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Abstract: Lepton flavor violation (LFV) offers a powerful probe of physics beyond the Standard Model, particu-

larly in models addressing neutrino masses and the baryon asymmetry of the universe. In this study, we investigate

LFV processes within the framework of type Il seesaw leptogenesis, where the Standard Model is extended by an

SU(2)y triplet Higgs field. We focus on key LFV processes including u* — e*y, ut— e*e e, and u — e conver-

sion in nuclei, deriving stringent constraints on the parameter space from current experimental data. We scan the 3o

range of neutrino oscillation parameters and identify the most conservative bounds consistent with existing measure-

ments. Our results reveal that the MEG experiment currently provides the strongest constraints in the normal order-

ing (NO) scenario, while the SINDRUM experiment offers comparable sensitivity in the inverted ordering (IO) case.
Future experiments, such as MEG II, Mu3e, Mu2e, and COMET, are predicted to significantly improve the sensitiv-

ity, testing larger regions of the parameter space.
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I. INTRODUCTION

It is well-known that in the Standard Model the lepton
flavor L,, L,, L. are conserved, arising as accidental sym-
metries. However, with the discovery of neutrino oscilla-
tions [1-7], it is realized that the lepton flavor is not a
symmetry in nature. Although charged lepton flavor viol-
ation(CLFV) has not yet been observed, numerous neut-
rino mass models have provided such sources. Therefore,
the CLFV experiments have become-excellent probes of
new physics, shedding light on the origin of neutrino
masses [8—12].

Among the various neutrino mass models, the seesaw
models are the most popular [13—21]. Moreover, the
lepton number violation and CP violation in seesaw mod-
els naturally lead to the mechanism called leptogenesis
[22, 23], which is an appealing candidate for the explana-
tion of baryon asymmetry of our universe. However, lep-
togenesis through type I or type III seesaw generally in-
volve high energy scales [24], thus are difficult to probe.
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On the other hand, it is known that type II seesaw mech-
anism can not lead to successful thermal leptogenesis [25,
26]. Interestingly, recent works show that by considering
Affleck-Dine mechanism and non-minimal coupling of
the scalar fields to gravity, it may be possible to realize
successful non-thermal leptogenesis in type II seesaw
mechanism [27, 28]. Thus one may explain the origin of
neutrino mass, inflation and baryon asymmetry simultan-
eously in the framework of type 11 seesaw leptogenesis.

An attractive feature of type II seesaw model is that
the relevant scale is relatively low among the numerous
new physics models. This means it can be tested by cur-
rent and future upcoming experiments, both in the high
energy frontier with collider experiments [29—-36] and in
the intensity frontier with charged lepton flavor
violation(CLFV) experiments [37—46]. Since both classes
of experiments have obtained null result, constraints can
be placed on the parameter space of the model.

In this paper our discussions would focus on the
CLFV tests of type Il seesaw leptogenesis, however, most
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of our methods and results are generic to any type Il
seesaw models. Compared to generic type Il seesaw mod-
els, the requirement of successful leptogenesis leads to
extra constraints on the parameter space, ruling out the
upper left region of the m, —u parameter space. Mean-
while, the remaining parameter regions may be probed by
current and future CLFV experiments, providing an op-
portunity to test or rule out the type I seesaw leptogenes-
is mechanism. Analogous analyses have been conducted
in [43], however, they only obtained the constraints at
several benchmark points of the neutrino oscillation para-
meters. In this paper, we scan the 3¢ range of the neut-
rino data and obtain the most conservative constraints on
the parameters of type II seesaw leptogenesis. In addition,
comparing the analysis on y — e conversion in the titani-
um(Ti) nuclei in [43], we also include the u — e conver-
sion in aluminum(Al) nuclei. In this work, we mainly fo-
cus on the constraints of CLFV experiments from the
muon sector, including the searching for u* — e*y,
ut —ee"et and uN — e” N processes. Current best lim-
its on these processes are provided by the MEG,
SINDRUM and SINDRUM II experiments respectively
[47-50]. Moreover, several upcoming experiments will
improve the sensitivity by up to four orders of magnitude
[51-55], which will greatly extend the parameter region
we are interested in.

This paper is organized as follows. In Sec.'2 we
briefly review the framework of type Il seesaw leptogen-
esis. In Sec. 3 we calculate the CLFV processes in the
muon sector and obtain the current most stringent con-
straints on the parameter space of type Il seesaw lepto-
genesis. Then, we analyses the sensitivity of future CLFV
experiments on the model. Finally in Sec. 4 we give a
summary and draw conclusions.

II. Type II SEESAW LEPTOGENESIS

A. Type Il Seesaw Mechanism

In the type II seesaw mechanism, the SM is minim-
ally extended by an S U(2), triplet Higgs field A with hy-
percharge Y = 1 and lepton number L = -2:

A+/ \/z At
A= , 1
A
and the SM Higgs is
H= ( ‘ZO ) . )

The Lagrangian of the type-1I seesaw scenario is given by

LY o = Lsu +Tr (DA (D*A)] = V(H,A) = Lyiawas (3)

where

LYukawa = Lgﬁ/{(awa - h,JI:lC(lO'Z)ALJ + h.C. . (4)

The Higgs potential V(H,A) has the form,

V(H,A) = —mH'H + Ay (H'H)” +m3Tr (ATA)

+ A, (H'H) Tt (ATA) + 4, (Tr (ATA))
+ ,Tr (ATA)? + L, HIAATH + |u(H" i AT H)

2
+ Z(HTic*ATHY(HTH)
M,

A’
+ 5 (HT i ATHY(ATA) + h.c.] :
My
(5)

where the terms in the bracket violate the lepton number,
which are necessary for leptogenesis during inflation. At
low energy scales where we are interested in, only the
u—term contributes.

After electroweak symmetry breaking(EWSB), the
neutral components of A and A obtain nonzero vacuum
expectation value(vev). In the limit m, > vgy, which is
consistent with the constraints from LHC [56], we get the
tiny triplet vev:

2
HVew

va = (A% ~
2m3

(6)

where vgy =~ 174 GeV. Once the neutral component of the
triplet Higgs A° obtain its non-zero vev, a tiny neutrino
mass is generated from the Yukawa term. The neutrino
mass matrix can be computed as

(my)]l; =my = 2h]llvA .

(N

Thus the matrix of Yukawa couplings h; is directly re-
lated to the PMNS neutrino mixing matrix Upyws = U,

1 . s
Iy = e (U*dlag(m|,m2,m3)U1)ll, . ®)
Va

where m; are the masses of the neutrino mass eigenstates,
and U is the PMNS matrix which takes the form,

U =V (612,60,013,0) Q(aa1,a31) , ©

where
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1 0 0
Q — 0 emz[/z O ,
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(10)

and ¢;; = cosf;;, s;; =sind;;, 0 is the Dirac phase, and the
matrix Q contains the two Majorana phases, a,; and a3;.
The best fit values of these parameters obtained from
latest neutrino oscillation experiments are given in Table.
1 [57].

Currently the absolute value of neutrino masses have
not been measured, and the strongest constraint is ob-
tained from cosmological observation, XZm; < 0.12¢V
[58]. In order to generate the observed neutrino masses
successfully, while also ensuring that the Yukawa coup-
lings remain perturbative, it is required that v, = 0.05 eV
[28].

After EWSB, the massless gauge bosons acquire
masses through the Higgs mechanism, and the 10 de-
grees of freedom in the scalar sector reduces to 7 physic-
al scalar fields with definite mass: H**, H*,H°,A°,h°. The
H** is simply A**, the H* is given by the mixing of A*
and ¢*, and the mixing of A° and ¢° gives rise to H,A°
and standard model Higgs h° [59-61].

B. Affleck-Dine leptogenesis through type II seesaw

Since the minimal type II seesaw model can not lead
to successful thermal leptogenesis, the Affleck-Dine
mechanism is taken into account. In the Affleck-Dine

Table 1. The best fit parameters (BFP) and 1o allowed
ranges of the neutrino oscillation parameters for both the nor-
mal ordering (NO) and inverted ordering (IO) scenarios, de-
rived from a global fit of the Super-Kamiokande atmospheric

neutrino oscillation data by Nufit [57]. Note that
AmZ, = Am3, > 0 for NO, and Am3; = Am3, <0 for TO.
BFP+ 10 NO 10
o 0305 030531
sin? 3 0.573%535 0.57525.018
sin” 015 0.02219*530663 002238556663
i 742143 74243
s +2.517700% ~2.498'30%

mechanism [62], a scalar field carrying nonzero baryon or
lepton number acquire a large vacuum expectation value
along the flat direction of the potential in the early uni-
verse. With baryon or lepton number violating terms in
the potential, the nontrivial angular motion in the phase
of the scalar field during the evolution of universe leads
to the generation of baryon or lepton number asymmetry.
Fortunately, the scalar field carrying lepton number re-
quired in the Affleck-Dine mechanism can be provided
by the triplet Higgs A. Furthermore, the non-minimal
coupling of the scalars A and A to gravity induces a flat
potential required by the Affleck-Dine mechanism and a
Starobinsky type- inflation during the early universe
[63—70]. This framework is called type II seesaw lepto-
genesis [27, 28, 71], and in this framework, the origin of
neutrino mass, inflation and baryon asymmetry may be
explained simultaneously.

Considering the non-minimal couplings of A and H to
gravity, the relevant Lagrangian in Jordan frame can be
written as

i_ > - 1M,%R - f(H,A)R+g"(D,H)"(D,H)

V-8 2

+ 8" Tr(D,A) (D, A) - V(H,A) (11)

where R is Ricci scalar. To simplify the analysis, we fo-
cus on the neutral components ¢° and 6° and consider the
non-minimal coupling to be

JH,A) = E4l6°F + €A (12)
After a Weyl transformation, the Lagrangian can be writ-
ten in Einstein frame, in which the gravitational portion is
of Einstein-Hilbert form. The scalar potential in Einstein
frame is

M4
i SV(H,A)

Ve(H,A)= —————
(M3 +2f(H,N))

(13)

which exhibits a flat direction at the large field limit of ¢°
and A°. This flat direction can be recognized as a Starob-
insky-like inflationary trajectory, and the inflaton is the
mixing of A® and ¢°.

During the inflationary evolution, the nontrivial mo-
tion of the angular direction of A° generate nonzero
lepton number, which subsequently transfer to ordinary
particles during reheating. After reheating and before
electroweak phase transition, a part of net lepton number
is converted to baryon number through the sphaleron pro-
cess [72-75].

However, any lepton number violating processes in
thermal equilibrium after reheating will wash out the gen-
erated lepton asymmetry. Thus it is required that the pro-
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cesses LL < HH and HH < A are never in thermal equi-
librium,

T, = movy ~ B4 ma < Hiy_,y, (14)
I
I'ip(HH © Ay, = 3mme < Hlr,p, (15)
g, m 2
Hl._ — * A . ~ EW
where |7=my = \/ 50 M, Using  va e and

Eq.(15), the necessary condition to avoid washout effect
is found to be

LN

-1/2
1TeV> ’

va < 1075GeV ( (16)

For my > 1TeV [56], we require that v, < 10keV to
prevent the washout effect and achieve successful lepto-
genesis. In the limit of vy < vgy and my > vgy, the mass
spectrum of the scalar sector except for the SM Higgs is
approximately degenerate,

(17)

My = My= = Myo 40 = MA.

III. THE LEPTON FLAVOR VIOLATION
PROCESSES

In the type II seesaw model the couplings of triplet
Higgs scalar with the SM Iepton sector lead to charged
lepton flavor violation processes, and the most stringent
constraints from experiments are set by the muon sector,
including pu — ey, u — 3e and yu — e conversion in nuclei
[11, 12, 40]. The relevant parameters include the Yukawa
couplings, the mass scale of triplet scalar m, and the
lepton number violating coupling u. Note that the
Yukawa couplings can be parameterized by neutrino
masses and the PMNS matrix, which are relevant in neut-
rino oscillation experiments. On the other hand, the other
two parameters are relevant to leptogenesis. Thus, in this
section, we conduct an integral analysis of both parts of
parameters and figure out that the constraints from CLFV
experiments with the requirement of satisfying the cur-
rent neutrino oscillation data lead to constraints on the
parameters relevant to leptogenesis. Since the neutrino
oscillation experiments have not pinned down all the
parameters of neutrino masses and mixing, we adopt the
Monte Carlo method to scan the parameter region to sat-
isfy the neutrino data within 3¢ range. Finally we obtain
the most conservative constraints on the parameters of
type II seesaw leptogenesis consistent with current neut-
rino data, and also obtain the future experimental reach of

the parameter space.

In type II seesaw the leading contribution to u — 3e
amplitude is at tree level, while the contribution to
u— ey and u — e conversion arise at one-loop. The cor-
responding effective low energy LFV Lagrangian gener-
ated at one-loop contributing to the u-e transition pro-
cesses can be written as [40]:

€GF
Leff = —4—£
V2

&G _ _
—— (AL (-m) ey Py qo0yeQ+hec. |
\/5 O=u,d
(18)

(m#ARéO'“ﬁPR/JFﬁ,, + h.c.)

where e is the proton charge, and g, is the electric charge
of the up or down quark. The form factors Ag; are given
by,

1 (A'h),, (1 1
Ap=- 2 2 2 ) (19)
\/EGF 487 SmH+ Mg+
1 W 1
A 2 - _ le"*lp (
L (q ) \2G, 6m* \12m3.
) , 20
* m%_l++ f m%_]++ I’I’l%,H ( )

where m; is the mass of the charged lepton [,l=e,u,7.
The loop function f(r, s;) is well known:

4s
flrs) = TI +log(s:)
+ (1 - @) 1+
r

In the limit in which the charged lepton masses
m; < mys+, one has f(r,s,) = logr = log(m;, /mj..).

Iy NPV

SRR

B. The u — ey Decay
Using Eq.(18) and Eq.(19) we get the branching ratio
of u — ey decay:

BR (1 — ey) = 384n*(4nta ) |Arl®
2
;
(n'h),, ( 18
2 + 2
mH*’ mH++

Gr
where «,,, 1s the fine structure constant, and G is the
Fermi constant.
At present, the strongest constraint on this process is
given by the MEG collaboration [47], with an upper limit

_ a’e m

T 1927

)2 ., (22)
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on the branching ratio,

BR(u — ey) <42x107%, 90%C.L. (23)

For my+ = my~+ = m,, using Eq.(22) and Eq.(23) we can
derive a bound on the Yukawa couplings,

('), | < 1.6x107 (8 )2 : (24)

800 GeV

from which we can derive the following m, dependent
lower bound on the triplet Higgs parameter g,

eu

’ (me) -

1eV 800 GeV ’

u>1.7x107° GeV (25)

where we have used Eq.(6). From Eq.(8) it is not diffi-
cult to get:

‘ (me) ou = ’C13 (Am§1C12C23S12

—i0 2 2 2
+e (Amﬂ —Am215|2)5135‘23)|

=|UnUj,Am3, + UsUS, Ant3, | (26)

where c¢;; =cos6;; and s;; =sinf,;. From the above equa-

tion we can see that (m”m) is independent of the Ma-

ep
jorana neutrino phases and the unknown absolute neut-
rino masses, varying only with the ¢ phase once the mix-
ing angles and mass differences are fixed (see Fig. 1).

As illustrated by the scattered points in Fig. 1, we

scanned the whole neutrino mass and mixing parameters

0.00034

0.00032

< 0.00030

C

=

2 o008 =T
£ 0.00026 =10

0.00024

0.00022

0 1 2 3 4 5 6
6

Fig. 1. (color online) The } (me) o ’ parameter, being inde-
pendent of the lightest neutrino mass and Majorana phases, as
a function of Dirac phase for the NO (Blue) and 10 (Red)
scenarios once the mixing angles and mass differences are
fixed by the best fit values in Table 1. The scattered points are
obtained by varying the neutrino oscillation parameters with-
in their corresponding 3o intervals and giving random values
to the Dirac phase.

consistent with neutrino oscillation experiments with
Monte Carlo method. The scattered points are obtained
by varying all the neutrino oscillation parameters within
the corresponding 3¢ intervals and allowing for arbitrary
values of the Dirac phase in [0,27] with a uniform distri-
bution of random sampling. In order to obtain the most
conservative constraints, the minimum of | (me)(,#| ob-
tained in Monte Carlo simulation are adopted,

~22x107*eV?, 27)

min

‘ (m}m) \

which is almost the same for NO and IO. Substitute the
above result.into Eq.(25), we get

mpa

2.5%107 GeV—-"— |
B> ©V800 Gev

(28)

as the Green lines shown in the Fig. 6 and Fig. 7.

The upcoming experiment MEG 11, which is an up-
grade of the MEG experiment, promises to reach a sensit-
ivity of [51]

BR(u — ey) <6x1074,. (29)

which is one order of magnitude better than the current
limit. The expected sensitivity on the parameter space is

ma

>49%107% GeV—-mn—
K ©¥'300 GeV

(30)

as the Green dashed lines shown in the Fig. 6 and Fig. 7.

B. The u — 3e Decay

The leading order contribution to the y — 3e decay
amplitude is at the tree level, generated by the diagram
with exchange of a virtual doubly-charged Higgs boson
A**. The branching ratio can be easily calculated:

‘2 1 |m:emﬂe{2
16v}

€3]

L ‘ (h?)ee (h),“e

G> mi..

BR(u — 3e) =

G%:m4A++

where the last step we have used Eq.(7), and where

i)

i(@31-26)

* _ 2 2 2 2 2
|mwmﬂe| =C13 [m1012C13 +e T myci38, e m3s13}

—i(a31-0)

—i0
X [e m35813573 —MiC12(C23S12 + € °C12813523)

—ia: —i0
+e "M mys1p(Ciacz — e s12813523)]

(32)

From the above equation we can also see that |m},m,.| is
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dependent of the lightest neutrino mass, Dirac phase and
Majorana neutrino phases once the mixing angles and
mass differences are fixed (see Fig. 2 and Fig. 3).

Firstly, we consider the dependence of |m,.| and CP
phases. To do this we consider the CP phase parameter
sets that maximize and minimize the |m;,m,.| parameter.
In the NO scenario, taking m; < 10™* eV, the |m,.| com-
ponent is found to be minimized when the CP phases sat-
isfy @y — a3 +26 =, and maximized when this relation
is equal to 0. However, for m; > 10~ eV, one can have
|me.| =0 for specific values of m; if CP phases a,; and
a3 — 26 satisfy that ay; =x, and (a3 —26) =0 or 7. This
is illustrated in Fig. 2, for [dcp, @21, @31] = [0,7,0] we have
M| =0 at m; ~2.25%x 107 eV, while in the case of the
[0, 7, 7] we have |m,,| =0 at m; ~6.31x1073 eV.

If the light neutrino mass spectrum is with inverted
ordering (m3 < my <my), we have

Imeel 2 \/|Am3, | +m3cos261, 2 1.96X 1072 ¢V with my =0

for the best fit parameters. In addition, the appearance of
zeros is also caused by the variation of the |m,.| compon-
ent with the CP phases. In the NO scenario, the minimal
value of |my| is obtained for ay =x, §=0 or = and
a3 =0 or 7. This can be shown in Fig. 2, for [0,7,0], the
zero takes place at m; ~7.2x 1073 eV, while for [x,7,x]
we have |m,|=0 at m; ~8.0x107 eV. On the other
hand, the maximal value of |m,| satisfies that
a3 — @y =6 and 6 =7, and we get |m,| <8.1%107 eV.
In the 10 scenario with negligible m; = 0, the maxim-
al value of |m,| corresponds to ¢ =0 and @, =x and is
by (|mye|) ~ \/‘Am§1|cl3(c23 sin26,,+
$73813€082615) = 3.19% 1072 eV for the best fit parameters.
The component |m,| is strongly suppressed (see Fig. 3),
ie, we have |m,| < max(|m,|), when 6~n/2 and the

given max

— [0,0,0]

— [om,m]
— [0,7,0]
[ttt
1.x107 5.x1070.001 0,005 0.010 0.050 0.100
m4(eV)
Fig. 2.  (color online) The dependence of |m},m,.| on the

lightest neutrino mass m; in the NO scenario, for four sets of
values of the Dirac and the two Majorana phases, [6,a21,a31].
All the best fit values of the neutrino oscillation parameters
are given in Table 1. The scattered points are obtained by
varying the neutrino oscillation parameters within their corres-
ponding 3o intervals and giving random values to the Dirac
and Majorana phases.

Majorana phase @,; which is determined by the equation,

C23C12 812 SiN @y = (0%2 + s%z cosa/zl) 523513 5 (33)
from which we derive the value a,, ~0.375 for the best
fit parameters in Table 1.

The properties of the |m,,| and |m,| described above
allow us to understand most of the specific features of the
dependence of |m;,m,| on the neutrino mass ordering
and the CP phases. In the NO scenario with negligible
my =0, the maximum of the |mm,| is obtained for
a3 —ay =6 =0, thatis, [6, @21, a31] = [0,0,0], and Eq.(32)
becomes

2 2 2
max (’m:emﬂe‘) = ’(mzslzc13 +mss73)

X €13(mas12(C12623 — $12523513) + m3s23s13)| :

(34

where the best fit parameters of the neutrino oscillation
parameters is given in Table 1, from which we can get the
maximum of |m;,m,,| is approximate to 2.81x 107 eV?.

On the other hand, in the IO scenario with m; ~ 0, the
maximum of the |m},m,| is achieved when §=0 and
ay, = m, and reads:

1
2 2 . 2
max(’m;mﬂe‘) ~ ‘Amm ’ Ci3 <§C23 Sll’l4912 + $73513COS 2912

~6.1%x10™*eV?,
(35)

while the minimal case occurs at the parameter set satis-
fying Eq.(33), from which we can get the minimal value
of the |m},m,.|~9.9x107 eV’.

Finally, the scattered points in Fig. 2 and Fig. 3 are
obtained by varying all the neutrino oscillation paramet-
ers within the corresponding 3o intervals and allowing
for arbitrary values of the Dirac and Majorana phases in
[0,27]. The most conservative constraints from u — 3e
process to our model can be derived from the minimal

0.001E

g
= — [m/2,37/2,0]
g 10* —
g — [m0]
[r1/2,0.375,0]
1078
1078
1.x107* 5.x10740.001 0.005 0.010 0.050 0.100
ims(eV)
Fig. 3. (color online) The same as in Fig. 2 in IO scenario.
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value of |m;,m,.|. In the IO scenario we obtain

(I0)~1.1x 107 eV>.

|mm

’mzemue (36)
In the NO scenario, however, in some parameter region
|m;,my.| may vanish, thus this part of parameter region is
not constrained by u — 3e experiments. Therefore in the
NO scenario we focus on the parameter region with
m; <1073 eV, and obtain

(NO)~24x10"%eV?, m; <107 eV. (37)

|m:€mﬂe‘min

The current best upper bound on the u — 3e branch-
ing ratio is derived from the results of the SINDRUM ex-
periment, [48]

BR(u — 3e) <1072, 90%C.L., (38)
from the present limit and Eq.(31), one can obtain the fol-

lowing constraint on |(A")  (h),.|:

LLON

— ), 39
800GeV) S5

(1), (0, <7.5% 10 (

from which and using Eq.(6) we also get the lower bound
on the cubic coupling ,

%
}meemﬂe ’

1eV

ma

800 GeV

u>77x107° GeV (40)

Using Eq.(40) and the results of Monte Carlo, we determ-
ine the lower bounds on coupling term x from the current
SINDRUM experiment,

LN

12(2.6)x 10 GeV—"2__
> 12Qx107 GeVErra S »

(41)

where the bracket in the above equation means the case
of 10. Note that from the above equation, we can get the
parameter space between the cubic coupling ¢ term and
the mass of triplet Higgs from the y — 3e decay process
in the case of the normal ordering and inverted ordering
for the neutrino mass, as we shown the Red lines in Fig. 6
and Fig. 7.

The upcoming experiment known as Mu3e promises
to deliver significantly improved sensitivity to the yu — 3e
process, potentially probing the branching ratio by an ad-
ditional four orders of magnitude, that is [52]

BRyuse (1 — 3¢) < 1076 (42)

which will provide the corresponding limit on the
Yukawa couplings,

(1), (| <7.5% 107 (2 )2 43)
ce ue] =1 800 GeV/
and the cubic coupling g,
’mZem €| m
7.7%x107° GeV - A 44
#> NV Tev s0Gev: WY

providing an order of magnitude improvement to the
sensitivity to u.

Similarly, using Eq.(44) and Monte Carlo results, the
future expected lower bounds on the cubic coupling u
from Mu3e experiment can be determined,

ma

12(2.6)x 107 GeV—1"2__
> 12Q0)x107 GeVerray »

(45)

where the bracket means the case of 10. Similarly, from
Eq.(45), we can also get the parameter space between the
cubic coupling x term and the mass of triplet Higgs from
the u — 3e decay process in the case of the normal order-
ing and inverted ordering for the neutrino mass, as we
shown the Red dashed lines in Fig. 6 and Fig. 7.

C. The u—e Conversion in Nuclei

Finally we consider the u—e conversion in a generic
nucleus N. From the interaction Lagrangian Eq.(18), we
get the conversion rate of the 4 — e conversion in Nuclei
process in the type-1I seesaw scenario

CR(UN — eN) = (4na,,)’ 26 A D
e = T em) = Yy e
Leapt K Vana,,
2
+Q2q+q) ALV (46)

where A; and A, have been presented in Eq.(19) and
Eq.(20). In Eq.(46), the parameters D and V' present
overlap integrals of the muon and electron wave func-
tions, and Iy is the experimentally known total muon
capture rate [76].

Considering a light nucleus, one has with a good ap-
proximation D =~ 8 v4ra,,, V¥, with the vector type over-
lap integral of the proton, V), given by

1
VO s Pl 2 (<) @)

where F(q?) is the nuclear form factor at momentum
transfer squared ¢* = —m;, m, being the muon mass, and
where Z,/, is an effective atomic charge. Using the result
for D quoted above, Eq.(19), Eq.(20) and Eq.(47), the
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conversion rate can be written as

5 5
em H Z4 ZF2 2
36 Doy 2725 (7

5 1
5
(h h)e“ {24m?_,+ * miﬁj
| 2

m3.

CR(uN — eN) =

X

+

> B sy,

I=eu,t

(48)

The two nuclei that were used in the past and are of
interest in the future in y—e conversion experiments are
#Ti and 3jAl. The relevant parameters involved in the
calculation of 4 — e conversion are given in Table 2.

Thus, assuming  my+ ~my+ =my, We  have
CRUN — eN) o |CD 2, where
129, . .
an el B (m'm),, + > mifrsomy| . (49)

I=eu,t

and we have used Eq.(7). In the above equation, the first
term is given by Eq.(26), and the form of f(r,s;) is depic-
ted by Eq.(21). Using Eq.(49), we can get the depend-
ence of 4v3 |C("| and the lightest neutrino mass, Dirac
phase and Majorana phases in the PMNS matrix once the
mixing angles and mass differences are fixed, as depic-
ted in Fig. 4 and Fig. 5.

For my =800(2x10°) GeV and NO scenario with
my < 107, the maximal value of 4v} |C{?| takes place in
[6,a21,a3]1=1[0,0,0] and at the maximum we have
4v3|CUD| =3.78(8.04)x 107 eV (see Fig. 4) for the best
fit parameters given in Table 1.

As analyzed at Section 2, the fact that the loop func-
tion is negative when m, varying from 800 GeV to
2x10% GeV allows us to get the suppression of the con-
version rate. For wvalues of the CP phases
[, 21,031 = [0,7,0] and  m,=800(2x10°)  GeV,
4v3|CUP| goes through zero at my ~0.0252(0.0439) eV
(see Fig. 4).

On the other hand, in the 10 case with negligible m;
(m3 < 107%), the maximal value of 4v} |C{P| occurs for
[6, 21, a31] = [7/2,37/2,0] and at the maximum in this
case we have 4v;|CUP|=7.9(122)x107  for
my =800 (2% 10°) GeV. While the minimum of 4v} |C{”|

Table 2. Nuclear parameters relevant to u—e conversion in
33Ti and 1Al [40, 76].

N Zegr  Dm? VOmP? Teu(10%7Y)  F(-m?)
BT 17.6 0.0864 0.0396 2.590 0.54
TAL 1162 0.0362 0.0161 0.7054 0.64

for small m; can be found when the CP phases take
[7,7,0]. At the minimum for m, =800 (2x10°) GeV we
get 4v3 |CUP| ~ 1.3(6.04)x 107 eV. Taking the CP phase
parameter set [r,7,0], one can get a strong suppression of
the conversion ratio for m;~0.012(0.038) eV and
ma =800 (2x 10°) GeV (see Fig. 5).

Finally, the scattered points in Fig. 4 and Fig. 5 are
obtained by varying all the neutrino oscillation paramet-
ers within the corresponding 3o intervals and allowing
for arbitrary values of the Dirac and Majorana phases in
[0.27]. Since the value of 413 |C{"| vanishes at some part
of parameter region, we consider only the region with
m(ms) <103 eV, and  obtain  4vi|CUP|  ~2.5x
103(5.5% 10=%) eV2 for m, = 800 GeV and 4v3 [C| . =~
6(3.9)x 103 eV for my =2x10°GeV in the NO(IO)
scenario.

1. The u—e Conversion in Ti nuclei

Currently, the best constraints on the conversion rate

0.010

=
@
= — [0,0,01
“0; 0.001 oo
“a — [.0]
T b

1075 e —

1.x10 5.x107* 0.001 0.005 0.010 0.050 0.100

m(eV)
Fig. 4.  (color online) The dependence of 4v% |Cffe”’ on the

lighest neutrino mass m; in the case of NO, for four sets of
of the Dirac and the two Majorana phases,
[6cp.aa1,a31] and my =8002x10% GeV, plain (dashed)
curves. The figure is obtained for the best fit values of the
neutrino oscillation parameters given in Table 1. The scattered

values

points are obtained by varying the neutrino oscillation para-
meters within their corresponding 3¢ intervals and giving ran-
dom values to the Dirac and Majorana phases.

0.010
<
5
= — [7/2,3712,0]
:;5 0.001f N —
N — ol
e [7%/2,0.375,0]
1074}
1078
1.x107* 5.x107* 0.001 0.005 0.010 0.050 0.100
ms(eV)
Fig. 5. (color online) The same as in Fig. 4 in the IO scen-

ario.
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are provided by the SINDRUM II experiment, which util-
ised Ti nuclei, [50]

can be obtained in the Fig. 6 and 7 as the Blue lines
shown.

2. The u—e Conversion in Al Nuclei

CR(UN — eN)<4.3x107%, 90%C.L.. (50)
The upcoming COMET and Mu2e experiments,
The constraint translates to the following limit, which search for u—e conversion in the field of Al nuc-
lei, is aiming to improve the current limit by several or-
_ ders of magnitude, [53, 54]
| <7.94x107 (2 ) 51 o1
Gl < 800 GeV D
CRCoOMET (ﬂN —eN)<Tx 10_15 ,
with a corresponding limit on the cubic coupling y, 6
CRyuze (N = eN) < 6.2x107° . (53)
4 |Cie idet the b ided by Mu2
2 4% 1077 GeV mp (52) we consider the etter. sensitivity provided by MuZe,
K== 1eV  800GeV '’ which canbe translated into the following sensitivity,
Using Eq.(52) .and.M.onte Carlo method,. at .pres.ent the. | C(Iel)i <12% 10_4< My ) , (54)
most conservative limits of u — e conversion in Ti nuclei H 800 GeV
107" 107"
— u-ey (MEG) ~ - p-ey (MEG 1)
1072 _ p-3e (SINDRUM) 1072 __ po3e (Mu3e)
10-3 — p-ein Ti (SINDRUM ) 10°3 - - p-ein Al (Mu2e)

10
ma(GeV)

5x10°

(a) Current Limits
Fig. 6.

ues of ‘ (me)eﬂ

10* 5x10*  10°

mpy(GeV)

5x10°

(b) Future Sensitivities

(color online) The current limits (Left) and future experimental sensitivities (Right) is depicted for the most conservative val-

R |mzemﬂe| and 4v3 }C,(ff)| in the NO scenario. The neutrino parameters are given by the best fit parameters in Table 1

within their 30 intervals. The constraints from requiring perturbative Yukawa couplings and avoiding the wash out effect are depicted

as the brown and orange region respectively.

107" 107"

— p-ey (MEG) ~ - p-ey (MEGII)
1072 _ p-3e (SINDRUM) 1072 __ p-3e (Mu3e)
103 — p-ein Ti (SINDRUM II) 1073 - - p-ein Al (Mu2e)

10*
mpy(GeV)

5x10°

(a) Current Limits
Fig. 7.

-9

10* 5x10°  10°

my(GeV)

5x10°

(b) Future Sensitivities

(color online) The same as Fig. 6 in the IO scenario.
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with a correspondingly a limit on the cubic coupling g,

2 [ oUD
4vy | Crie

LN

1.9% 1078 GeV )
p= 1o ¢ 800 GeV

1eV (55)

Therefore, as previously calculated, by the Monte Carlo
method, the future sensitivities of u — e conversion in Al
nuclei can be found in the Fig. 6 and Fig. 7 as the Purple
dashed lines shown.

D. Current constraints and future sensitivities

In this subsection we summarize our previous ana-
lyses and present the final results. The current constraints
on the parameter space of m, and u from different CLFV
processes are shown in Fig. 6 (a) and Fig. 7 (a) for the
NO and IO scenario respectively. As is discussed in pre-
vious subsections, the constraints are derived from scan-
ning the parameter region which is consistent with neut-
rino oscillation data with Monte Carlo method and adopt-
ing the points with minimal predicted decay rates, which
are translated to the most conservative constraints on the
model. Note that for some value of the lightest neutrino
mass the constraints may vanish, here we only impose the
limit assuming m; < 107%¢V. It is shown that.in the NO
scenario, the most stringent constraint ‘comes from
u — ey decay at MEG, while in the IO scenario, the most
stringent constraint is derived from p — ey decay at MEG
and u — 3e decay at SINDRUM, which are close to each
other. The constraints from requiring perturbative
Yukawa couplings are depicted as the brown regions. The
constraints derived from condition Eq. (16) in order to
avoid the wash out effect are also depicted as the orange
regions.

We also illustrate the sensitivities of future CLFV ex-
periments in Fig. 6 (b) and Fig. 7 (b). In the NO scenario,

1 — 3e decay at Mu3e and p — e conversion in Al at
Mu2e have comparable sensitivities, which are more
sensitive than u — ey at MEG II. In the 10 scenario, the
most sensitive experiment will be Mu3e.

Compared to the previous study [43] in which the
constraints are obtained at several benchmark points, we
scanned the allowed neutrino parameter regions to obtain
the most conservative constraints. In summary, although
the parameter space is constrained by the washout effect,
the perturbative condition and various CLFV experi-
ments, a vast region still survives even under the con-
straints from the upcoming CLFV experiments.

IV. DISCUSSION AND CONCLUSION

In this-paper, we focus on the charged lepton flavor
violation (CLFV) tests within the framework of type II
seesaw leptogenesis. The key processes considered in-
clude u* — e*y, u* > e*e et and N — e N. We per-
formed a comprehensive parameter space scan using the
Monte Carlo method and derived conservative con-
straints on the parameters of type Il seesaw leptogenesis
that are consistent with current neutrino oscillation data.
Our results indicate that, in the normal ordering (NO)
scenario, the most stringent constraint arises from the
1 — ey as measured by the MEG experiment. In the in-
verted ordering (IO) scenario, the strongest constraints
are derived from u — ey decay at MEG and u — 3e de-
cay at SINDRUM, with both providing similar sensitivit-
ies. We also analyzed the potential sensitivities of upcom-
ing CLFV experiments. For the NO scenario, u — 3e de-
cay at Mu3e and u — e conversion in aluminum nuclei at
Mu2e are predicted to have comparable sensitivities, both
surpassing the sensitivity of u — ey at MEG II. In the 10
scenario, the most sensitive experiment is expected to be
Mu3e.
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