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Charged-lepton flavor violation (CLFV) is a smoking-gun signature of physics beyond the Standard Model.
The discovery of CLFV in upcoming experiments would indicate that CLFV processes must have been ef-
ficient in the early Universe at relatively low temperatures. In this letter, we point out that such efficient
CLFV interactions open up new ways of creating the baryon asymmetry of the Universe. First, we quote the
two-loop corrections from charged-lepton Yukawa interactions to the chemical transport in the Standard
Model plasma, which imply that nonzero lepton flavor asymmetries summing up to B — L = 0 are enough to
generate the baryon asymmetry. Then, we describe two scenarios of what we call leptoflavorgenesis, where
efficient CLFV processes are responsible for the generation of primordial lepton flavor asymmetries that are
subsequently converted to a baryon asymmetry by weak sphaleron processes. Here, the conversion fac-
tor from lepton flavor asymmetry to baryon asymmetry is suppressed by charged-lepton Yukawa couplings
squared, which provides a natural explanation for the smallness of the observed baryon-to-photon ratio.

Introduction. — The Standard Model (SM) of particle
physics has been established observationally after the dis-
covery of Higgs boson. Its classical action enjoys the acci-
dental global symmetry U(1) g4 x U1, x UM p,—1, %
U(1)p-1, corresponding to the conservation of the baryon
charge B and the flavored lepton charges L., ;. Quantum
mechanically, U(1) g4 is violated by the chiral anomaly [1].
Although suppressed in the vacuum, B + L violation by
means of weak sphaleron processes is efficient at temper-
atures 102GeV < T < 102 GeV [2-5]. Also, the discovery of
neutrino oscillations revealed that the lepton flavor symme-
tries, U(l)Le_Lu X U(l)Lp_LT, are violated [6-10], which fur-
ther implies the violation of U(1)p_ if neutrinos are Majo-
rana fermions [11]. However, such interactions are so fee-
ble that they could be inefficient up to Tz_; ~ 103 GeV, de-
pending on possible UV completions of the neutrino sector.

Charged-lepton flavor violation (CLFV) is currently at-
tracting a lot of attention [12-27], since its discovery would
undoubtedly imply physics beyond the SM, enabling us to
probe new physics at extremely high energy scales, such
as 0(108)GeV by u — ey [13] and 6(10°)GeV by u — ea,
where a is a pseudo-Nambu-Goldstone boson like an axion
or familon [22, 28].! Furthermore, if CLFV should be ob-
served in upcoming experiments, we would learn that CLFV
interactions must have been efficient at relatively low tem-
peratures in the early Universe. For instance, the discov-
ery of 4 — ey would imply that U(1)r,-r,, violating inter-
actions are efficient at T > 10*GeV [49]. Above this tem-
perature, LFV interactions then enforce nontrivial relations

1 Anomalies and hints of lepton flavor universality violation in observ-
ables such as rare B meson decays [29-31] (see also Refs. [32, 33]) and
the anomalous magnetic moment of the muon (g —2), [34-36] may also
be linked to new CLFV interactions [37-40] (see, e.g., Refs. [41-48]).

among the lepton chemical potentials, e.g., u, —p. = 0, lead-
ing to a different chemical equilibrium at that temperature.
This is in contrast to the discovery of neutrino oscillations,
where Tp_; isnot necessarily low but could rather be as high
as 10'3 GeV.

In this letter, we point out that the discovery of CLFV
processes would change the paradigm of baryogenesis. As
history shows, the discovery of the violation of SM global
symmetries has repeatedly opened up new baryogenesis
mechanisms. For instance, the weak sphaleron dramatically
changes the chemical transport before and after the elec-
troweak phase transition (EWPT), leading to two famous
scenarios; baryogenesis at the EWPT [5] and baryogenesis
through leptogenesis (B — L genesis) before the EWPT [50].
In a similar spirit, we will now present conceptually new
possibilities for baryogenesis.

We first note that the charged-lepton Yukawa couplings
are hierarchical. This implies that the rates for the con-
version of the flavored B/3 — Ly charges into the baryon
charge at sphaleron decoupling are not universal for differ-
ent flavors. We thus do not necessarily need a B — L asym-
metry; a lepton flavor asymmetry alone is enough to ob-
tain a nonzero baryon asymmetry during the EWPT, though
the conversion factor is suppressed by the charged-lepton
Yukawa coupling squared [51-53]. Therefore, we only need
to generate some lepton flavor asymmetry at a temperature
higher than the electroweak scale—a process that we will
refer to as leptoflavorgenesis in the following.

We emphasize that leptoflavorgenesis does not represent
yet another variant of leptogenesis. In particular, it does
not refer to flavor effects in leptogenesis [54-58] (see also
Refs. [49, 59] for the effect of CLFV in leptogenesis), where
lepton flavor asymmetry plays an important role due to the
flavor-dependent wash-out effects of right-handed neutri-
nos in the presence of a nonvanishing total B — L asymme-



try. Leptoflavorgenesis is not related to right-handed neu-
trinos nor does it generate a B — L asymmetry. Note also
that leptoflavorgenesis generate baryon asymmetry from
B — L =0 in the SM (and whole) sector, which is different
from the Dirac leptogenesis [60] and cloistered baryogene-
sis [61], where they generate (B — L) in the SM sector with
the opposite (B — L) in a sector that is decoupled from the
electroweak sphaleron.

Leptoflavorgenesis is roughly classified into two cases,
i.e., (i) lepton flavor asymmetry generation at the decou-
pling of LFV interactions, and (ii) lepton flavor asymme-
try generation through other asymmetries before the de-
coupling of LFV interactions, analogous to the situation for
electroweak baryogenesis and leptogenesis. Unfortunately,
in the first option (i), it is difficult to directly generate a lep-
ton flavor asymmetry by using LFV interactions that would
be discovered in the near future. (See Ref. [62] as an exam-
ple of this scenario.) This is because we need a source of
large CP violation in order to generate enough asymmetry
while the discovery of LFV does not necessarily provide such
a CP-violating source. We shall therefore concentrate on the
latter scenario (ii) throughout this letter.

We propose two concrete leptoflavorgenesis scenarios
operative before the decoupling of LFV interactions; wash-
in leptoflavorgenesis and spontaneous leptoflavorgenesis.
We first need to generate some asymmetries that are then
converted to the lepton flavor asymmetry through LFV in-
teractions. As emphasized in [63], there exist approximately
conserved charges in the SM for T > 10°GeV, as the SM
interactions become less effective than the cosmic expan-
sion at higher temperatures. Therefore, the production of
such charges via UV physics suffices, which we refer to as
wash-in leptoflavorgenesis in analogy to wash-in leptogen-
esis [64] (see also Refs. [65, 66]). Another example of gen-
erating some asymmetries is to couple an axion-like par-
ticle (ALP) to a SM current that is not conserved (see, e.g.,
Ref. [63]). If the ALP has nonzero velocity, it acts as an effec-
tive chemical potential for the SM plasma, generically lead-
ing to lepton flavor asymmetries. We refer to this mecha-
nism as spontaneous leptoflavorgenesis.

Decoupling temperature of LFV.— Let us first estimate
the decoupling temperatures of some LFV interactions. We
are interested in the processes that are accessible by collider
experiments or astrophysical observations in the near fu-
ture, such as the one like Zf — ﬁer, where «,”f is the f-th
generation charged lepton and X represents a neutral parti-
cle.

For example, ¢ — ey is induced by the following
dimension-six operator (see, e.g., Refs. [13])
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where C;{V’ and CZ: are dimensionless coefficients, A is
the cutoff scale of the operator, Ly is the left-handed lep-
ton doublet of the f-th flavor, ey is the right-handed lep-

ton singlet of the f-th flavor, Wy, (Byy) is the field strength
of SU2)w (U(1)y), and @ is the Higgs doublet. After elec-
troweak symmetry breaking, this operator induces

ol
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where we define C;f, = cosGWCgl - sinQWC%V, with Oy
being the Weinberg angle and the field strength of U(1)gm
is denoted by F,,. One may easily see that Eq. (1) does not
violate U(1)g_1, but does violate U(l)Lf_Lf,. This operator
is constrained by current experiments; the tightest bound
comes from the nonobservation of u — ey: Br(u* — e*y) <

1/4
42 %1071 [67]. This leads to A/ ((Ch)? + (C;1)2) 267 x
107 GeV [13].
The LFV interaction rate above the electroweak scale is
5
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Since the temperature dependence is stronger than that of
the Hubble rate, H < T2, the LFV interaction is in equilib-

rium at early times before it decouples at low temperatures.
The decoupling temperature of Ly — Ly violation is defined

by the temperature at 2}/% = 4/7H, where the factor of 2

comes from f < f’, and the factor of 4/7 comes from the
convention used in Ref. [63]. This is then estimated as®

A/‘/C[Y

108 GeV
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!
where we assume C%V = 0 with a universal coupling for

Cg g/ = 1.1Cyy. In the near future, the MEG II experiment
will reach a sensitivity of Br(u™ — e*y) = 6 x 10714, which is
going to probe A/C;)/,2 up to 1.0 x 108 GeV [68, 69] (see also
Ref. [70]). Therefore, if p — ey should be discovered in up-
coming experiments, we will learn that LFV interactions are
equilibrated at temperatures above G (10%) GeV.
One may also consider a LFV interaction of the type Iy —
lpra via an operator of the form
Ol (S 11 ohp vl ot GH 5
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where a is a pseudo-Nambu-Goldstone boson like an ax-
!
ion and familon, f;, is its decay constant, and C{Z: and

C};g are dimensionless coefficients (see, e.g., Refs. [22, 27]).
The current and expected future bounds on the effective

2 If this is higher than the mass of integrated heavy field for the effective
operator, the decoupling temperature should be calculated in the UV
theory. The transport equation we will use should also be written in the
UV model.



axion decay constant, F‘]:{/;a =2fal\/ IC{ZZIZ + ICff |2 with

C‘];];A (C ¥ C{Z;)/Z, are about 4.8 x 10° GeV by Jodidio et

al. [28, 71] and 2.9 x 1010 Gev by MEGII-fwd [22] and Mu3e-

online [72], respectively, though the precise value depends

on the chirality of the interactions. The corresponding scat-
tering rate of flavor-changing process is given by

s ’

lfra g4 f2

(6)

rr_24T? ik
Vina™ iz 4o ek

) @

for the left- and right-handed leptons, respectively. Hence,
if 4 — ea is discovered in near-future measurements, the
corresponding LFV interaction is equilibrated above

2
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TgeC =7.2x10° GeV
where we take a universal coupling CLf Z: =1, Cg =0asan
example and where the decoupling temperature in this case

is defined by the temperature at ny -

In both examples, the decoupllng ternperature is higher
than the electroweak scale. Therefore, the three flavored B—
L charges, i.e., Af = B/3— Ly, become conserved by the time
of the electroweak crossover.

Baryon charge transport during the EWPT.— In the SM,
the EWPT proceeds as a crossover [73], where the weak
sphaleron process decouples at Tsp = 135GeV [74, 75] with
the neutral component of Higgs field value being xsp =
(@) T, ~1.2(76,77].

During the EWPT, we have in total three conserved
charges: A, =B/3~L,,Ay=B/3-Ly,andA; =B/3-L;.In
the literature, it is widely studied how B — L # 0 is converted
to B # 0 by weak sphalerons. Here, we consider another pos-
sibility, assuming that there is nonzero A¢ (f = e, u,7) but
zero B—L = Zf Af. In fact, as shown in Refs. [51-53], the
hierarchies in the charged-lepton Yukawa couplings lead to
different conversion factors for each flavor. As a result, the
baryon asymmetry after sphaleron decoupling is given by

3A(xsp

Yr =
B 13n2

Z YiYa ©)
f=eut

for vanishing total B — L, where

13(1034 + 2473x% +792x%)
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) A(xSp) ~1.3. (10)

We thus only need to generate some lepton flavor asymme-
try before the EWPT. The conversion factor is suppressed by
the charged-lepton Yukawa coupling: 3A(xsp)y5;/(137%) =
1.1x1078 for A, and 3A(xsp) y2/(137%) = 3.0x1076 for A;. As
the observed baryon asymmetry is Yz =~ 9x 107!, successful
leptoflavorgenesis requires Ya, =8 x 107> or Yy, =3 x 107,

Transport equations with LFV interactions.— We can
greatly simplify the transport equations around the LFV de-
coupling temperature, T(f‘;’/ca ~ 10*"° GeV, assuming that all
other interactions except for the electron Yukawa and LFV
interactions are equilibrated. The transport equations for
the right-handed electron charge density g, and A ¢ are then
given by
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for the LFV interaction in Eq. (1), where y; is the chemical
potential of species i. The bias factors ,u{)ias are only relevant
for spontaneous leptoflavorgenesis (see below), where the
index I represents interactions. The electron Yukawa inter-
action rate vy, is given by y./H =~ 4/7 TJ‘}fC/ T, where T)‘j‘eec =
1.1 x 10° GeV is its decoupling temperature [63, 78, 79]. We
can rewrite (g, fig, and i in terms of p, and pa, by inte-
grating out the spectator processes, as explained in the Sup-
plemental Material (see also Refs. [63, 64]). The resulting
transport equations are symmetric under ¢ < 7. Together
with B— L conservation, we obtain ga, = ga, = —(1/2)qa,, if
the bias factors (see below) and initial charges are also sym-
metric. The relevant transport equations are therefore re-
duced to

. 1 711 474
qe+3qu:_?7’e Eﬂe_ﬁu M Zbe“blas , (13)
1 237 639
in +3Hgh = —— ——— U+ — Y ukopl |,
qna, qa, TYZB( 481/Je 481/1Ar ; ATﬂblaS)

(14)

where we assume C; " _ 0 and a universal coupling Cf -

Crp = 1.1Cyy except for f' = e for simplicity. Here we as-
sume that the right-handed electric charge is not washed
out by the CLFV process by taking Cz{ ; = 0, which is required
for wash-in leptoflavorgenesis to work. The explicit values
of the coefficients b! and IoI for the bias factors are given
in the Supplemental Materlal For the case of the LFV in-
teraction in Eq. (5), the transport equations are given by the

same form with the replacement of y,p — 7, , for CLJ: =1,
If_
Cr, =0.
Wash-in leptoflavorgenesis.— Now we shall study the
generation of flavored B — L charges Ay via the transport

equations. Let us first consider the case without bias factors
(u{)ias = 0), while the initial right-handed electron charge



is nonzero (Ui # 0 for C = e). In this case, the electron
charge is converted to g, as described by the above trans-

port equations. The resulting g, is conserved at T <T ;;fa.
Taking into account Eq. (9), we obtain a nonzero baryon
charge. We dub this scenario wash-in leptoflavorgenesis.
The initial electron charge is expected to be generated by
some other mechanism, such as the Affleck-Dine mecha-
nism witha B—L =0 (e.g, ugurdprer) flat direction [80-82].
Another possibility is axion-inflation with a strong Chern-
Simons coupling [83-86]. We note that preexisting flavored
B — L charges, if any, are washed out by the LFV interactions
at T 2 Tg;’/cu, and the results below are independent of the
initial A ¢ charges.

If the LFV interaction is strong enough, the parenthesis
on the right-hand side of Eq. (14) is forced to vanish. Here,
note that the Yukawa (LFV) interactions enter (leave) equi-
librium as the temperature drops. If the LFV process is de-
coupled while the electron Yukawa interaction is negligible,
we obtain the result in the so-called strong wash-in regime,
Ua, = (79/213) M,

We numerically solve the transport equations with
nonzero initial ,uie“i and obtain g,, for a given LFV coupling.
The result is shown in Fig. 1, which represents pa / yieni asa
function of the ratio between the decoupling temperatures
of the LFV interaction and the electron Yukawa interaction,

dec ; 7d dec ., 5 ;
T[;C/ T3¢, where T} *¢ = 1.1 x 10° GeV. The result is asymp-

totic to pa, = (79/213)u™ in the limit of large T;;C/T;ifC.
The dark shaded region is excluded because of the con-
straint on the corresponding u* — e*y process. Future LFV
searches will probe decoupling temperatures in the range
represented by the light shaded region. If LFV should soon
be discovered, the conversion factor from pM to s, is of
©(0.01).

Setting C{L{/ =1, Cgf; = 0, the result based on the opera-
tor in Eq. (5) is shown in the lower panel of Fig. 1. Although
the form of transport equations is the same as the above
case, the result is different because of the different tempera-
ture dependence of interaction rate y,, ,. The future exper-
imental reach is shown by the light shaded region.

Spontaneous leptoflavorgenesis.— Finally, we consider
another possibility to generate A ¢ by a mechanism similar
to spontaneous baryogenesis [87, 88] (see also Refs. [63, 89,
90]). Now, we assume nonzero bias factors (,u{)ias # 0) and
vanishing initial charges (4 = 0). For example, an axion
coupling to an operator G’ of the form —(a/ f)@’ results in
pi. = @l f&15 163,91, 92], while an axion coupling to a cur-
rent J; of the form (a/ f)J? leads to pl,. = (a/ f)(n');. We
assume that u{)ias (@) is nonzero until the LFV interactions
are decoupled (see, e.g., Refs. [93, 94]).

From Egs. (13) and (14), we see that ua, # 0 is generated
via the LFV interaction if yi, _ is not perpendicular to by

and biA . We dub this scenario spontaneous leptoflavorge-
T

nesis. As an example, we consider the case with ¥, blp/. =
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FIG. 1. |ua, /ygﬂl for wash-in (blue solid line) and |y, / fpjas| for
spontaneous (red dashed line) leptoflavorgenesis as functions of
T?;C/ T, )‘,jeec for the LFV process u — ey (top panel) and T?L"Z/ TJ‘,jeeC
for the LFV process ¢ — ea (bottom panel). The dark shaded re-
gion is excluded by current experimental bounds, while the light
shaded region corresponds to the future expected sensitivity.

—(U/2) L1 by B = L1by Hpjag = LDy Mg = Hoias- If
the LFV interactions are much stronger than the elec-
tron Yukawa interaction and decouple at a temperature
higher than TJ‘,ifC, we obtain pa, = (481/639) tpias for both
Eq. (1) and Eq. (5). This corresponds to the limit of large

T?;/Ca/ T)‘,ieec. On the other hand, if the LFV interactions de-

couple at a temperature lower than T J‘}fc, we obtain s, =
(4/3) tpias for both Eq. (1) and Eq. (5). This corresponds to
the limit of small T?;‘/Ca/ Tfeec. In the intermediate regime,
we need to solve the transport equations numerically. The
result is shown by the red dashed lines in Fig. 1. Contrary to
wash-in leptoflavorgenesis, we can obtain ¢ (0.1 - 1) conver-
sion factors even for small Tg;/ca/ Tﬂfc.

Finally, we comment on the necessary condition for the
spontaneous leptoflavorgenesis. We require a violation of
lepton-flavor universality somewhere, such as in bias fac-
tors, equilibrated SM interactions, or CLFV interactions.
Otherwise, the lepton flavor asymmetry cannot be pro-
duced.

Discussion.—In this letter, we proposed wash-in and
spontaneous leptoflavorgenesis. In both cases, we need



some UV physics to generate an asymmetry in the SM
charges. Though we are agnostic about the details of UV
physics, the SM-charge generation through a phase rotation
of a complex scalar condensate, i.e., the Affleck-Dine mech-
anism, is an interesting possibility. There, we generically ex-
pect the production of a relatively large asymmetry, which
is suitable for leptoflavorgenesis as the conversion factor is
suppressed by the charged-lepton Yukawa coupling.

We showed that almost any primordial charge can be
reprocessed into a lepton flavor asymmetry if LFV is effi-
cient in the early Universe, which in the end can lead to the
present baryon asymmetry. Although we focused on opera-
tors inducing u — ey and p — ea, other processes are also
interesting, as they will be extensively searched for in the
near future, such as yN — eN by DeeMe [95], COMET [96],
Muz2e [97], PRISM [98], and u — eee by Mu3e [99]. Our re-
sults do not qualitatively change in these cases.

The anomalies and hints of lepton universality violation,
viz. muon g —2 [34-36] and B meson decay [29-31], may
be explained by an operator similar to the LFV interactions
with the flavor indices replaced by the identical flavors. One
may generally think that LFV processes are linked by these
anomalies [37-40]. In fact, much effort has been invested
in order to construct UV models that explain the anomalies
without introducing large LFVs [41-48]. We note that our
mechanism works (even more efficiently) for suppressed
but nonzero LFV interactions, including these models.

Finally, we comment on possible observable effects of the
remnant lepton flavor asymmetry, which may be as large
as 10-%~2) depending on the scenario. The lepton flavor
asymmetries remain until they are washed out by neutrino
oscillations at a temperature of order 10MeV [100, 101].
In the literature, much attention has been paid to the ob-
servable effect of a total lepton asymmetry rather than lep-
ton flavor asymmetries [102-104]. Recently, however, it has
been pointed out that large flavor asymmetries may turn
the QCD phase transition into a first-order phase transi-
tion [105], which could lead to an observable signal in grav-
itational waves [106]. This provides another unique predic-
tion of leptoflavorgenesis in addition to LFV interactions.
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Supplemental Material

In this Supplemental Material, we provide reduced transport equations by integrating out all SM spectator processes. Our
conventions and notation in the following analysis will closely follow the discussion in [64] (see also Ref. [63]).

Depending on the temperature of the SM plasma, some SM interactions are in equilibrium, while all other interactions
are inefficient, thus leading to additional conserved quantities. We are interested in the transport equation around the
decoupling temperature of the LFV interactions, which is of order 10*"> GeV. We can greatly simplify the transport equations
in this regime, assuming that all interactions except for the electron Yukawa and LFV interactions are equilibrated. We denote
the chemical potentials of the 16 species in the Standard Model by (p)i = p;, where the index runs through

i = er I'Lr T) Zer g}l! g‘[r ur Cr t) d) s) br er QZr Q3y (p- (Sl)
The multiplicity factor is given by
£=00,1,1,22,23,3,3,3,3,3,6,6,6,4). (82)

We first derive the equilibrium values of these chemical potentials with all interactions in equilibrium, except for the electron
Yukawa and LFV interactions. For this purpose, we need charge vectors n! for the relevant interactions I, which can be found
in, e.g., Refs. [63, 64]. We adopt the convention of (S4-15) in Ref. [64], such as n’* = (-1,0,0,1,0,0,0,0,0,0,0,0,0,0,0,—1). In
addition, we use

n’W/Bke = (_1,0,0,0,1,0,0,0,0,0,0,0,0,0,0,—1) , (S3)
n‘W/Bet - (0,-1,0,1,0,0,0,0,0,0,0,0,0,0,0,~1) (S4)
nfW'B7e = (-1,0,0,0,0,1,0,0,0,0,0,0,0,0,0,—1), (S5)
n’W'Bet —(0,0,-1,1,0,0,0,0,0,0,0,0,0,0,0,—1) (S6)
n‘W'BT = (0,-1,0,0,0,1,0,0,0,0,0,0,0,0,0,~1) , (S7)
n’W'BHT = (0,0,-1,0,1,0,0,0,0,0,0,0,0,0,0,—1) , (S8)

for the CLFV interactions of Eq. (1) and

nfr@He = (-1,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0) (89)
n‘teHe =(0,0,0,-1,1,0,0,0,0,0,0,0,0,0,0,0), (S10)
n’r%€T =(1,0,-1,0,0,0,0,0,0,0,0,0,0,0,0,0) (S11)
n’r%er =(0,0,0,1,0,-1,0,0,0,0,0,0,0,0,0,0) (812)
n’r4TH = (0,-1,1,0,0,0,0,0,0,0,0,0,0,0,0,0) , (513)
n‘1%™ =(0,0,0,0,-1,1,0,0,0,0,0,0,0,0,0,0) (514)

for those of Eq. (5). Similarly, one can find vectors for conserved charges that are orthogonal to all charge vectors for the
relevant interactions. For example, the hypercharge Y and three lepton flavor charges A¢ (f = e, i, 7) are conserved in the
SM. The electron charge (i.e., the right-handed electron number) is conserved if the electron Yukawa interaction is turned
off. We denote the set of the linearly independent conserved charge vectors as n¢ (C=Yv, Ae, Ay, Az, e). If the initial chemical
potentials of the SM fields are specified by a vector u™, the following quantities are constant,

(n€og)-p" =l (= const.), (S15)
for conserved charges C. Here, the o symbol denotes the entrywise Hadamard product, such that (n¢o g), = (n®); (g),-
Equipped with the above notation, we write the general transport equation as

. 1
G=-Z2ym' (n'-p-py), (S16)
I

where 7 is the linear response of the interaction I or the rate per unit time-volume for an operator ¢!. We include a bias
factor p{)ias, which is introduced in the spontaneous leptoflavorgenesis, as we explain in the main text. We rewrite the trans-
port equations, assuming that all interactions except for the electron Yukawa and LFV interactions are equilibrated and that
the latter two interactions are turned off. Together with the constrains of conserved charges, we obtain

T 1
(nI) Hias
Mupueqg=m, M= , m= vl I8 S17
2 Meq LS ((nCO )T /,tlcl‘n ( )
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The first set of equations, associated with ,u{nas, comes from the equilibrium conditions. The second set of equations, as-
sociated with p‘m comes from the constraints imposed by conserved charges with initial charges ,u‘m Eq. (S15). Here, we
implicitly assume for simplicity that the set of vectors n! are independent for all I. However, the charge vectors for the
up and down Yukawa interactions are degenerate with that for the strong sphaleron and the former two interaction rates
are comparable to each other. In such a case, some corrections arise with a combination of their interaction rates [63]. In
Eq. (S17), we omit this for simplicity, while in the following analysis we take it into account (see Eq. (525)). Equation (S17) is
solved by peq = M ~!m. Given this equilibrium solution, a certain charge gc specified by a vector n® can be calculated from

T uc _ T?
qe =55 == (108) eq (518)

Now we shall turn on the electron Yukawa as well as LFV interactions that violate some A r- For concreteness, we first
consider the case based on the operators in Eq. (1). Since the decoupling temperature of the LFV interactions is comparable
to that of the electron Yukawa interaction, we need to numerically solve the transport equations for g, and Ay,

. 1 Ly (WIB,f'e
Ge+3Hqe = _?Ye (1e ~He, HHe T /’tlenas Z Y?W/B ( THey T Yt Hyjag i )’ (S19)
WIB,ff L gy (WIB,f'f
an +3Hqu Z Y[W/B ('uf/ 'u[f+u¢+'u'b1as ) Z Y[W/B( 'u'f+l’1[f’ He = Hpias )’ (520)

where we take into account the Hubble expansion. Next, we need to rewrite iy, ptf7, and i in terms of yi, and p , making

use of peq = M~ 'm. Assuming a universal coupling C%, = Cyp = 1.1Cyy and Cﬁv/ = 0 except for f’ = e for simplicity, we
obtain

F3HGy = — sy | L, 4 2 4 2 i, — Y bl (s21)
ge de = TYe 481# 13#Ae 37”Au 37IUAT - eMbias |’
g =) 474 12 15 15 S bl s22)
qa, qa, = TYZB 481#6 /JAe 37IJ 37/~1AT - Ao Mbias |7
1 237 6 115 70
N +3Hgy = ——Vop |- n —pa, =Y bh ol ], S23
Gy, T 200, = = V0B | =gy e ™ Tg ke T g o = Ty He ; Au“blas) (523)
1 237 6 70 115
i +3Hqgy = —— = —pupn, =Y bl . S24
qAr qAr TYéB 481'ue luAe llllu u llluAT XI: Arublas) ( )

We assumed Cg ; = 0 so that g, is not washed out by CLFV process for the wash-in leptoflavorgenesis. This assumption is
not required for the spontaneous leptoflavorgenesis. Here, the bias factors are given by

I=ye Yu yr  Yu = Je Vi Yd Vs b Vs-d Yb-s WS SS
I_ -7 =7 =135 =135 135 135 -135 -135 66  —117+135
be=( -1 & @1 wec! wr’ @’ @ U-D GErr-D FHro-Doo0 0 a1 wo)
(§25)
where r =y, /(y, +7y4) comes from the correction from the up-quark Yukawa interaction. We also have
2
I _ I, ST I I I I
bh, =3 (be+5ye +ol +ol,) —;(QW,B o =i e ) (S26)
1
I _ I I I I I
bAu ) (_bAe 363@ 56%) ;(6ZW/B uf' 6[W/B,f’/,¢)' (827)
1
I _ I I I I
by, = 2 (_bAe + 35yy - §5yr) 2 (5lW/B,rf’ _5lW/B,f’r) ’ (528)

f!

where & § is the Kronecker delta. The index I runs for all standard model interactions in the summation of Eq. (S21) while it
also includes the LFV interactions in Egs. (S22 - S24) and Eqgs. (S26 - S28).
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For the case based on the operators in Eq. (5), the transport equations are reduced to

e+ 3HGe = ——ye| oty ! ! S blul (S29)
e e = T?’e 481 He lsuAe 37/~LA;1 37HA1 - eMbias |’
. 43H 1 474 N 12 15 15 Zb[ I (S30)
qa,. qn, = TWLa 481,Ue lgﬂAe 37.UA;, 37NAT : AeMbias |
. 1 237 6 26 11 I
qna, +3Hqn, = T Yla| T gy e T TgHae T oMo T goHay 21: by, Hias | (S31)
1 237 6 11 26
i +3Hgy = —— — e~ —pn, — — i, + —pa, — Y DA opdo |, S32
qA'[ qAr TY[L(I 481“2 lle’Ae 37HA;1 37IJ'AT ; ATIJ'blaS) ( )
where we assume a universal couplin; clf' = 1, cll' =0 for simplicity. The bias factors are given by Eq. (525) and
g La Ra Y- g y
bl =1 (2n 4261 6! —5! -y (6% =6} (S33)
Ae ™ 3 e Ve Yu Vr 7 lraef’ trafle)’
1
I _ (g1 I _sT\_ 1 sl
bAIJ - 2 ( bAe +5yll 6.)/'[) ;(6[La!”f’ 5[Lavflu) ! (834)
1
I _ 1 I I I I
bAT - E (_bAe _6y,1 +6y1) _; (6€La,rf’ _6[La,f’r) : (S35)

These relations imply that g, vanishes if the electron Yukawa interaction as well as the LFV interactions are in equilibrium
and if the bias factor respects the lepton flavor symmetries. This is not the case if the LFV interactions decouple while
the electron Yukawa interaction is not efficient enough. In other words, we require a violation of lepton-flavor universality
somewhere, such as in bias factors, SM interactions efficient at that temperature, or CLFV interactions. Otherwise, the lepton
flavor asymmetry cannot be produced.

In general, a single process does not produce just one conserved quantity, partly because of spectator processes. This
leads to an ambiguity in the definition of the decoupling temperature of an operator (or a freeze-out temperature of an
asymmetry). A conventional definition of the decoupling temperature is yc/ H = 1. However, we instead adopt the definition
introduced in Ref. [63]: (n' o g™")-n'y;/H = 1. This gives y,/H = (4/7) T§*®/ T for the electron Yukawa interaction, y,5/H =

4/7n(T/ Tg‘fc)3 for the interaction in Eq. (1), and y,, o/ H = (T/ ngc) for the interaction in Eq. (5) with C{Z: =1, C};g =0.
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