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Symmetries of the Standard Model

* Rephasing quark and lepton fields:

U(].)B X U(]-)Le X U(]')Lu X U(]-)LT

U(].)B X U(].)L X U(l)L,u,_LT X U(l)Lu+LT_2Le .

~
See talk by

= Lepton flavor conservation
Yury Kolomensky.

« (U(1),,, broken to Z, non-perturbatively, but unobservable.)
['t Hooft, PRL ‘76]

Four conservation laws predicted by SM
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Flavor violating decays & S

* Background-free search: high sensitivity.
* Prime example: p-ey @ MEG.
* Observation = new particles.

* e conversion @ Mu2e can probe scales up to 10’ GeV.
See talk by Yongyi Wu.

LFV  process current tuture exp
N U ey 3.1x1071 6x107t MEG-II
/'L U — eee 1.0 x 10712 10—1¢ Mu3e
3 [ — e conv. O(10~12) 10~ Mu2e, COMET

L h—ep 6x107°  6x107° LHC
2, 7 = efi 3x 1077 5x10°°® LHC

had— eji(had) 4.7 x 10712 - -
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W
Flavor violating decays % 4 *&9 *

* Produce tauons at B factories (Belle I, LHCD).

* Observation = new particles.

/

See talk by
Seema Choudhury.

e T .ee'e @ Belle Il will probe scales up to 2 x 10*GeV.

LFV  process current future exp
~ T — ey 3.3x107%  9x1077 BelleII
I r el 2.7x107% 5x107'1% Belle Il
3 7 —ehad O(1078) 010719 Belle I

| h—er 2x107% 2x107*  LHC
S Zoer 5% 1076 10 LHC
D pado er(had) 01073 O(10-) Belle TI

* Should/can not be compared to u decays!
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Neutrino oscillations = flavor violation

- Observations of v - v, W %
prove that M_# 0 and v (\8\)
UL~ X UL, 41, 2L, M,,)M,,\\

L %

IS broken! see talk by Patrick Huber.

 Amplitudes for
charged lepton flavor violation are untestably suppressed:

«— BR(p—ey) $107%

Al = 13) (MM )os o 0-24

* Most (neutrino mass) models also generate CLFV rates
unsuppressed by M that could be observable.
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Why look for CLFV?

* SM prediction: U(1),—, x U(1)L,+L,—2L.,1.€. nO LFV!
- Background-free searches, high sensitivity.
* Neutrino oscillations = LFV!

- M -induced CLFV tiny: CLFV Is complementary .

 New physics generically and easily gives testable CLFV.

— Predictions require fixed flavor structure (PMNS, CKM)
and new scale (g-2, LFUV in B, W-mass, DM,...).

Let’s study CLFV model-agnostically*

*assuming heavy new physics
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Standard Model Effective Field Theory

888 CLFV operators at d=6:

Cii . w5 Gi o o Cinm e e, Ciinm
A;z,aaﬂejHFﬁ /\2%' liHTDLH, /{2 OO0 /J\2

[Weinberg ‘79; Buchmduller & Wyler, ‘86; Grzadkowski++, ‘10; Fonseca, ‘17]
* Model-dependent coefficients; can get testable rates.

0 4;959m
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Standard Model Effective Field Theory

* 888 CLFV operators at d=6:

Ci

A gico_aﬁngFa

Cii
A2

L eyl HIDH,

CUnm
A2 A2 i

Uil lm

[Weinberg 79; Buchmiuller & Wyler, ‘86; Grzadkowski++, ‘10; Fonseca, ‘17]
* Model-dependent coefficients; can get testable rates.

B Z->uc Ay —>cce MECRu—-¢) M u—ey
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[Calibbi, Marcano, Roy, 2107.10273]



Standard Model Effective Field Theory

* 888 CLFV operators at d;ﬁ:

Ci; Ci; C;
O e raaHF™ , e HID,H, Sim ey, Sinm
[Weinberg ‘79; Buchmiller & Wyler, ‘86; Grzadkowski++, ‘10; Fonseca, ‘17]

* Model-dependent coefficients; can get testable rates.

Kicquﬁqm

BN 7 ->7c BET>eec HlT euu

 / c Hm cc Wl CR e) mm e
=k He=% (ﬂ_)) Sl E7T-opc T2 AT CY

"Che=1 - " C.=1
10%g E 100 E

[Calibbi, Marcano, Roy, 2107.10273]

—_
o
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Standard Model Effective Field Theory

888 CLFV operators at d=6:
Ci Ci Ci Ci
' apf 1 o T Unm ijnm
/\2€,C sliHF /\2€'C ¢(;H'DH, Ve A2
[Weinberg ‘79; Buchmduller & Wyler, ‘86; Grzadkowski++, ‘10; Fonseca, ‘17]
* Model-dependent coefficients; can get testable rates.

M Mn{; I 4405 Am

= b — Ll On: (L —> €EB, T — €EE, eliE, [IJIE, .

— L€ : ALH = 2 = Muonium-antimuonium conversion
[Conlin & Petrov, 2005.10276; Fukuyama, Mimura, Uesaka, 2108.10736; ...]

[(T — pvv)
[(T — evv)

- TTH, ... :AL =2, partly constrained by LFUV
but right-handed ones are tough:

BR(Z — mTrTRERER) =~ 4 x 1071 (100 GeV /A)*
[JH & Sokhashvili, 2401.09580]
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Standard Model Effective Field Theory

e 888 CLFV operators at d=6:

Cij

1 gc

G

* Model-dependent coefficients; can get testable rates.

A [TeV]

1000

100

0.1

O'a[géjH

" N\2 i
[Weinberg ‘79; Buchmiller & Wyler, ‘86; Grzadkowski++, ‘10; Fonseca, ‘17]

[e7a I—u 62’70‘(}3//\2

eusb

future

current

Z—pne

u—eee [

CR(p—e) |

Bt -K*pue

B’ K*'ne

Bs—o¢ue

Bs—ue

Fos | Sl ge “f;H'D,H,

10 f

A [TeV]

0.1

Z—ut
ToNY

Ci; Ci;
/U\r;m €C€ chm : /U\Zn@ff q qp‘,
E,u/)/a I—T 627aQ3/A2
Tsb g
S
(Q\
—
&
:
=
& &
Loy
+T OT
m o

T

T—uee [N

Ty [

Topu [

Bs—tu




[Calibbi++, 2207.10913]

e 888 CLFV operators at d=6:
Ci'nm Cn /C Ci'n C C

Cij
[Weinberg ‘79; Buchmiller & Wyler, ‘86; Grzadkowski++, ‘10; Fonseca, ‘17]

Standard Model Effective Field Theory
1 e
* Model-dependent coefficients; can get testable rates.
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[Calibbi++, 2207.10913]

Standard Model Effective Field Theory

e 888 CLFV operators at d=6:
Cijnm Cijn
¥: Uil b A2
[Weinberg ‘79; Buchmiller & Wyler, ‘86; Grzadkowski++, ‘10; Fonseca, ‘17]
* Model-dependent coefficients; can get testable rates.

e

1|l —BRW/w-er)=10""
[l ===BR(J/y—»er)=10""12

- . —BR(J/y—er)=10"1°
107" P 4107
-~ g i
o
¢ 102
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1073
future
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Difficult

to get

J/VW —er
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10°

with these
two
operators.

See talk by
Xudong Yu.
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Standard Model Effective Field Theory

888 CLFV operators at d=6:

C'J ¢ af C'J C a Cunm Cyp /C Cunm
Azz, slHF /\2€' (HTDLH, Y OO v

[Weinberg ‘79; Buchmduller & Wyler, ‘86; Grzadkowski++, ‘10; Fonseca, ‘17]
* Model-dependent coefficients; can get testable rates:

C— 0~ 0 =000 u—econv., Z— 60, had — 00, ...

« Not all constrained, e.g. AL = 2. [3H & Sokhashvili, 2401.09580]

———4;4;9,0m

» CLFV even sensitive to some d=8 operators, e.g. L,Heg GG
[Petrov & Zhuridov, ‘14; Davidson++ 2007.09612; Ardu & Davidson ‘21] A4 '

* Not clear if / how U(1)L, -1, x U(1)_, 4L, -2, is broken, need
as many observations as possible.
[Lew & Volkas, 9410277; JH, 1610.07623]
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Standard Model Effective Field Theory

* 546 more CLFV operators at d=6:
1 2 3 4

%dUQLa n %QQQLQ n %QQU% n %duuza

* Violates lepton flavor but also baryon and lepton number!

« = proton decay! p— e+7TO, ,u+7ro, 2

with Super-K limits of t ~10**years or A ~ 10" GeV!

BEACH 24 Julian Heeck - LFV
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Standard Model Effective Field Theory

* 546 more CLFV operators at d=6:
1 2 3 4

%dUQLa n %QQQLQ n %QQU% n %duuza

* Violates lepton flavor but also baryon and lepton number!

« = proton decay! p— e+7TO, ,u+770, 2

with Super-K limits of t ~10**years or A ~ 10" GeV!

e What about 7~ — p7°, pn ?
— Best-case scenario: y* =y =0 and y° = y*

b 10~ s,
T(p — Nt v;) >~ 100 yr | BRI 557 | y y
N -~ _J/ /

/7
Only old inclusive limits CLEO ‘99 T, _
[JH & Takhistov, PRD “20], : I p——K— s
could easily be improved by Super-K! [JH & Watkins, 2405.18478]

BEACH 24 17



AB = — AL_= 1 operators

d=7 operator: dssHL, o 7=~ + ... ”
No neutrinos, two s gquarks. KT i .
Two-body tau decays but y / [9 K
five-body nucleon decays! - ~ T

//
Off-shell Tand K, double  p ——k > =5 4,
suppression by G_.

—8
T(p = KrpTy,n7 v, ) ~ O(10%%) yr <BR(1TO_E7T))
|—> AV

[JH & Watkins, 2405.18478] Lo N
AB tau decays most competitive in hyperon channels.

New channels for Super-K & Belle Il

BEACH '24 Julian Heeck - LFV 18



How about /ight new particles?

SMEFT only works for heavy new patrticles!

Light new particles X give new signhatures:

U-seXort-{X,
maybe followed
by (displaced)
X8, yy?

[JH & Rodejohann, PLB ‘18;
Cheung++, JHEP ‘21]

Mu3e and Belle I
can improve limits,
maybe others too?

[i Tormo++, PRD ‘11;
Uesaka, PRD ‘20;
Knapen++, 2311.17915]

10" e . S
- 1Cyi;1=1Cy 1= 3
100 — 2 .
B MEGII-fwd (F=1) £
: T
.; ¢ § =
- \ =
L |I é)
1 8:_ RG _3) —
0 B WD cooling ;,l‘ i Belle-Il E
i cooling SN1987A,, __% 1
10" ko =
B SN1987Ace .
| ARGUS -
0% | o
[Calibbi, Redigolo, Ziegler, Zupan, JHEP ‘21] I
105 R e e LN Lol
102 103 10% 10° 10° 10’ 108 10°
m, [eV]

Active research area with new ideas
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Summary

Charged LFV gives info complementary to v oscillations.
Generically predicted by BSM, could be around the corner.
Huge complementarity landscape, can’t just rely on y - ey.
Good limits on most d=6 LFV SMEFT coefficients.

Many channels still unexplored!

Light new physics opens new avenues.
Hope for sign in Mu3e, MEG I, Belle II, Mu2e, LHC(b),...

Explore every corner of our lamppost!
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LFV Timelines

2023 2025 2030 2035 2040

MEG-II data 4e14 | i |

pr—>ety
Mu3e  const. phase | phasell | 2e-16 i i

| | | | | preteet
woze const [ERGRGNN NGRS s | B o
comer | const [NNpRASEINNY  [NBRASEH oe-17 i |
Mu2e-Il E E R&D constn.%ction — 8e-18 E
AMF R&D construction _"“ 8e-20

[Artuso, Bernstein, Petrov, Snowmass 2021 Rare and Precision Frontier Report, 2210.04765]

Large Hadron Collider (LHC) High Luminosity LHC (HL-LHC)
LHCb 9 fb-1 — Upgrade | 35 fb-1 — Upgrade Ib 50 fb-1 ———  Upgrade I 300 fb-1 —p
ATLAS/CMS 190 fb-1 4 450 fb-1 —f Phase-2 Upgrade 3 ab-! ——p
|2017] 2018|2019 2020 2021 | 2022 2023 | 2024] 2025 | 2026 | 2027 2028 | 2029] 2030 2031 | 2032 2033 | 2034] 2035 2039]
Belle Il 430 fb-1 —i 7 ab-1 ——] Upgrade(s) 50 ab-1 ——p
I T .
SuperKEKB
5fb-1@Vs=3.773GeV | 20 fb-' @s =3.773 GeV —|
BESIII 3 fb-1 @ Vs = 4.178 GeV 6 fb-1 @ Vs = 4.178 GeV | >
3fb-1 @ Vs = 4.64 GeV Upgrade(s) 5fb-' @ Vs = 4.64 GeV
B [is] e
BEPCII 1ab-! @ s = 3.773 GeV
e 22
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[Banerjee++, 2203.14919]
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«CLEO
+ ATLAS
xCMS
+LHCb
vBaBar
s Belle

= Belle Il
wHL-LHC
+STCF
2 FCC
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