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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)LM—LT X U(l)Lu—I-LT—2Le°

\- J/
V

= Lepton flavor conservation

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

Four conservation laws predicted by SM
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[JH, 1610.07623]

CLFV = breaking of U(1)L, ., x U(1)L,+L, —2L.
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CLFV = breaking of U(1)i, 1. x U(1)L,+L, a1 [JH, 1610.07623]
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(See talk by Ana Teixeira.)
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CLFV = breaking of U(1)L, . X U(1)L, 4L, 2L,

[JH, 1610.07623]
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Dimension 6 SMEFT operators [9H, 1610.07623]
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[JH, 1610.07623]

Impose U(1),,—, to make T eep dominant.
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Impose lepton triality Zs .

[Altarelli & Feruglio, NPB ‘06]

[JH, 1610.07623]
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Impose Z; under which e is odd. [JH, 1610.07623]
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Impose Z, under which p is odd. [JH, 1610.07623]
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Currently being probed: ©  Future: © [JH, 1610.07623]
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This talk: LFV by two units [JH, 1610.07623]
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Standard Model Effective Field Theory

888 CLFV operators at d=6:

C'J C af C'J C . T

2 — o0l HF ¥y — Uy H'DH A2 A2
[Weinberg ‘79; Buchmduller & Wyler, ‘86; Grzadkowski++, ‘10; Fonseca, ‘17]

* Model-dependent coefficients, easy to UV complete.

Ciinm Ci;
U5 095m
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Standard Model Effective Field Theory

888 CLFV operators at d=6:

C'J Cr af C'J C a T

/\2€, sliHF /\26, ¢(;H'DH, A2 A2 G
[Weinberg ‘79; Buchmduller & Wyler, ‘86; Grzadkowski++, ‘10; Fonseca, ‘17]

* Model-dependent coefficients, easy to UV complete.

Ciinm Ci;
S 005Gm , —oe

e Four-lepton operators can break lepton flavor by 2 units:

LD Z [y{%biédf/a Aj’aLb Ec'}’aLd

ab.c.d=e .1
—{_yabchﬂ,YﬂLb (} ’)/L‘Epd + yabcdpa’yﬂﬁb (}c 70:’{}(3} + h.c.

UV completions by neutral or doubly-charged bosons.

e 21 different operators; how do we look for them?
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AL =-AL,=2,AL =0

* Well-known scenario, 3 operators:

LDy Ly Le LYo Le + Yyiar e Ly Le £pvale + Ypeyebuy ™ le Luvale

e Contribute to muonium-antimuonium conversion:

T8 x 1077

b 4.27x 1077

LL RR LR |2 RR LR |2
+ ypepe o 1'68y,u,ep,e‘ + Gi" |yjuephe + yp,e,ue + 0'689‘,@6;;6‘

y
G%’ Hepe

[Conlin & Petrov, 2005.10276; Fukuyama, Mimura, Uesaka, 2108.10736; ...]

* MACS@PSI ‘99: P < 8x10*, improve e.g. at MACE. [2203.11406]

[APS, Physics 15, s9]
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AL =-AL =2,AL_=0
v e T
* Well-known scenario, 3 operators:

LD Yyere Ly Le LYo Le + Yyene L™ Le Luvale + YyepeluY e Luvale

e Contribute to muonium-antimuonium conversion:

N 7.58 % 10—7‘ LI ‘2 4.27 % 10_7 IL

R . , RR Q. LR |2
P~ G%’ y,ue,ue + yﬁie o 168‘9’5;8 G%’ |y,u,epe + y,u,epe + 0683]

pepe

[Conlin & Petrov, 2005.10276; Fukuyama, Mimura, Uesaka, 2108.10736; ...]

* MACS@PSI ‘99: P < 8x10™*, improve e.g. at MACE. [2203.11406]
* Probes only 2 linear combinations of the 3 couplings:

il + yER | < (29TeV)™? & [y R | < (3.4TeV)™2

e yiL — B is unconstrained, comes from jiyaeiv®yse .

BLV 24 Julian Heeck - LFV by 2 17
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LDy

Ypepe —

AL =-AL,=2,AL =0

* Well-known scenario, 3 operators:

Y Ly Le LYo Le + Yt o Ly  Le Lyvale + Ypot oy

e e pepe

€e gpf)/ozee

JLELLE

yiot . IS unconstrained, comes from jiae iy yse .

« Also contributes to p conversion, but G_ suppressed.

* RG

E mixing?

BLV 24

Julian Heeck -

[Conlin & Petrov, 2005.10276]

LR YeYp ( LL RR
J,Lw,ur-' — 16?’!’2 (J,Lw,u,r-' J,Lw,ur-')
H_I
10—11
Too small...
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AL =-AL =2,AL_=0
v e T
* Well-known scenario, 3 operators:

LD Yyere Ly Le LYo Le + Yyene L™ Le Luvale + YyepeluY e Luvale

* yilh. -yl is unconstrained, comes from pyae gy yse.

« Also contributes to p conversion, but G_ suppressed.

e Operator contains neutrinos: contributes to y decay!
- No interference, but same electron spectrum:

- 2yl .
N — evp)=TM [ 1 4 22K s

— Lepton universality I'(i — evv)/T'(t — pv) gives limit

oLL o RR —2 [HFLAV, PDG]
Ypene = Yepel < (0.74TeV) [Belle I, 2405.14625]
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AL,=2,AL =AL =-1

Easiest scenario, 4 operators:

ﬁ D1 J,LLFTFL#’}/&LG LTA?/FEL + 1 J‘LLFTFL,U',}/&.LE E‘r’}/nff

+ 1 JTFJLL{?LT'}/QL [,u'}/nf + 1 J,urﬂ?{#f}/ Le {Tf}/ﬂ[

2 2 2 RR |2

2+ |ypliel® + lyrliel? + [y |?)
153673

All coefficients < (10TeV)™* from Belle, [Belle, 1001.3221]

to be improved with Belle Il to (29.0 TeV) . [Banerjee, 2209.11639]

Analogous for the four AL, =2,AL =AL_ = -1 operators:
T = ptute” gives coefficient limits (8.8 Tev) 2.

m? (lyis.

Leadsto 7+ — etefpu: '~

AL _= 1is easy due to clean tau decays
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=-AL =2
Difficult scenario, 3 operators:
LD Yrere Loy Le LivaLe + Yrere LrY* Le bryale + yRR 0y le Coryale
No tauonium conversion to look for.

Left-handed operators: contribution to tau decay.

T I\%I\I (1 |2JTFT€|2 |JT€TF|2)
T—rEeny T e s
~ (2V/2GF)?

Flavor universality: [2ure: .|, [yrere] < (0.67 TeV)™?

Right-handed operator?

— BR(r™ = e e {Tuyiy)
RR

~1E Yy
~ 82 10 15 TETE :
" (0.1 TeV)2

- CLEO: |y2E | < (0.5GeV) ™2 [PRL ‘96]
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=-AL =2

* Difficult scenario, 3 operators: -
ﬁ D) yfﬁicf”r’yﬂl’ﬂ ETWG'LE + y,i_ﬁﬂqu-’}/&'[/ﬁ z""f}/“—’!“ —j—yf{ﬁpﬂ_f}/“[‘{? {TT
» No tauonium conversion to look for. -

ale

* Left-handed operators: contribution to tau decay.

T - I\SN[ (1 |2yﬂ%{£}r‘ﬁ . + |y£{£"{?|2)
—evy — )
T c€r'l T— ey (2\/§GF)2
L L LR

* Flavor universality: [2yre;cl, [yrere| < (0.67TeV) ™2

* Right-handed operator?

yRI 2 )

- BR(Z — t57%eTeT) ~4.18 x 10~ (01,}‘;‘;‘;)_2 T
- Z width: [yE2.| < (1.2GeV)™? 7 -
— Z factory reach: [yE%,| < (250 GeV) ™2 s
4

Similar for other AL_= 2 operators.

~



Summ ary [JH & M. Sokhashvili, 2401.09580]

Wilson coefficient Upper limit Process Violated quantum numbers
Iyl + yiilk | (3.2TeV)~? [90% C.L.] |Mu-to-Mu AL, =—-AL, =2

lyEE | (3.8TeV)~™2 [90% C.L.] |Mu-to-Mu AL, = —AL, =2

Iyl e —yfo.| (0.74TeV)™2 [95% C.L.]|T'(n — evd) /T (1 — pwo)|AL, = —AL. = 2

12yEL |, lyEE. | (0.67TeV)™? [95% C.L.]|T'(7 — evi)/T(T — pwvi) |AL; = —AL. = 2

lyRE . (1.2GeV)™2 [95% C.L.] |Z — t515eTeT AL, = -AL, =2

12yEE | lyER (0.63TeV)™? [95% C.L.]|T'(7 — pwi)/T (1 — ev) |AL; = —AL, =2

lyEE (1.2GeV)™2? [95%C.L.] |Z — 75rEuFu® NN =N —t0

lyEh |, lyiE (0.60 TeV)~2 [95% C.L.]|T'(t — evi)/T'(n — evv) |AL; = —2AL, = —2AL. =2
lyEk (0.55 TeV)~™? [95% C.L.]|T(7 — evi) /T (1 — pvv)|AL; = —2AL, = —2AL. =2
lyZE (1GeV)™? [95% C.L.] |Z — 75r%eTpuT AL, = —2AL, = —2AL. =2
Iyl |yl |lyES e, |yfiE. | |(10TeV)™2 [90% C.L.] |7 — fiee AL. = —2AL, = —2AL, =2
lWEL | lER L IWER ), IyEE|[(8.8 TeV)™2 [90% C.L.] |7 — éup AL, = —2AL, = —2AL. =2

« The 21 d=6 SMEFT CLFV ops with AL_=2 often overlooked.
 Overall less clean than AL =1, but good/relevant limits for 18.

« The 3 right-right AL =2 ops need Z factory or u collider.

CLFV not always as clean as we think!
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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 25
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90% C.L. upper limits on LFV t decays
3

—
<
[de}

10—10

LFV In tau sector

|
<

|

[ ]
= o* " cee g, *, o, P E
= ° =
— ® =
i P ] N @ ° ° ® .
K * ...... o L ® —
== [ —
= +/3
Es
: v v "T b  J ¥ v + :
Y e B " . - LA T g Lk
=1 v |
E‘ A l‘ - “ X A x A ‘l v & E
— v A A v e A -
=8 L. E &R iy 1" . ““ Ya o A il
= Aa M T N N A A —
A A Ay A A
o ‘ —
— B =
- B .
. <+
=5 ...." " - g = L - . - - “NE
54 - - m 5 = - 0 g - ] =
= @ a 3 LI | & 2 [ | =
— w . u " = m N - -
L B - =
R I 1 ) e ) A v I O v
m.&..&.c:r.:ag&mbﬂt:fblhﬂ?hﬁ;mQ‘Qaskk&‘/k&ammqq_iw “"*’t*‘fh‘#»‘-k‘k’&”&-‘”rf?éckkk;\'?b:q&;&' &
X DRHD B RO BI N L i B EE R Ul L L P e el b A W
P30 3 X Loy o3 ww_:tq_:iwh-eﬁ-ak—.\{-kkgggﬂaﬁﬁﬁ;\c:\: (5] fé’é’éga.{f

[Banerjee++, 2203.14919]
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vBaBar
s Belle

= Belle Il
wHL-LHC
+STCF
2 FCC
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Currently being probed: ©  Future: © [JH, 1610.07623]
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SRR

Belle I, but d=10 operator!
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T - Juypyee?

Impose LH+4Le—5LT to H

forbid all other LFV. _ /

Experimentally clean, but <80 < #
rate is suppressed: S9N\

12
—10 ( 30 GeV —
BR ~ 10710 (360 7 (H) ~ 3 < p

QM

X

Secretly dimension 10 operator.

. R ~ [JH, M. Sokhashvili,
Better constraints on S from Z - SS etc.” Thapa, in progress|

Requires full models
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