Overview of charged lepton flavor violation
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Why do we search for Lepton Flavor Violation (LFV)?
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-- how to generate matter-antimatter asymmetry?
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-- why 6 flavors? why are masses of matters hierarchical?
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Why do we search for Lepton Flavor Violation (LFV)?

Lepton flavor number

Example: muon decay in the SM

-- accidental and empirical symmetry of Standard Model (SM)

-- conserved number in all processes, i.e., no LFV in the SM Vi
-
e and v, Ve
pand v, 0 +1 0 @ number +1 - +1
7 and v, 0 0 +1 enumber 0 - (+1)+ (—1)

Opposite sign for anti-lepton. Ex. e number = —1 for positron
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Why do we search for LFV?

Lepton flavor number
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- what is dark matter/dark energy?

how to generate matter-antimatter asymmetry?

why 6 flavors? why are masses of matters hierarchical?
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Ex.: muon decay in physics beyond SM
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Where does LFV come from? (ex. 2 generations)

__________________________________________________________________________________________________

Transformation from interaction eigenbasis to mass eigenbasis
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In interaction eigenbasis In mass eigenbasis

2 X 2 matrix, in general, both . . .
diagonal and off-diagonal entries 2 X 2 matrix, diagonal entries only
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Where does LFV come from? (ex. 2 generations)
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Where does LFV come from? (ex. 2 generations)

__________________________________________________________________________________________________

Transformation from interaction eigenbasis to mass eigenbasis |
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Which is the underlying physics?
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Unknown particle indirectly appears
in LFV reactions

Not appeared in direct observables



Many LFYV observables as possible to

draw “unknown” from various angles

® u—-ey, u-3e
€ Uy~ — e conversion in nuclei
€ [ e” — e e in muonic atom

® 7- 3u,1->enm,T > Uy,...,ectc

Accurate connection between LFV
parameters and observables

€ Characteristic signatures for each LFV operator
€ Dependences on experimental environmental

€ Ratios and correlations of BRs etc

TN

How to unravel the physics behind the LFV

The more LFV processes, the “elephant”
is more clearly illustrated!




2. Many LFV observables as possible to
draw “unknown’ from various angles

2.1 LFV particle decay
2.2 LFV processes in muonic atom

2.3 LFV deep inelastic scattering (LFV DIS)

3. How to unravel the physics behind LFV

4. Summary

Outline



2. Many LFYV observables as possible to

draw “unknown” from various angles

2.1 LFV particle decay
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Radiative decay ¢; — ¢y

Signal

-- back-to-back e(u) + vy, .
- YE =my (foru - ey), YE =m;(fort - ¢;y)

Experimental status

J A
- X, |
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u—ey 1.5 x 1013 MEGII (2025) 6.0 x1071%  MEGH
ey 3.3x 1078 BABAR(20100 9.0x 1072  Bellell
T >y 42X 1078  Belle 2021) 69x 102  Belell

Probe to various models beyond the SM
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Interaction grryv X (loop factor)
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Exploring higher scale beyond
the collider energies!
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3 lepton decay ¢; = ;€

Signal
- YE, =my, (for u - eee), YE, =m;(fort - £;£; ;) . .

-- spatial momenta Yp, = 0, time coincidence Atpee = 0

Experimental status

U — eee 1.0 x 10712 siNnDRUM (1988) 1.0 X 10716 Mu3e

T > eee 2.7 X 1078  Belle (2010) 4.7 x 10710 Bellenr
T > pup 1.9 x 1078  Belle (2024) 29x1071°  Bellent
T — lee 1.5 x 1078  Belle (2010) 23x 10710 Bellen

Probe to various models beyond the SM
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GUT models, Little Higgs, Type-11 SeeSaw, )
extra dimension models extended Higgs models SUSY (+ Type-I SeeSaw) VMSM, sterile v
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Probing LFV operators from differential decay rate
b_,, ................................................... i 3 lepton decay £; —» ;€ )

O = (fPrf')(fPrF) 197 Gevp? |
056) —( _PLf’)(fPLF) - dm122 S. Chang, T. Driscoll, PRD (2025)
O = (1" Puf W vl F)  OF = (0af1Pf") (P PLF) ° — {0]7°, 04°, 047°.04°)
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2. Many LFYV observables as possible to

draw “unknown” from various angles

2.2 LFV processes in muonic atom



- LFYV processes in muonic atom

[ AR Muonic atom
. - o Coroa -- bound state of muon y~ and nucleus N
N S p -- fate of muonic atom in the SM
‘ el e ’ (1) muon decay in orbit
........ (U"N(AZ) »e” +Vv+v,+ N4 Z)
(2) muon capture

(U N(4,2)) > v, + N'(4,Z - 1)

If LFV mediator couples
with nucleon

If LFV mediator couples
mainly with leptons

And also

> u~ — et conversion

[(review) ]

» U~ — e~y in muonic atom
[Y. Kuno, Y. Uesaka, MY, PRD (2025)]

» W~ — eX in muonic atom

[X. Tormo, D. Bryman, A. Czarnecki,
and M. Dowling PRD (2011)]

U~ — e~ conversion



[ — e conversion in muonic atom
J. Steinberger and H. Wolfe, Phys. Rev. (1955)

Signal
-- Monoenergetic electron E, =~ 105 MeV

E,.=m
Experimental status € K
p~Au—- e Au 7.0 x 10713 SINDRUM (2006) N/A
p"Ti-e Ti 4.3x10712 sINDRUM (2006) N/A
p~Al-e" Al N/A a few X 10717 COMET, Mu2e
Probe to various LFV operators
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extended Higgs models



[ — e conversion in muonic atom
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€ Probe to various types of LFV operator

S
e Photonic dipole, scalar, vector, Rayleigh, etc.
MEG b eyi<siet : € Exploring higher scale beyond the collider energies
iar Energy scale = 10* TeV!

I Ru e ha)<7x10°"  SINDRUM I

102




[ — e conversion in muonic atom

Z (atomic number) vs BR of 4 = e conversion for various type of operators

BR(pA—eA)
BR(pAl—eAl)

13)

B _uN—n'N(Z) l B uN—)uN(Z

25

'
-

10

-
<
N

103 F

o *— vector

T T T T
—+—— dipole
--------- scalar

R. Kitano, M. Koike, Y. Okada, PRD (2002)

10 20 30 40 50 60 70 80 90 100
VA

Measure the Z dependence of conversion rate
-- not only a discovery channel, also has the
potential to identify the types of LFV operator

® /. -
S. Davidson, Y. Kuno, Y. Uesaka, MY, PRD (2020) / s Tl




U~ e  — e e in muonic atom

M. Koike, Y. Kuno, J. Sato, MY, PRL (2010)

Signal
-- back-to-back di-electron of E, ~ m,, /2

-- time coincidence At,, = 0

Experimental status

-- Limit: N/A (New process!)

-- included in physics programs of COMET

Probe to various LFV operators (pure leptonic operator, unlike ;1 — e conv.)

gLrv 9Lrv v gLrv
U (X) e U (X e u X) e U e
|
| T~
y :q‘b W §W -----
|
e e e ! e e e e e
v

extra dimension models,

SUSY, Type-II SeeSaw little Higgs models

VMSM, sterile v extended Higgs models



Y. Kuno, J. Sato, T. Sato, Y. Uesaka, MY, PRD (2018)

20 30 4IO 50 60 70 80 90
Z

Reaction rate normalized by that for Z=20

Why heavy nucleus is favored?

Coulomb potential attracts leptons toward the nucleus
position, and enhances overlap of their wave functions

S —

B _LtN%(’N(Z) !B ‘uN%(’:V(Z =1 3)

R. Kitano, M. Koike, Y. Okada, PRD (2002)

0 10 20 30 40 50 60 70 80 90 100
z

Different Z dependence from u — e conv.

-- valuable to discriminate LFV source!



2. Many LFYV observables as possible to

draw “unknown” from various angles

2.3 LFV Deep Inelastic Scattering (LFV DIS)



Signal
-- T with large momentum along the beam-axis
(highly depends on types of LFV operator)

e—T ZEUS F=0
. L R GL L R R L
Experimental status B S | | S | W W W
etuy | et utd etdy ety ety fug | e VBt d)a
Tame | Tome | Torme [ Toame | Torme [
11 04 02 0.4 02 02 02 02
3.0 2.5 1.6 3.3 3.3 2.4 1.2
. . T+ Ke | Komwp | T+ Ke | T Ke K — nup
-- Limit: HERA exp N A
M M 4.7 3.7 3.7 13
B+ 7éX | B 1eX | B> wX | B 1éX B X
13 . s ] 2 | 2
[51] 1.6 4.6 1.6
T+ Ke | Ko mub |+ Ke | 7 Ke K - nub
- Future: EIC, LHeC, ILC Y I Sl i Rl il I
. b b 5 * 9.2 12 4.9 4.9 [6.2) 2.6
Tbeeh | T eeE | T eeE | T +eeE | T +eeE | T —+eed | T —+eed
22 2 30 66 33 33 10 6.1
[62] 1
B 7eX | Bo1eX | B X | B reX B X
23 = s 5 1 | H
16 16 12 12 12
B = 7eX | B 1eX Vi B — 7eX Vi
31 " s ] 02 | 02
17 17 5.4 5.4 5.4
B 7EX | B> 71X | B— wX | B — réX B wX
32 * [ 8 2 1 2
A xl 22 7.6 7.6 7.6

Probe to various models beyond the SM =« —= =

30 66 33

E)

gLrv JLFV
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extra dimension models,

SUSY, Type-II SeeSaw extended Higgs models
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LFV Deep inelastic scattering e(u)N — X

Cross section for e(u)N = X

E@“ X
O¢;N—1X — Z / de’dy / d&-p d Izi—> f D (£ﬁ7 QZ) Parton distribution

p=g.q function (PDF)

Subprocess cross section

___________________________________________
,/ __________________________________________

LFV mediator couples universally with
all quarks (e.g., GUT Z’, dipole LFV, etc)

—

FV mediator couples dominantly with
eavy quarks (e.g., Higgs, KK bosons, etc)

Cross section, kinematics, and so on
L S S - highly depends on types of LFV mediator ~_ "~ 7"/
M. Takeuchi, Y. Uesaka, MY, PLB (2017)

'l:/ ‘\\\ ',' {)l T ‘E T A
i E i . LFV | LFV |
E ' LFV E i med]ator | mediator

| | mediator i /MQ

:\ u’ d /\ u’ d ’E I“ g ,666666666 % C b ’E

___________________________________________________ \.___ J— - — J—— - J— J—— - —_————— —_




Cross section for e(u)N = X

___________________________________________

LFV mediator couples universally with
all quarks (e.g., GUT Z’, dipole LFV, etc)

_______________________

O¢;N—7X — Z /dxdy/dgp

pP=9,q

Y
A

E ip—TX

LFV Deep inelastic scattering e(u)N — X

dzxdy

Subprocess cross section

2
f D (£ﬁ7 Q ) Parton distribution

function (PDF)

g{uN —>1 N} ()

ir, 1. Turan,

/M. Takeuchi, Y. Uesaka, MY, PLB (2017)

f LFV mediator couples dominantly with ‘
i heavy quarks (e.g., Higgs, KK bosons, etc)
¢, ¢
i
|
Total Loobt ¢, bt
tg =g D
bg— 7bb 7
bg — tcc -~ P gt
contact (x1071) —-—-— o e
L -/’/ - - -
R i -
Pl T
- =
- =
L~ - .
e -
K e
d e
‘/ e n
R

E (GaV)
o

2
EFb[GeV]

3

10 10
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extra dimension models,
extended Higgs models

SUSY, Type-II SeeSaw

gLrv
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g
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q

______

Majorana v, sterile v composite, leptogluon

Unknown particle indirectly appears
in LFV reactions
Not appeared in direct observables

Find intrinsic patterns of correlation of observables!



How to unravel the physics behind LFV

Measure the ratio of each branching ratio

2
11
BR(u — ec) _ Gem (Log[%} . _) ~ 0.006

Source of suppression 0.006

BR(p — ev) 3 m? 4 ¢
u— ey 14 U 3e ¢
Yi
es M\@w N
L ®. L AR
K, e B, €
H———AAAAAA—— e B AR, )
7° 7
. Expected LFV mediator

To confirm, check the similar

-- Flavored massive particle (e.g., slepton) relation for (7 = 3e)/(t — ey)!

-- Charged particle (electric charge of £1)

.
----------------------------------------------------------------------------



How to unravel the physics behind LFV

Measure the ratio of each branching ratio

B om “1 11 B
R{p = eec) ~ £ (Log [&} — —) ~ (0.006

2
BR(p — ey) 3 m2 4 )
e
et , 3% A
No - ,’<e+ Tt .\Hﬁﬁ Contributions of two
! types of LFV mediators?
pt (>_<:\ e~ u ! ® e
Vu
2 N
; o
i By charged particles (+2e)? . < s > T < i
I A I
I - — ! 1
| Cross check by p"e™ - e"e ut & o o o |
|\ /’I
l,,::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::~\\
! 4 u- Vi X e” E
i By charged particles (+1e)? T o S |
1 . , - \\\ ;% -~ 1
i Cross check by u~ — e~ conversion p ! & e §V i
\ Vu q q i
\\ U

__________________________________________________________________________________________________________________



Various LFV processes are observed

Chirality of LFV operators (directly) reflects
the structure of physics behind the LFV

Left-handed LFV ope.?
YiellPrepry

Right-handed LFV ope.?
YeullPredpy

or

Our LHC limit
{ATEAS-7TeV, 4.7 b )

107! 10°

R. Harnik, J. Kopp, J. Zupan, JHEP (2013)



Left-handed LFV ope.? Right-handed LFV ope.?

Various LFV processes are observed sl Y, iP,ed or Y, [iPped
uettt L LFV eurt' R LFV

Chirality of LFV operators (directly) reflects
the structure of physics behind the LFV

LFV DIS with polarized beam!!

e.g., for Y fiP ey, LEV-DIS takes
place with e; -beam only

IY,url
R. Harnik, J. Kopp, J. Zupan, JHEP (2013)



Summary



Lepton Flavor Violation (LFV)

Not only an evidence, but also
versatile probe to new physics!

Steril
v _/,,neum-no.,r\
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Many LFYV observables as possible to
draw “unknown” from various angles

® u—-ey, u—3e
€ U~ — e conversion in nuclei
€® U e~ — e e inmuonic atom

® - 3u,1-> enn, T Uy,..,etc

Accurate connection between LFV
parameters and observables

€ Dependences on experimental stage

€ Ratios and correlations of BRs etc




Backup slides



V7 should be misaligned each other to span C

\
Overlap of wave functions i
of u, e, and nucleon E

Ve ————— e  mn?
~~~~~ ]
2 . . .
BR(1~ — e~ conv.) x ‘v_é : 8‘ Criterion for independent target
-=7\ . . — —
pmmmmm e s . 0.1 (light nuclei) Uy, - Uz,
{ Coupling for each type of | o2 AT
i Coupling for each type o : 0.2 (heavy nuclei) Tz, ||Uz,|
i LFVint. of u, e, and nucleon !
e e — — e ————— )
gum—
0.35— ' :l ]
- A
° F “1 . § “same” target
03 L Ti§
> “E g i
Q & , Cu |
5 0.25 Dy W
‘_g . : ,// <
8« 0.2 S. Davidson, Y. Kuno, MY,
Q - B
2 : N PLB (2019)
R 0.15— 2O,
D S pm——
%D Li 0.1 ! A :
—~ W\ U I “same” target
U\ ! I
5 1“-. oY l Pb ( " -------------- \\
v Y ": 4 P~ - e !
0 Ll ';‘ VWV by s by v s by v L Ny L1 1.1‘1.1.7-: S~ : For Au at Z=82 (Pb)> :
0 10 20 30 40 50 60 70 80 90 T 0~ 0.03 < 0.2 :
" . .
B



Channel Upper limit Experiment Reference
7% — pteF 3.59 x 10710 KTeV 75
n— ute¥ 6% 1076 Saturne SPES2 76
K} - 7%u*et 7.56 x 1071 KTeV 75
K) — 270u*e¥ 1.64 x 10710 KTeV 75
KY — pte- 4.7 x 10~12 BNL E871 74
Kt - natute~ 1.3 x 10711 BNL E865, E777 73
DY — atuteT 3.4x107° Fermilab E791 77
Dt - KtuteF 6.8 x 107 Fermilab E791 77
DY — p*et 8.1 x 1077 BaBar 78
Df — atuteT 6.1 x10~% Fermilab E791 77
Df — KtpteT 6.3 x 10~* Fermilab E791 77
BY > p*eT 9.2 x 1078 BaBar (347 tb™1) 79
BY — t*eF 1.1 x 1074 CLEO (9.2 b 1) 80
B - ¥ ¥ 3.8x 107 CLEO (9.2 b™1) 80
Bt — Kte*u¥ 9.1 x 1078 BaBar (208 fb~1) 81
Bt — Kte*c¥ 7.7 x 1077 BaBar (348 fb!) 82
BY — etpuF 6.1 x 1076 CDF (102 pb™1) 83

Abbreviations: BNL, Brookhaven National Laboratory; CDE, Collider Detector at Fermilab; K'TeV,
Kaons at the Tevatron.

W. J. Marciano, T. Mori, J. M. Roney, Ann. Rev. Nucl. Part (2008)

New
physics

BN
e

q(9)

Px
N

)

q
>

W~ — e~ conversion

>

m(K) LFV decay

No future projects of search for

LFV meson decay at J-PARC???

Complemental probe to £;£;,qq (£;£;99)



(1) Tree-level mass generation

Type-I (-1I1, -1IT) Seesaw

Inverse Seesaw

Linear Seesaw

High- (Low-, middle-) scale Seesaw, etc

[with or without SUSY, extra dimension,

(2) loop-level mass generation

Scotogenic

Leptoquark

Zee-Babu

R-parity violating SUSY, etc
[1-loop, 2-loop, 3-loop, ...]

VY mass generation scenarios

(H) (H) .
| | () ~ - < Hr -7 (H)
I I ~r”
| !
| | :A
v ! N ! v VL 1 vy,
’ AV j\//]\R ’lv ’ YA
Type I Seesaw Type II Seesaw
(H) (H)
i I
etc] ! :
v, L VR v S a S > Ve vy
Av MR # MR ;{V

Inverse Seesaw

= “‘_"'\.-: - h ?LQ
- ~ N
Ve ~ \
n, AT
/ \ \
v, L YR N, VR | vy _—— | VL
A My A Lo b
[}
S : (H)
cotogenic Leptoquark



Signal

Monoenergetic positron E,+

~ (depends on N)
Eg+ =my — By — Erecou + [M(A,Z) — M(A, Z — 2)]
B,

: binding energy of the muonic atom
Eecoir @ recoil energy of the outgoing nucleus
Bound

SINDRUM
BR(u=+Ti— et +Ca) < 1.7 x 10712

BR(u=+Ti— et +Ca*) < 3.6 x 10711

Discovery = new physics scenario beyond the SM!!

-- neither lepton number nor flavor number are conserved,
while both are always conserved in SM

e and v, +1 +1 0 0

p and v, +1 0 +1 0
T and v, +1 0 0 +1
Opposite sign for anti-lepton. Ex. e number = —1 for positron

Muonic atom
P

.,

i~ — e’ conversion u~+N(A,Z) »e* + N'(A,Z — 2)

.'/‘ \‘\
{ LNV |
e
i LFV |
\\ /,"
//
"
Lepton number +1 - -1
u flavor number +1 - 0
e flavor number 0 - -1



Signal
Monoenergetic positron E + = (depends on N)
Eg+ = my — Bu — Erecoir + [M(A,Z) — M(A, Z — 2)] Muonic atom

B, : binding energy of the muonic atom
Eecoir @ recoil energy of the outgoing nucleus

Bound SINDRUM

BR(u=+Ti— et +Ca) < 1.7 x 10712
BR(u=+Ti— et +Ca*) < 3.6 x 10711

e J d
v X (mv),ue d v
n | w
w \b w
u d u ! et u d
Majorana v, sterile v R-parity violating SUSY Composite, leptoquarks

. *
. .
.
-------------------------------------------------------------------------------------------------------------------------------------------------



i~ — e’ conversion u~+N(A,Z) »e* + N'(A,Z — 2)

Minimal extension to allow u~ — e™ conversion Other extensions to allow u~ — e™ conversion

Must-have: mixing between flavor eigenstates
J. Berryman, A. Gouvea, K. Kelly, A. Kobach, PRD (2017)
and source of LNV e

Operator i A [TeV] E }/’Tm/l/i \\\
1 R \
+ Mai : : P R \
—» SM + Majorana neutrino oy AT ) () g 105107 e g
: i | (G EP ) &~ 1078107 i
I ]
(LL)(QH)d* Po2x10s | I 4 IS+ ~ 104-10% yr
: o PRICYTEGER +l 1070 :
1
u d (LQ)(LH)d* § 1x107 | @)D §r (% E )+l ~ 105107 yr
w : e e i
i 1 ¥ 1
+ (LO)(LH)w | s | In2)D R A (G) E G+l ~ 105107 yr
e ! | | EEIG LGS + 5] ~ 1078-107% |
i I I ve i
Vv >< <mV )‘ue = Ue’i U,U,im'i (LL)(QH)u"® ' 2-7 i i :n;s o(pe:ut\gr’car‘mo: cor:lribule 1?7 0://}/1’.4 Z
e E : i A G4 (3= + a1 ~ 107771072 |
(LH)& & d° | 6x100 | | @)D 5[ (G5 + 4l ~ 10710 yr
w : | RIS ) + R~ 1010
u d - S
/} S ; ‘\\
/’ \\“ e : N
e — AN . \
! : i1 0v2p lifetime and BR(u™ — e™) |
i Overall energy scale which ! : f tﬁ 1 A(# ) E
[ i 1+ for the energy scale
m 2 i generates m,, = 0.5eV-0.05eV | ! 24 ;
Majo. —25 < V>;u6 ’ ! e
BR =16x107" —FF——

—33 — 3T Mo
et e~ 10710
€

P. Domin, S. Kovalenko, et al., PRC (2004)
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