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We still don’t know much about our Universe.

What is the origin of
tiny neutrino mass !

What is Dark Matter?

26.8%

L

Dark Energy ‘

0.5 MeV <leV

The origin of
the present Universe

: : Ny — 1t ~10
Why is there more matter than antimatter? o = 6.1 x 10
o

+ Need Physics Beyond the Standard Model



Charged Lepton Flavor Violation

Searches for CLFV are strong tools to probe BSM physics.

*Beyond the minimal extension of the SM



Charged Lepton Flavor Violation
Searches for CLFV are strong tools to probe BSM physics.

Ex) SM + neutrino mass (VSM)

Z = gSM + gv—mass
1L e Dirac or Majorana
Petcov 77, Marciano-Sanda ’77 ....
) 2
Br(u — ey) = Fem 2 Uu*xU,; A < 107*  Extremely small!
32r HET mg,

i=2,3



Charged Lepton Flavor Violation

Searches for CLFV are strong tools to probe BSM physics.

Ex) SM + neutrino mass (VSM)

Petcov ’77, Marciano-Sanda ’77 ....

Br(u — ey) < 107> < Br(y — ey)psm

The Observations of CLFV would point to new physics beyond VSM.

*Underlying mechanism of the neutrino mass.



CLFV searches

® Muto e gamma ' - A Tau decays
® Muto 3e . : "
® Mu to e conversion ¥ _./
BR(y — ey) < 3.1 x 10713 BR(u~ Ti —» e~ Ti) < 6.1 x 10713
MEG Il Collaboration, 2310.126 14 PWintz, Conf. Proc. C 980420, 534 (1998).
BR(z — ey) < 3.3 x 1078 BR(t — entn™) < 2.3 x 1078

BaBar, PRL104 (2010) 021802 Belle, PLB719 (2013) 346-353



CLFV searches

Mu2e

BaBar A ®
EIC

® Mu to e gamma
Mu to 3e

® Mu to e conversion

ep — t/u X @ EIC

* Example
HERA
LHCH € COMET
MEG/Mu3e ¢ @A Belle

BESIII

A Tau decays

Electron-Proton/lon collider

t/u
/ VS =20 ~ 140 GeV

P = 1033—34 Cm—Z S—l

P—— X *Higher than HERA



V. Cirigliano, KF, C. Lee, E. Mereghetti, B.Yan, JHEP03(2021)256
CLFV searches F. Delzanno, KF, S. Gonzalez-Solis, E. Mereghetti, arXiv 2411.13497

Model-Independent Analysis of CLFV process at low- and high-energy
EIC vs LHC vs Low-Energy CLFV searches

7, i, and meson decays

$ é};ﬁ M\LFV/
e 3 LFV%E_ N/ \N

Ex)
e

ep — t/u X @ EIC pp — e t/luy @LHC
t/u T/u
e — / P /
LFV/ . LFV
F \i X \ e
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Model-Independent Analysis

SMEFT :Standard Model Effective Field Theory

Scale A

6(100) GeV st




Model-Independent Analysis

Scale A

O(100) GeV  mmtomms

SMEFT :Standard Model Effective Field Theory

ZBSM



Model-Independent Analysis

SMEFT :Standard Model Effective Field Theory

Scale A

1
—4

dmd
I Cc0

PA\ QG — E—
ZLsmerr = Lsm + Z
SMEFT ~

Higher Dimensional Operators

Dipole 4 Fermion ><

All possible interactions based on gauge and Lorentz invariance

[

O(100) GeV  mmtomms

EFT can apply to concrete models



CLFV operators

Total : |16 different types of LFV operators (dim 6)

gLFV - 31/129021) + 3‘//2X§0 + gl//2§03 + $W4

X : Gauge boson w . Fermion QO ¢ Higgs



CLFV operators

Total : |16 different types of LFV operators (dim 6)

gLFV - 31/129021) + 3‘//2X§0 + gl//2§03 + $W4

X : Gauge boson w . Fermion QO ¢ Higgs

4G Y, =
D — TZF Z [CLq]z,”eij £rye; 4RiVu4Rj
=1,

q=u,d

* .
er o Assume a generic quark flavor structure

[Cralaa [Cralas [Cralap
e Oe Ex) [Cralee =|[Cralsa [Cralys [Cralg
K K [Cralpa [Cralps [Cralps

*Focus on tau-electron case.



Low-Energy Tau and Meson Decay

Decay mode

Upper limit (90 % C.L.)

T > entn” 23%x 1078 Belle PLB719(2013)346
r — en® 8% 1078 Belle PLB648(2007)341
uu/dd/ss
T — en 02%x 108 Belle PLB648(2007)341
T - en 1.6 x 1077 Belle PLB648(2007)341
T — eK; 2.6 x 1078 Belle PLB692(2010)4
T— en™K™ ds/ds 3.7x107% Belle PLB719(2013)346
T —en Kt 3.1x1078 Belle PLB719(2013)346
BO 5 ot,7 1.6% 1073 Belle PRD104(2021)9
Bt o gtetr db/bd 7 4% 1073 BaBar PRD86(2012)012004
Bt - gte tt 20%x 1073 BaBar PRD86(2012)012004
Bt - Ktetr™ b/ 1.53x 102 Belle PRL130(2023)26 261802
S S
BT - Kte r* 1.5% 102 Belle PRL130(2023)26 261802




Low-Energy Tau and Meson Decay

Decay mode Upper limit (90% C.L.)
T o> entn” 23% 1078 Belle PLB719(2013)346
r — end 8 x 1078 Belle PLB648(2007)341
uu/dd/ss
T — en 92 x 1078 Belle PLB648(2007)341
T - en 1.6 x 1077 Belle PLB648(2007)341

* Certain combinations of CLFV operators can be bounded.
2
Ex) BR(t = en™77) ~ 0.5 X |[C, 1, — [Cralua

A. Celis,V. Cirigliano, E. Passemar, PRD89(2014)095014



Low-Energy Tau and Meson Decay 6

Decay mode Upper limit (90% C.L.)
T o> entn” 23% 1078 Belle PLB719(2013)346
r — end 8 x 1078 Belle PLB648(2007)341
uu/dd/ss
T — en 92 x 1078 Belle PLB648(2007)341
T - en 1.6 x 1077 Belle PLB648(2007)341

* Certain combinations of CLFV operators can be bounded.
2
Ex) BR(t = en™77) ~ 0.5 X |[C, 1, — [Cralua
A. Celis,V. Cirigliano, E. Passemar, PRD89(2014)095014

* Quark-flavor conserving processes are generated by light quarks operators

[CLu]uu [CLu]uc [CLu]ut [CLd]dd [CLd]ds [CLd]db
[CLM]Te = [CLu]cu [CLu]cc [CLu]ct [CLd]re = [CLd]sd [CLd]ss [CLd]sb
[CLu]tu [CLu]tc [CLu]tt [CLd]bd [CLd]bs [CLd]bb



Scale running effects

Scale A

~ GeV=———

Light-quark operators are induced via the RGEs:

ey = ———= [Cralieps 71 er bRyubR

NG

e — T
b d 4 g
Ex) ﬂE[CLd]dd = chwyd [CrLalpp
B,
uld uld
e
/ g°
7 LFV % . [Criduw [Cralaa ~ n)? [Cralpp
-

Loop effect ~ O(1073)



LHC search

ATLAS Collaboration, PRD98(2018)092008 ATLAS Collaboration, JHEP 10 (2023) 082
— _1 TTTT TTTT TETT TTTT TTTT TTTT TTTT TTTT TT 114 ﬂ ! N ' ' ' ' ' ' ' '
-8_10 I R I I I I X I 3 S 10%E ATLAS ¢ Data [l Top Quarks
= 36 fb-! -~ Expected 95% CL - 4 T {s =13 TeV, 139 ib™ || Diboson [l Drell-Yan
m I Expected + 1o . et channel Fake 7/ Uncertainty
© Expected = 20 7 10° tt Control Region
10725 — Observed 85% CL — Post-Fit 138 fb-!
B --LFV Z' :
C ] 10°
10°F E 10
B n 1;*
107*E aTLAS q 7' £
s=13TeV,36.1 " M E o 107 T—=——
L LFVZ > er q 20 o 1.25F
— 1111 I 1111 I 1111 I 1111 I 1111 I 1111 I 1111 I 1111 I 1111 ; 19/"//%/{/&?//‘///////// /
1005775 2 25 3 35 4 45 5 g0
m,. [TeV] ' 10° 104
m,, [GeV]

* Bound on CLFV top decay by ATLAS with 79.8 fb-!: BR(t — ¢£¢’) < 1.86 X 10~ (95% CL.)
ATLAS collaboration, ATLAS-CONF-2018-044

* ATLAS published pp — | I’ bounds in high-mass final states using 36 fb-!

'22 ATLAS and "23 CMS results with 138 and 139 fb-'  ATLAS JHEP 10 (2023) 082
CMS JHEP 05 (2023) 227



Existin g bounds V. Cirigliano, KF, C. Lee, E. Mereghetti, B.Yan, JHEP03(2021)256

* Single Operator Analysis

Upper limit on LFV coupling (left) and lower limit on new physics scale (right)

O
m LHC (middle)
107! & Low energy (right)

102

10~
10
107
T—enm T-enK B-nte TenK T-en B-Kre Bg—te B-Kre Tenn

[Cralaa  [Cralas  [Cralaw  [Cralsa  [Cralss  [Cralss  [Craloa  [Crales  [Cralow

=1TeV)
[ASL] V

C(u

10

IS

* Operators with d-type quarks sector well constrained by low-energy

[CLd]ij Tr'e CZRi}//,thj
* PDF and loop suppression in [C} 415,



Existing bounds

C(u=1TeV)

V. Cirigliano, KF, C. Lee, E. Mereghetti, B.Yan, JHEP03(2021)256

* Single Operator Analysis

Upper limit on LFV coupling (left) and lower limit on new physics scale (right)

O
m LHC (middle)
10! = Low energy (right)

S

10~

103
10
10~
THCnmw

w

T CTT e

[CLu]uu [CLu]uc

.
[CLu]ij Ty €r URiY, Urj

[CLu]ut [CLu]cu [CLu]cc [CLu]ct [CLu]m [CLu]tc

[CLu]tt

* Less constrained by low energy than d-type operators

« Strong bound on [C, ], from 7 — extx™

10

[ASL] V
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S. Banerjee,V. Cirigliano, et al

Mu |ti-OPe rator scenario Snowmass White Papaer, 2203.14919

Multi—operator scenario

oloOF~ v~ - T T 1]
- EIC 1
*Case with 8 nonzero CLFV operators
0.05 [ | Z couplings + down-type 4F operators
i L A i c 7 7
[CLd]bb 0.00 - '\\O/’ w
4GF
I 2 [CLd TL?’ eLdRa}/,udRa
~0.05} 1 \/5 a=d,s.b
4GF o
Z [ L, D] T yterdy v, dy,
[ ] \/_ a=d,s,b
-0.10 C1 PP BT SIS SR TS S T RS S
—-0. 10 —-0.05 0.00 0.05 0.10
[CLQ,D]bb

* Collider probes are necessary to close the free direction.

21



What about ¢ — u case?

F. Delzanno, KF, S. Gonzalez-Solis, E. Mereghetti, arXiv 241 1.13497

22



What about ¢ — u case?

C(u=1TeV)

107!

1072

103

1074

103

10-6

1077

108

107°

F. Delzanno, KF, S. Gonzalez-Solis, E. Mereghetti, arXiv 241 1.13497

Upper limit on LFV coupling and lower limit on new physics scale

1 EIC (left)

— ﬂ = —

= LHC (middle) [CLd]ij e dRi}/yde -

1 Low energy (right) g

Bomeu Bomeu ]

u-e B-Keu B-Keu e

Ky —eu K;—eu :

poe =
[Cralaa  [Cralas  [Cralas [Cralsa  [Cralss  [Cralss  [Cralea  [Crales [Cralon

* 4 — e conversion currently gives strong bound

10

102

103

[ASL]V
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What about ¢ — u case?

C(u=1TeV)

107!

1072

1073

10

107

106

1077

1078

107°

F. Delzanno, KF, S. Gonzalez-Solis, E. Mereghetti, arXiv 241 1.13497

Upper limit on LFV coupling and lower limit on new physics scale

= EIC (left) [Cruli; Torer tgiy, iig;
0 LHC (middle)

1 Low energy (right)

D-nreu D-neu

u—e

u—e

[CLu]uu [CLu]uc [CLu]ut [CLu] cu [CLu]cc [CLu]ct [CLu]tu [CLu]tc

« LHC leads the bound on [Cy, ], and [Cp, )0/

[ CLu ] tt

10

10?

10

[ADL]V
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Summary

Searches for Lepton Flavor Violations are Powerful Probes of BSM Physics.

 Systematic Analysis based on SMEFT

- The RGEs allow to constrain CLFV heavy quark operators

00
® . Cp . .
* Collider searches are essential in multi-operator scenarios
 Strong bound in e — y case especially from y — e conversion
Outlook/Discussion « Multi-Dimensional Analysis using Machine Learning

* b, c quark and tau lepton tagging



