives rise to Majorana
neutrino mass at low energy [4,35]. It has been verified that
all dimension-6 [4,35] and dimension-8 operators [36]
conserve (B − L), while for the 18 dimension-7 [37,38]
and 560 dimension-9 operators [39,40], (B − L) is violated
by 2 units. If ΔB ¼ −ΔL ¼ 1, they lead to nucleon decay
channels on top of those from the operators that conserve
B − L [4]. If ΔL ¼ 2, these operators contribute to
Majorana neutrino mass and neutrinoless double beta decay
processes [4,35,41,42], while if ΔB ¼ 2, they can lead to
neutron-antineutron oscillation (see Ref. [43] for a review
article). Finally, a gauge Uð1ÞB−L naturally arises from
gauge symmetry SOð10Þ in grand unified theory and is
broken spontaneously to the SM gauge group.
If any of the (B − L)-violating processes discussed above

are in thermal equilibrium in a certain temperature regime,
we can construct (B − L) charge asymmetry as

YΔðB−LÞ ¼
X
x

cðB−LÞxYΔx; ð10Þ

where cðB−LÞx ¼
P

y JðB−LÞyðJ−1Þyx, with the J matrix
defined in Eq. (6). At any range of temperature regime when
(B − L)-violating interactions are in thermal equilibrium, a
nonzero YΔðB−LÞ is induced as long as any x with nonzero
coefficient cðB−LÞx ≠ 0 has a nonvanishing charge YΔx ≠ 0,
which can be generated through out-of-equilibrium dynam-
ics at the same range of temperature ormuchbefore (at higher
temperature). As long as (B − L)-violating processes get out
of equilibrium shortly after, the final baryon asymmetry will
be given by Eq. (9).
To recapitulate, this new class of baryogenesis can be

realized by extending the SM with the following:
(1) Some in-equilibrium (B − L)-violating interactions

to enforce Eq. (10).
(2) Some out-of-equilibrium processes that violate the

effective symmetries in Eq. (8) and also provide
sources of C and CP violation. In fact, all the global
charges (besides B − L) are violated explicitly in the
SM, but new physics is required to have sufficient
CP violation and out-of-equilibrium condition.

As a concrete example, let us consider the temperature
regime 1012 GeV≲ T ≲ 1014 GeV, where the (B − L)-
violating interactions mediated by the Weinberg operator
1
ΛlαHlβH are in thermal equilibrium. The estimation goes
as follows: with the neutrino mass mν ¼ v2=Λ where
v≡hHi¼174GeV, this implies Λ∼3×1014ð0.1 eVmν

ÞGeV.
Comparing the (B − L)-violating rate ΓB−L ∼m2

νT3=v4

4Extending the SM by new fields which carry nonzero (B − L)
charges, baryogenesis can proceed with unbroken Uð1ÞB−L
[9,25–28]. Some of this type of model can also accommodate
the situation where the compensating (B − L) charge remains in
the hidden sector and can serve as dark matter [27,28].

5See Refs. [29–32] for studies to bound the scale of baryo-
genesis due to fast (B − L)-violating interactions.
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for T ≲ λ2Λ (where λ is some dimensionless coupling) to
the Hubble rate H ¼ 1.66

ffiffiffiffiffi
g⋆

p
T2=MPl (where g⋆ ¼ 106.75

for the SM andMPl ¼ 1.22 × 1019 GeV), we obtain TB−L∼
1011ð0.1 eV

mν
Þ2 GeV, above which the (B − L)-violating inter-

actions are in equilibrium as long as λ≳ 0.02ð0.1 eV
mν

Þ.
Next, let us introduce some processes which violate the

effective symmetries of the SM. In general, grand unified
theories contain various such possibilities. For instance, the
126 Higgs in SOð10Þ contains diquarks, dileptons, and
leptoquarks, and their couplings to the SM fields violate
several of the effective charges in Eq. (8). As an example,
let us introduce a heavy SUð2ÞL singlet colored diquark ψ
with B ¼ 2=3, Y ¼ −2=3, and the decay channels
ψ → dd; ss; bb, which violate Uð1Þu−d, Uð1Þu−s, and
Uð1Þu−b, respectively, by −2 units while respecting all
other Uð1Þx symmetries (including B and L).6 [A nonzero
charge will be induced inUð1Þψ during the genesis, but this
will go to zero once all ψ particles have decayed away.]
Assuming CPT invariance, the CP violations from the
decays are related by

ϵψ→dd þ ϵψ→ss þ ϵψ→bb ¼ 0; ð11Þ

where we have defined the CP parameter as ϵψ→j ≡
Γðψ→jÞ−Γðψ̄→j̄Þ

Γψ
, with Γψ being the total decay width of ψ

and Γðψ → jÞ and Γðψ̄ → j̄Þ being the partial decay
widths. The charge YΔx generated from the decays of ψ
can be parametrized by

YΔx ¼ −2ϵψðxÞηxY
eq
ψ ; ð12Þ

where ψðxÞ refers to the decay process which violates x
charge, ηx ≤ 1 is the efficiency for x-charge production
through out-of-equilibrium dynamics, and Yeq

ψ ¼ neqψ =s,
with neqψ being the relativistic equilibrium number density
of ψ . If ψ particles start from a thermal abundance
and decay far from equilibrium when T ≪ mψ , we have
ηu−d ¼ ηu−s ¼ ηu−b ¼ 1. Making use of Eqs. (10) and (11)
and with all conserved charges remaining zero, after all ψ
particles have decayed above T ∼ 1012 GeV, we end up
with

YΔðB−LÞ ¼
� 1

3
ϵψ→bbY

eq
ψ Tu < T < Tt

9
22
ϵψ→bbY

eq
ψ TB < T < Tu

: ð13Þ

Below TB−L, (B − L) is conserved, and the final baryon
asymmetry is given by Eq. (9) with YΔY ¼ 0. In order to
obtain YΔB ∼ 10−10 in accordance with observation [3],
since Yeq

ψ ∼ 10−3, one would need a reasonable CP viola-
tion of ϵψ→bb ∼ 10−6.

IV. THE MINIMAL SUPERSYMMETRIC SM

In the MSSM, all the SM fermionic fields are promoted
to superfields. For anomaly cancellation, two Higgs super-
fields Hu and Hd are introduced, and we can choose the
additional Uð1ÞPQ conserved by all the superpotential
terms7

W ¼ μHuHd þ ðyuÞαβQαHuUc
β þ ðydÞαβQαHdDc

β

þ ðyeÞαβlαHuEc
β ð14Þ

except μHuHd with the following charge assignments:

qPQHd
¼ qPQlα ¼ −

qPQEc
α

2
; qPQHu

¼ −
qPQEc

α

2
þ 3qPQDc

α
;

qPQQα
¼ qPQEc

α

2
− qPQDc

α
; qPQUc

α
¼ −2qPQDc

α
: ð15Þ

The mixed anomaly coefficients of Uð1ÞPQ with SUð3Þc
and SUð2ÞL are given by APQ33 ¼ 3

2
ð−3qPQDc

α
þ qPQEc

α
Þ and

APQ22 ¼ −3qPQDc
α
þ qPQEc

α
, respectively. The anomaly-free

choice −3qPQDc
α
þ qPQEc

α
¼ 0 is the hypercharge, and hence

we will consider only the solutions with −3qPQDc
α
þ qPQEc

α
≠ 0.

Since both B and L have the same anomaly coefficient
AB22 ¼ AL22 ¼ 3

2
, an SUð2ÞL mixed anomaly-free charge

can be formed [11]:

P ¼ −
3

2

PQ

−3qPQDc þ qPQEc

þ 1

cBL
ðcBBþ cLLÞ; ð16Þ

where cBL ¼ cB þ cL with cB and cL being any numbers.
As for the SUð3Þc mixed anomaly, we can cancel it with
any of the chiral symmetries of the quark fields Uð1ÞQα

,
Uð1ÞUc

α
, and Uð1ÞDc

α
with the respective anomaly coeffi-

cients AQα33
¼ 1 and AUc

α33
¼ ADc

α33
¼ 1

2
(all the chiral

charges are fixed to be 1). For instance, a completely
anomaly-free combination will be

P̄ ¼ Pþ 9

2
uc: ð17Þ

Since P̄ is violated explicitly only by the μHuHd term, by
comparing the interaction rate ΓP̄ ∼ μ2=T to the Hubble rate
H ¼ 1.66

ffiffiffiffiffi
g⋆

p
T2=MPl (g⋆ ¼ 228.75 for the MSSM), we

obtain [10]

TP̄ ∼ 2 × 107
�

μ

100 GeV

�
2=3

: ð18Þ

6For simplicity, we assume the decay channels are flavor
diagonal.

7Here, we denote Ψ ¼ fQα; Uc
α; Dc

α;lα; Ec
α; Hu; Hdg as the

left-handed chiral superfields.
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Above this temperature, Uð1ÞP̄ is preserved by all the
MSSM interactions.
In a supersymmetric theory, gauginos can carry non-

vanishing chemical potentials, and scalar and fermionic
components of a chiral superfield do not necessarily carry
the same chemical potentials. This is captured by the R
symmetry, in which the superspace coordinate transforms
as θ → eiϕθ, where we fix its R charge to be 1. Requiring
the superpotential in Eq. (14) to have an R charge equal
to 2, we have

qRHd
¼ qRlα

¼ 2−
3qRDc

α

2
; qRHu

¼ 3qRDc
α

2
; qRQα

¼ qRDc
α

2
;

qRUc
α
¼ 2− 2qRDc

α
; qREc

α
¼ −2þ 3qRDc

α
: ð19Þ

The R symmetry only has an SUð2ÞL mixed anomaly with
anomaly coefficient AR22 ¼ −1, and an SUð2ÞL mixed-
anomaly-free R charge can be constructed [11]:

R̄ ¼ Rþ 2

3cBL
ðcBBþ cLLÞ: ð20Þ

Gaugino masses mg̃ break the R symmetry explicitly, and
by comparing the associated interaction rate ΓR̄ ∼m2

g̃=T to
the Hubble rate H, we obtain [10]

TR̄ ∼ 8 × 107
�

mg̃

1 TeV

�
2=3

: ð21Þ

Above this temperature, Uð1ÞR̄ is preserved by all the
MSSM interactions.
In any extension to the MSSM, one has the freedom to

choose cB and cL such that P̄ and/or R̄ are conserved by the
new interactions.8 Let us consider a simple model of
baryogenesis which breaks P̄ and/or R̄ without explicitly
breaking B and L. We introduce a new chiral superfield S
uncharged under the SM gauge symmetry with the super-
potential λSHuHd þ 1

2
MSS. Taking qP̄S ¼ 0 and qR̄S ¼ 1,

both P̄ and R̄ are broken by nonzero λ, by ΔP̄ ¼ 3
2
and

ΔR̄ ¼ 3 − 2 ¼ 1, respectively, while respecting all the
Uð1Þx symmetries in Eq. (8). In this case, there is still
an exactly conserved R charge:

Rc ¼ R̄ −
2

3
P̄: ð22Þ

Nonzero charges can develop in both R̄ and P̄ (related by
Rc) through CP-violating decays S → HuHd.
Let us consider (B − L) violation from the dimension-7

operator Dc
αUc

βD
c
γlδHu which can induce nucleon decay

such as n → e−πþ. In order to sufficiently suppress this
process, the effective scale of the operator should be of
the order of ≳1011 GeV [4]. With large couplings, the
processes mediated by the operator can be in equilibrium
at temperature 1010 GeV≲ T ≲ 1011 GeV. We will take
cB ¼ −2cL, such that the operator9 conserves R̄. This
operator violates Uð1ÞP̄, and hence Rc is no longer
conserved. Assuming the operator involves all generations
of quarks, all effective symmetries related to quarks are
violated. With the remaining conserved charges (e, μ, Y)
being zero, after all S particles have decayed above
T ∼ 1010 GeV, we have

YΔðB−LÞ ¼
21

187
YΔR̄: ð23Þ

Below TB−L, (B − L) is conserved, and the final baryon
asymmetry will be given by Eq. (9) with YΔY ¼ 0 and
cBðB−LÞ ¼ 30

97
, assuming at TB− that the thermal bath has the

same relativistic degrees of freedom as in the SM.

V. CONCLUSIONS

We have categorized all the effective Uð1Þ symmetries
and their associate Noether charges in both the SM and the
MSSM: 16 in the former, and 18 in the latter. We have
demonstrated that, together with fast (B − L)-violating
interactions, which are ubiquitous in the early Universe,
and considering the effective symmetries in the SM or the
MSSM above Te ∼ 30 TeV, asymmetries can be generated
in any of the associated charges through processes that can,
but do not have to, violate B and/or L.
Since this new avenue of baryogenesis calls for some in-

equilbrium (B − L)-violating interactions in the early
Universe, it generally implies an enhanced ΔðB−LÞ¼2
rate for experiments to observe: neutrinoless double beta
decay (ΔL ¼ 2), nucleon decay (ΔB ¼ −ΔL ¼ 1), and
neutron-antineutron oscillation (ΔB ¼ 2). A discovery of
any of these phenomena will pinpoint the scale where
(B − L)-violating interactions could be in thermal equilib-
rium and allow the identification of effective charges to
realize baryogenesis above that scale. In the early Universe,
(B − L) violation could be the second crucial piece to the
puzzle of cosmic baryon asymmetry after the SM baryon-
number violation.
Future direction in this exploration includes identifying

new effective symmetries and explicit sources of (B − L)
violation that come out from more fundamental theories
like grand unified theories. In studying these more specific
models to realize the new baryogenesis proposed here, one
will be able to have more definite predictions in the rate of
(B − L)-violating processes.

8R-parity-violating terms UcDcDc, QDcL, and LLEc con-
serve P and R, while one can choose either cB ¼ 0 or cL ¼ 0
such that some of them conserve P̄ and R̄.

9The Weinberg operator conserves P̄ and R̄, with the choice
cB ¼ −5cL=3.
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Note added.—A similar idea recently appeared in Ref. [44],
which considers the dynamics of type-I seesaw as the
source of (B − L) violation. Our results, where there are
overlaps, are consistent with each other.
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