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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 efficient 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 upto 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 factor 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.
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Introduction.—The standard model (SM) of particle
physics has been established observationally after the
discovery of Higgs boson. Its classical action enjoys
the accidental global symmetry U(1)p, xU(l)Lg_L# X

U(1) L-L. X U(1)g_,, corresponding to the conservation

of the baryon charge B and the flavored lepton charges
L, .. Quantum mechanically, U(1)p,; is violated by the
chiral anomaly [1]. Although suppressed in the vacuum,
B + L violation by means of weak sphaleron processes is
efficient at temperatures 10> GeV < T < 10'2 GeV [2-5].
Also, the discovery of neutrino oscillations revealed that
the lepton flavor symmetries, U(1), _, xU(1), _; , are
violated [6-10], which further implies the violation of
U(1),_, if neutrinos are Majorana fermions [11]. However,
such interactions are so feeble that they could be inefficient
up to Tp_; ~ 10'% GeV, depending on possible UV com-
pletions of the neutrino sector.

Charged-lepton flavor violation (CLFV) is currently
attracting a lot of attention [12-27], since its discovery
would undoubtedly imply physics beyond the SM, ena-
bling us to probe new physics at extremely high energy
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scales, such as ¢(10%) GeV by u— ey [13] and
0(10°) GeV by u — ea, where a is a pseudo-Nambu—
Goldstone boson like an axion or familon [22,28].
Anomalies and hints of lepton flavor universality violation
in observables 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]).
Furthermore, if CLFV should be observed in upcoming
experiments, we would learn that CLFV interactions must
have been efficient at relatively low temperatures in the
early Universe. For instance, the discovery of u — ey
would imply that U(1), _, violating interactions are

efficient at 7 > 10* GeV [49]. Above this temperature,
lepton-flavor violating (LFV) interactions then enforce
nontrivial relations among the lepton chemical potentials,
e.g., u, — Ho = 0, leading to a different chemical equilib-
rium at that temperature. This is in contrast to the discovery
of neutrino oscillations, where Tz_; is not necessarily low
but could rather be as high as 10! 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 electro-
weak phase transition (EWPT), leading to two famous
scenarios: baryogenesis at the EWPT [5] and baryogenesis
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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 — L charges into the baryon
charge at sphaleron decoupling are not universal for
different flavors. We thus do not necessarily need a
B — L asymmetry; a lepton flavor asymmetry alone is
enough to obtain 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 washout effects of right-handed neutrinos
in the presence of a nonvanishing total B — L asymmetry.
Leptoflavorgenesis is not related to right-handed neutrinos
nor does it generate a B — L asymmetry. Note also that
leptoflavorgenesis generates baryon asymmetry from
B — L = 0 in the SM (and whole) sector, which is different
from the Dirac leptogenesis [60] and cloistered baryo-
genesis [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 asymmetry
generation through other asymmetries before the decou-
pling 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
lepton flavor asymmetry by using LFV interactions that
would be discovered in the near future. (See Ref. [62] as an
example of this scenario.) This is because we need a source
of large CP violation in order to generate enough asym-
metry 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 leptoflavor-
genesis. We first need to generate some asymmetries
that are then converted to the lepton flavor asymmetry
through LFV interactions. As emphasized in Ref. [63],
there exist approximately conserved charges in the SM for
T > 10° GeV, as the SM interactions become less efficient
than the cosmic expansion 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 leptogenesis [64] (see also
Refs. [65,66]). Another example of generating some
asymmetries is to couple an axion-like particle (ALP) to
a SM current that is not conserved (see, e.g., Ref. [63]). If
the ALP has nonzero velocity, it acts as an effective
chemical potential for the SM plasma, generically leading
to lepton flavor asymmetries. We refer to this mechanism 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
future, such as the one like £y — £ X, where £ is the
Jfth generation charged lepton and X represents a neutral
particle.

For example, u — ey is induced by the following
dimension-six operator (see, e.g., Refs. [13]):

2Cff’ R Cff’ R
(1)

where C';“’:, and C;g are dimensionless coefficients, A is the
cutoff scale of the operator, L is the left-handed lepton
doublet of the fth flavor, ey is the right-handed lepton
singlet of the fth flavor, W, and B, are the SU(2)y, and
U(1)y field strengths, and @ is the Higgs doublet. After
electroweak symmetry breaking, this operator induces

CJ;)’:/ v - m
F%ffa PrtpF,, +H.c., (2)
where we define C';f = cos HWC'% —sin GWC%, with Oy,
being the Weinberg angle and the field strength of U(1)gy,
is denoted by F,. One may easily see that Eq. (1) does not
violate U(1),_, but does violate U(1) Li-Ly- This operator
is constrained by current experiments; the tightest bound
comes from the nonobservation of u — ey: Br(ut —
eTy) <42 x1078 [67]. This leads to A/((Cy)* +
(CHHYV* 2 6.7 x107 GeV [13].

The LFV interaction rate above the electroweak scale is

5
s =l GICHE + D). ()
F VAN
Since the temperature dependence is stronger than that of
the Hubble rate, H « T2, the LFV interaction is in
equilibrium at early times before it decouples at low
temperatures. The decoupling temperature of L, — Ly

violation is defined by the temperature at 2)/';{/ =4/7H,
where the factor of 2 comes from f <> f/, and the factor of
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4/7 comes from the convention used in Ref. [63]. This is
then estimated as

A/ ST\ 3
T4 ~3.1 x 10* GeV /8 vy (4)
10° GeV

where we assume C7, »w = 0 with a universal coupling for

CfB ~ 1.1Cp,. If this is higher than the mass of the
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. In the near future,
the MEG 1II experiment will reach a sensitivity of
Br(u™ — e*y) = 6 x 107'%, which is going to probe
A/CY? up to 1.0 x 108 GeV [68,69] (see also Ref. [70]).
Therefore, if 4 — ey should be discovered in upcoming
experiments, we will learn that LFV interactions are
equilibrated at temperatures above ¢'(10*) GeV.

One may also consider a LFV interaction of the type
l; — lpa via an operator of the form

0a
2fa

where a is a pseudo-Nambu—Goldstone boson like an axion

- ( {j; LZfU”LLf’ + CRa eRf"”eRf’) (5)

or familon, f, is its decay constant, and C{'Z and C{{:
are dimensionless coefficients (see, e.g., Refs. [22,27]).
The current and expected future bounds on the effective

axion decay constant, FJ; / o =2f A ICH P+ |2
with C{,’;A = (' 7 ¢}y /2, are about 4.8 x 10° GeV
by Jodidio et al. [28,71] and 2.9 x 10'° GeV by MEGII-
fwd [22] and Mu3e-online [72], respectively, though the
precise value depends on the chirality of the interactions.

The corresponding scattering rate of the flavor-changing
process is given by

. 24718
7Za ey (ay + 6ay)|CL | (6)
7 22T )Y P o)
ra — 4f2 Y Ral »

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

F 2
T3¢ ~72 % 10% GeV | — % (8)
1010 GeV

where we take a universal coupling Cf ! = =1, Cf " =0 as
an example and where the decouphng temperature in this
case is defined by the temperature at 27/];{ Ia =H.

In both examples, the decoupling temperature is higher
than the electroweak scale. Therefore, the three flavored

B — L charges, i.e., Ay = B/3 — L, 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 Tg, ~ 135 GeV [74,75]
with the neutral component of Higgs field value being
xsp = (9)/Tlsp = 1.2 [76,77].

During the EWPT, we have in total three conserved
charges: A,=B/3-L,,A,=B/3—-L,,and A,=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 possibility, 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

Z Jz”YAf’ ©)

for vanishing total B — L, where

3A Xsp
Vp=—302

13(1034 + 2473x% + 792x%)

Alx) = )
(x) 48(869 + 333x2)

A(.XSP) ~ 13

(10)
We thus only need to generate some lepton flavor asymmetry
before the EWPT. The conversion factor is suppressed by the
charged-lepton  Yukawa coupling: 3A(xs,)ys/(137%) ~
1.1 x 107® for A, and 3A(xs,)y?/(137%) ~ 3.0 x 107° for
A,. As the observed baryon asymmetry is Y ~9 x 107!,
successful leptoflavorgenesis  requires Y, ~8 X 1073
or Y, ~3x107.

Transport equations with LFV interactions.—We can
greatly simplify the transport equations around the LFV
decoupling temperature, 7459, ~ 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

. 1
g.+3Hgq, = —?h(ﬂe —pe, F iy i)
1 ! ‘W/B.f
- Z?y];;/B(ﬂe /‘sz/ +M¢ +Mbias/ / e)
f/
(11)
l/ﬂ X A
G, +3Hqa, = Z L g =g, + g P
¢W/B.f'f
ftHe, —Hy = —pg/ B,

f'f
- zf;Tny/B(_/’l

(12)
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for the LFV interaction in Eq. (1), where y; is the chemical
potential of species i. The bias factors y{. . are only relevant
for spontaneous leptoflavorgenesis (see below), where
the index [ represents interactions. The electron Yukawa
interaction rate y, is given by y,/H =~ 4/7va1§C /T, where
T¢¢~1.1x10° GeV is its decoupling temperature
[63,78,79]. We can rewrite Heps Hy's and py in terms of u,
and pup ; by integrating out the spectator processes, as
explained in the Supplemental Material [80] (see also
Refs. [63,64]). The resulting transport equations are
symmetric under y <> 7. Together with B — L conservation,
we obtain da, = qa, = —(1/ 2)q,,, if the bias factors (see
below) and initial charges are also symmetric. The relevant
transport equations are therefore reduced to

1 711 474
7 Hg, = ——v, | —u, —— _§ : 1,0
qe+3 qe T}/e <481:ue 481:“A1 ; beﬂbms)’
(13)

1 237 639
ja +3Hqy =—= — o t—pn =y bhopl ).
qA, + QA, Tny < 481 He +481/"A, ZI: A,ﬂbms)

(14)

where we assume C’;’;{, = 0 and a universal coupling CJ;’;I =
Cyp =~ 1.1C,, except for f' = e for simplicity. Here we
assume that the right-handed electric charge is not washed
out by the CLFV process by taking C;; = 0, which is
required for wash-in leptoflavorgenesis to work. The explicit
values of the coefficients b. and b[A, for the bias factors are
given in the Supplemental Material [80]. For the case of the
LFV interaction in Eq. (5), the transport equations are given
by the same form with the replacement of y,5 — v, , for
clf =1,¢cf =o.

Wash-in leptoflavorgenesis.—Now we shall study the
generation of flavored B — L charges A, via the transport
equations. Let us first consider the case without bias factors
(ul... = 0), while the initial right-handed electron charge is
nonzero (uiM #0 for C = e). In this case, the electron
charge is converted to g, , as described by the above
transport equations. The resulting g, ; is conserved at
T=< Tffyc/a. Taking into account Eq. (9), we obtain a non-
zero baryon charge. We dub this scenario wash-in lepto-
flavorgenesis. The initial electron charge is expected to be
generated by some other mechanism, such as the Affleck—
Dine mechanism with a B— L = 0 (e.g., ugpugrdgey) flat
direction [81-83]. Another possibility is axion inflation
with a strong Chern—Simons coupling [84—-87]. We note
that preexisting flavored B — L charges, if any, are washed
out by the LFV interactions at T 2 T‘}‘;‘;a, and the results
below are independent of the initial A, charges.
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FIG. 1. |ua, /pl| for wash-in (blue solid line) and |uy_/ppias|

for spontaneous (red dashed line) leptoflavorgenesis as functions
of T‘}ic / T;’,fc for the LFV process y — ey (top panel) and
T‘}iﬁl / Tf\i,fc for the LFV process 4 — ea (bottom panel). The dark
shaded region is excluded by current experimental bounds, while
the light shaded region corresponds to the future expected
sensitivity.

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)
equilibrium as the temperature drops. If the LFV process
is decoupled while the electron Yukawa interaction is
negligible, we obtain the result in the so-called strong
wash-in regime, pp = (79/213)uiM.

We numerically solve the transport equations with non-
zero initial 4" and obtain g, for a given LFV coupling.
The result is shown in Fig. 1, which represents _/ i as a
function of the ratio between the decoupling temperatures
of the LFV interaction and the electron Yukawa interaction,
T9C/Tye, where T ~1.1x10° GeV. The result is
asymptotic to pu = (79/213)uM in the limit of large
T9°/Tye. The dark shaded region is excluded because
of the constraint on the corresponding ™ — 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 ,uie“i
to u_ is of €(0.01).
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Setting C{fal =1, C{é’;/ =0, the result based on the
operator 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 temperature dependence of interaction rate
Y¢,q- The future experimental reach is shown by the light
shaded region.

Spontaneous leptoflavorgenesis.—Finally, we con-
sider another possibility, to generate Ay by a mechanism
similar to spontaneous baryogenesis [88,89] (see also
Refs. [63,90,91]). Now, we assume nonzero bias factors
(ul..c #0) and vanishing initial charges (4" = 0). For
example, an axion coupling to an operator ¢ of the form
—(a/f)0” results in pl. = a/fs;; [63,92,93], while an
axion coupling to a current J; of the form (a/f)J? leads to
uh o= (a/f)(n');. We assume that ul, (@) is nonzero
until the LFV interactions are decoupled (see, e.g.,
Refs. [94,95]).

From Egs. (13) and (14), we see that u, # 0 is generated
via the LFV interaction if py,,, is not perpendicular to b}
and bIAAf. We dub this scenario spontaneous lepto-

flavorgenesis. As an example, we consider the case
with Zl bflflu{)ias = _(1/2) Zl bIAF:u{)ias = Zl bIA},/’t{)iaS =
> bIATﬂéiaS = Upias- If the LFV interactions are much
stronger than the electron Yukawa interaction and decouple
at a temperature higher than 79, we obtain u, =
(481/639)ppias for both Eq. (1) and Eq. (5). This corre-
sponds to the limit of large T‘}f,c/a / T;‘fc. On the other hand, if
the LFV interactions decouple at a temperature lower than
Tﬂ‘:c, we obtain p = (4/3)ppiss for both Eq. (1) and
Eq. (5). This corresponds to the limit of small 745, /T
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 leptoflavor-
genesis, we can obtain ¢/(0.1 — 1) conversion factors even

for small 7%, /T5e.

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

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 mechanism, is an interesting possibility. There, we
generically expect 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
efficient in the early Universe, which in the end can lead
to the present baryon asymmetry. Although we focused on
operators inducing ¢ — ey and u — ea, other processes are
also interesting, as they will be extensively searched for
in the near future, such as yN — eN by DeeMe [96],
COMET [97], Mu2e [98], and PRISM [99] and 4 — eee by
Mu3e [100]. Our results 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~ depending on the scenario. The lepton
flavor asymmetries remain until they are washed out by
neutrino oscillations at a temperature of order 10 MeV
[101,102]. In the literature, much attention has been paid
to the observable effect of a total lepton asymmetry rather
than lepton flavor asymmetries [103—105]. Recently,
however, it has been pointed out that large flavor asym-
metries may turn the QCD phase transition into a first-order
phase transition [106], which could lead to an observable
signal in gravitational waves [107]. This provides another
unique prediction of leptoflavorgenesis in addition to LFV
interactions.
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