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Outline

A small (personal) selection of new physics (NP)
that can be searched for at tau-charm energies:

o Charged Lepton Flavour Violation (CLFV)
e Tests of Lepton Flavour Universality (LFU)

. Light dark matter/dark sectors
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Charged Lepton Flavour Violation




Motivation

In the SM, electroweak interactions are lepton flavour universal
and (with massless neutrinos) lepton flavour conserving

Neutrino masses/oscillations <— /E e, /L/'u, /ET

Lepton family numbers are not conserved: why not charged
lepton flavour violation (CLFV): u — ey, 7 — puy, p — eee, etc.?

In the SM + neutrino masses, CLFV <Am,,>4 1018
rates suppressed by a factor My )

CLFV: clear signal of New Physics, stringent test of NP physics

coupling to leptons, probe of scales way beyond the LHC reach
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CLFV has been sought for more than 70 years...
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Belle II prospects for tau LFV

Belle II Snowmass, arXiv:2207.06307
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not a problem at tau-charm factories!
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LFV quarkonium decays

LFVQD Present bounds on BR (90% CL)
J/ — ep 4.5 x 1072 BESIII (2022) [16]
T(1S) —wen 3.6 x 1077 Belle (2022) 17]
T(1S) — ey 4.2 x 1077 Belle (2022) 17]
T/ — er 7.5 % 10-° BESIII (2021) [18
YT(1S) —wer  24x107% Belle (2022) 17]
T(1S) — ety 6.5x107% Belle (2022) [17]
T(2S) w er  3.2x10°% BaBar (2010) [19)
T(3S) —er  4.2x107% BaBar (2010) [19
J/p — ut 2.0 x 107% BES (2004) 20
YT(1S) = ur 2.6 x 1075 Belle (2022) 17]
YT(1S) — uty 6.1 x107% Belle (2022) 17]
T(2S) = ur 3.3 x10°% BaBar (2010)  [19)
T(35) — ur  3.1x 10 BaBar (2010) [19

Table 1: Present 90% CL upper limits on vector quarkonium LFV decays. No limit is currently
available for LFV decays of (pseudo)scalar or other vector resonances.

BESIII continues taking data, a high-lumi Super Tau-Charm Factory (STCF)
is being discussed with c.o.m. E ~2-7 GeV that could produce ~1013 J /9

(x1000 current BESIII), Belle II will collect x50-100 the data of Belle/BaBar
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What can we learn from these processes?

e In principle, ideal modes to test 2g2¢ operators involving heavy quarks

(that could stem e.g. from by Z°/LQs with MFV-like couplings)

e Searches for radiative modes and decays of (pseudo)scalar resonances
would be sensitive to different LEFT operators than the vector ones

 The question is: can we find new physics searching for these modes?

 Tau/mu processes unavoidably induced: strong indirect constraints:

Effect summarised by the RGE running of the LEFT operators
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Indirect constraints on quarkonium LFV

V.LL 7 V,RR /7
£2q2€ — Ceq prst ( p” PLE )(QS’YMPL%) + C eq,prst (KP/YMPRK )(QS’YMPRQt)
V.LR /5, LR
Ceq,prst ( pY PLE )(QS/Y/LPRQt) + qu prst (QP’Y,U/PLQT>< s7Y PRBt)
LEFT 2921 ops: < SRR ) .
+ [Oeq, prst (E Prl, )( SPLQt) + Ceq prst (KPPRKT)(QSPR%) 1ng].e OperatOI’
0 117 at u= -
T CTﬁﬁt (lpopw Prly)(Gs0"” Prar) + h-C-} ; K [qq
0 . St ‘ ; . Indirect upper limits on BR
erator rongest constrain

P § Y W(28) — 00

Coalee 1 e, Au [1.6-0.07] x10°15  [2.8 - 0.2]‘>‘<’10—/16

ColE . 1 — e, Au [1.5-0.07] x1071%  [2.8-0.2] x 10716

Ceripicce w— ey 3.4-05] x 1072 [7.8-1.4] x 1022

Cer e ©— ey 2.6 - 2.5] x1072¢ 6.3 - 0.5] x10~%7

Coilkee T — pe 6.6 - 0.1] x 107 1.2 - 0.05] x 1072

Coli. T — pe 6.5 - 0.1] x 10° 1.2 - 0.04] x 1072

CLtt, T — ey [1.2-0.05] x 10712 [2.3-0.2] x 1013

Cor re T — ey 1.7 - 1.6] x10718 4.7 - 3.5] x1071Y

Ceiec T = pH [4.5 - 0.09] x 107 7.9 - 0.3] x 10710

Ceiirpee T [4.4-0.09] x1079  [7.9- 0.3] x 1010

CLin T =y [1.6 - 0.07] x 10712 [2.9-0.3] x 1013

Cory T =y 2.2 - 2.1] x10718 6.1 - 4.5] x10719

V,RR ~V,LR ~T,RR
The operators C,; ;7o Cul ceijs Ceu ice and Cen j; lead, respec-

V,LR T,RR

eu,tjcc’ ~eu,ijcc

(a) Vector and tensor operators.

: V,LL
tively, to the same results as C, ..,

LC Li Marcano Schmidt '22
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Indirect constraints on quarkonium LFV

Logos

LEFT 2qg21 ops:

= Ol (" Pl (G@svuPray) + Clooty (6" Prby) (@57 Pra)
+ CV;PTSt <_ Y PLE )(qS/yMPRQt) + qu pfst (Qp’YMPLQTﬂgS’VMPREt)
+ [CS’RL (6o Prl,)(GsPrar) + Copintey (€ Pre:) (G5 Prar)

eq,prst eq,prst

+ Ceq }pzit (£p0 s Pre;) (350" PRat) + h-C-} ;

Indirect upper limits on BR

Operator Str. const.
P Y Y Xeo(1LP) — €
Coulf. p—e Au [15-14] x10721  [2.0-1.9] x10°2  [3.4-3.2] x10719

Coltt. p—e Au [15-14 x10721  [2.0-1.9] x1072  [3.4-3.2] x1071
CoRE, T ey [1.7-0.003] x10710  [6.8-0.01] x 107 [1.5-0.003] x 1077
Colit, ey [20-0.09] x10710  [9.2-04] x107°  [1.3-0.08] x 107
ColEE . Ty [2.2-0.004] x 10710 [8.7-0.02] x 1070  [1.9- 0.003] x 1077
CoiE . Ty [26-01] x10710  [1.2-0.05] x 1078 [1.7-0.1] x 1077

(b) Scalar operators.

We find similar limits for ¥ (25) — £¢'~, about a factor of 4 (2) stronger for the

pe (7¢) channels. See text for details on how the indirect upper limits have been estimated.

LC Li Marcano Schmidt '22
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Indirect constraints on quarkonium LFV

V,.LL /5 7 _
£2q2€ — Ceq’ prst ( p7 "Pre, )(QS’YMPL%) + C‘f]]f;?}jst (KPVMPRET)(qS,YMPRQt)

V.L _ _
+ C ,prst ( pY PLE (QS/Y,MPth) + C eprst (QP’Y,U/PLQT><€8,YMPR£15)

)
LEFT 2921 ops: (0p Prty) (35 Prar) + C2ER (8,Prt,) (@5 Prar)

S.RL
+ [Oeq prst
T,RR [y, _
+ C eq,prst (KPO_MVPRE )(QSO-LWPR%) + h.c. ,

0O ¢ gt ‘ Indirect upper limits on BR

perator r. const. . / /

T(15) — &/ T(25) — ¢ T(35) — &/

Coivew  m—e, Au [L1-0.08] x10712 [9.9-0.8] x 107 [1.1-0.1] x 107"
Coivty  m—e, Au [1L1-0.08] x10712 [9.9-0.8] x 107 [1.1-0.1] x 107"
Coirn p—ey  [47-07 x10710  [4.3-0.7 x1071°  [4.8-0.9] x 10719

Cler e = ey 1.6 x 1072 1.5 x 1072 1.6 x 1072
oVl T = pe 1-02] x1076  [2.8-02] x1076  [3.0-0.3] x 10~

ed,Tebb
Coices T = pe 1-02] x1076  [2.8-0.2] x107®  [3.0-0.3] x10~5
Coitts T—ey  [4.0-06] x1071  [37-06] x10 T [4.1-0.8] x 10~

Cer,re T ey 1.4 x 10717 1.3 x 10717 1.4 x 10717
Codirm TSP 21-0.2] x107%  [1.9-0.2] x107¢  [2.1-0.2] x 1076
Cort T — pp 0.2l x1076  [1.9-0.3] x107¢  [2.1-0.2] x 10=6
Coimits Ty [52-07] x1071 [4.8-0.7] x 1007 [5.3-0.9] x 1071

Cev,ru T = Y 1.8 x 10717 1.6 x 10717 1.8 x 10717

T.RR
C

(a) Vector and tensor operators. The operators cVEE - oV.LE ed. jibb and Ce j; lead, respectively

ed,ijbb?’ ~de,bbij”’
V,LL V,LR T,RR
C C C

to the same results as Cj 7y Cogiipy: Ced ijop @0d Cer 45

LC Li Marcano Schmidt '22
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https://arxiv.org/abs/2207.10913

LFV in the SM effective field theory

| 1
. - = 5)OBG) . — 6)()(6)
If NP scale A»mw : £ = Loy + 5 Ea CRP + 13 Ea CLIQ0) ... .

Dimension-6 effective operators that can induce CLFV

4-leptons operators Dipole operators
Qe (LeyuLr)(Loy*Lyr) Qew (Lro""er)T1®W,y,
Qee (€ryuer)(€rY"er) QeB (Lro""er)®Buy
Qe (LryuLr)(ery"er)

@1 2-quark o@

QLY (LynLo)(Qiy" QL) Qtu (LryuLr)(ary"ur)
Quy (LeyurrLo)(Qry" QL) Qeu (ervuer) TRy ur)
Qeq (ery"er)(QryuQr) Qredq (Lier)(drQ1)
Qua (Levule)(dry"dr) Qbenn (L er)ean(QY ur)
Qed (eryuer)(dry"dr) Q) (Liouwer)ear(QL o™ ur)

Lepton-Higgs operators

v (®1i D, ®)(Lry* L) @) (@i D! ®)(Lpry"L1)

<>

Qae (®%i D, ®)(erv"er) Qeas (LLer®)(®T®)

Grzadkowski et al. ’10; Crivellin Najjari Rosiek ‘13
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SMEFT analysis

SMEFT running and SMEFT/LEFT matching induce stronger bounds:

C%) T€22
C;?q) 722
C{’u, T€22
Crd, re22
qu, 22 1e

Ceu, 7622

Ced, T€22

|||1|(?—2 T T |||||1|(‘)—‘1 T T |||||I"] |||10
m J/y—>erT mm T o eee mm ToOEUL W T o pe
mTo1€ mZ-oerT mT-oey
P
11
o
[
L
L
|
\
III‘ IIIII‘ | | IIIIII‘ [
102 107" 1 10
A[TeV]

(1)
C(’q, 7e33

(3)
C{’q, 733
C(’u, 7e33
Crd, re33
qu, 3371e

Ceu, 7€33

Ced, 7e33

\\\1\0‘_2 I I [

10" 1 1
\\H‘ I \\\\\H‘ I T T T TTT

m Y(1S)»er mm 7> cee mm ToEUl W T > pe

m T > 7e m/->erT mT-oey

(1

Lol Ll Ll ! \\\\P

10-" 1

A[TeV]

0

Z LEV

A

0,100,100)x
resent limit

0

1
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https://arxiv.org/abs/2207.10913

SMEFT analysis

Flat directions are possible along which all indirect constraint vanish:

: LC Li Marcano Schmidt '22 1
T ‘ rrrTTT ‘ rrrTTT ‘ rrrTTT ‘ JF ‘ P ‘ rorT T ‘ rorT T ‘ iy -
i A=1TeV
10-1- V—BR(Y(1S)—>eT):1O_9 ‘
- — —-BR(Y(1S)—»er)=10""" [¢
— - —BR(Y(1S)>er)=10"1 |
()
&
81072
O
1073
~1 ~10~" ~1072 -1073 1073 1072 10~ 1

qu, 33 7e qu, 33 1e

(similar situation for operators involving LH leptonic currents)
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https://arxiv.org/abs/2207.10913

SMEFT analysis

That’s not the case for charmonium decays:

~1 ~101 ~1072 -1073
qu, 22 e

1073 1072
qu, 22 te

10~1

LC Li Marcano Schmidt '22

1:“‘ “’?\‘ e ‘ rrrTTTe ‘ rrrmTTd ‘ rrrTTT ‘ rrrTTT ‘ “““‘:1

: N 1T ~ A=1TeV |

O\ R oo i —srumoen =10 -
_ NN mmrope |I|-—-BRUy-er)=10""
10-1 \ ~ o mm 7 - er — - =BR(J/Yy—er)=10""1°

—510_1
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https://arxiv.org/abs/2207.10913

Quarkonium LFV: Summary

Searches for quarkonium LFV decays not sensitive to u-e LFV due

to strong indirect constraints (large widths penalise quarkonia)

In the most optimistic case, charmonium LFV rates are 1-2 orders
below current BESIII bounds (partially within STFC sensitivity)

Indirect bounds on bottomonium LFV are at the level of present
B-factory limits

SMEFT RGEs makes indirect bounds more important (especially
for ops involving tops) — ~1000x increase of sensitivity needed

Flat directions are possible that only Y LFV decays could probe
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Lepton Flavour Universality




B-physics LFU anomalies

Gauge interactions are flavour blind: the SM predicts
Lepton Flavour Universality (LFU) EW interactions

—> any deviation from LFU would be a clear indication of NP

Example: LFU tests in semileptonic (charged-current) B decays

Ry = y—
DY = BR(B = D@y’ O H

g\ 0.4 B ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] | b C
8 B m sz = 1.0 contours
- B Prelim. 2023 i
- BaBar12 — 1%,% /
0.35 [ Bellel5 .
0.3 . 1 N — .
C LHOR3 LHCb22 - SM diagram ”
0.25 b Belleld =
L e T ] ~ 30 away from SM
0o F ‘j’}e“e” FR e World Average, -
A HFLAV SM Predicti JHEP 1712 (2017) 060 =0. T 0029 . = : (0]
- RO)=028 20004 LS00 NG R(D¥) = 0284 £ 0013, - (would requires a 15-20%
. RD%=0254£0005 Lo 2 0001 P03 - enhancement wrt the SM)
B | ] I | PFDll()Sl (2922I 03:1503 L |X| : 1 |0 ] ]

02 025 03 035 04 045 05 055
R(D)
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Constraints on B LFU from tau LFU

New physics inducing operators involving mainly 37 family fermions

Ops with only 3rd family: Qé;) = (L3v"L3)(Q37,Q3) , Qéz) = (Ew“T;Ls)(Qwﬂng

1.0 1.0

0.6
& ;
3
m Faiat el i 1
2% nje 1 0.4 v pfe -
B LFV 7 decays B LFV 7 decays
W Z-pole observables » Z-pole observables |
m R/H ] 0.2 -
m Al 1
0.0 NSRS ' ‘ ' ‘ ‘ 0.0 - . I
100 105 110 115 120 125 130 135 1.40 100 105 110 115 120 125 130 135  1.40
4 (s 4
RD(*) RD(*)

T t T ;
W . BR(T — (vv)
' BR(u — evi)

v b 4 14

Feruglio Paradisi Pattori ’16, 17
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LFU tests in tau decays

W
e _
Ve
/\ phase-space
Ju i _ BR(7 — o) f(mZ/m2) Ry factors radiati.ve
e B BR(1 — evv) f(m/%/mg) RW 7 /‘ corrections

(g_T>2 7 (mu)5@7 — LypDf (m?/m};) RiZ RY (0= e )

ge) “Co\@m) BR(u— evw) f(mi/m2) RiLR;
Currently LFU tested with per mil level precision:

Ju
Je

) — 1.0009 & 0.0014 , (g—T> — 1.0027 £ 0.0014, <9i> — 1.0019 & 0.0014

HFLAV "22: (
Je Ju

| error budget: 1.1%o0 from BRs, 0.9%o0 from Tf,@o fro@

BESIII
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https://arxiv.org/abs/2206.07501

LFU tests in D decays

If violation LFU is confirmed, we expect it to occur in the charm sector too!

I'(Dy — Tv) s,  I'(D — muv)

i) = (D) — pv)’ D' = ['(D — mwev)
2 2\ 2
SM & m% mp,, — Mz
=5\ 7 |~ 2.67(D), 9.74 (Dy)
1Y D s 1Y
Observable Current value Current BESIII Projected BESIII Projected Belle 11
Br(D — pv)  (3.77+£0.17) x 1074 4.5% 1.9% ® 1.3% — 2.3%  3.0% ® 1.8% — 3.5%
Br(D — 7v) (1.2040.27) x 1073 22.4% 8% ® 5% — 9.4%  0.8% ® 1.8% — 2.0%
R’ 3.21 £0.77 24% 8% @® 5% — 9.4% —
Br(Dy — pv) (5.514+0.16) x 1077 2.9% 2.1% ®2.2% — 3.0% 0.6% ® 2.7% — 2.8%
Br(D; — 7v) (5.5240.24) x 1072 4.3% 1.6% @ 2.4% — 2.9% 0.3% & 1.0% — 1.0%
R, 10.2 £ 0.5* 4.7%* 2.6% @ 2.8% — 3.8% 0.9% & 3.2% — 3.3%

borrowed from S. Descotes-Genon
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LFU tests in D decays

If violation LFU is confirmed, we expect it to occur in the charm sector too!

P ~ T'(Dy — 1v) RSL — I'(D — wuv)
PO T T(Digy — ) ~ T(D — mev)
Adding NP contributions:
_4GFVCQ

Eeff —

vt ) PP - Y PLQ + €7 T PLyy - 67 PrQ
—I—E%Q ™) TO'/WPLI/T cot? PLQ ‘PLVT CPLQ ‘PLVT CPRQ

mpgm2/pGE Veal (1 _m )

+ h.c.

€p — ESR — €5,
m2 :
m-(mg + me

We can fix the coefficients to the best fit of the B charged-current anomalies

Br(Dg — 10:) = 7p, 1

&7 m2
Dq

and choose alflavour structure|to relate b —-c and ¢ —u

MFEV|: ARp. < O(107?), Anarchicall: ARp, = O(1—10)%

S. Descotes-Genon
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Light dark sectors




Motivation

Dark Matter exists! (About 27% of the energy of the universe)

Direct detection searches and LHC searches are giving
increasingly tight constraints on WIMP models

[t is the right time to consider also alternative paradigms,
e.g. axions, dark photons, light DM /light dark sectors etc.

Axion-like-particles (ALPs), often with flavour-violating couplings,
arise in any NP model with a spontaneously broken global U(1)
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Flavour-violating axion-like-particles

e (Pseudo) Nambu-Goldstone bosons are naturally light and interact
weakly with the SM (couplings suppressed by the U(1)-breaking scale)

 They can account for the observed DM (misalignment mechanism)

e Many well motivated scenarios (strong CP problem — PQ symmetry — axion,
neutrino masses — lepton number — majoron, fermion hierarchies — family
symmetry — familon, ...)

 Model-independently, the couplings to the SM fermions are of the form:

0,a -
Lapf = zl}a fi"(Chy, + Chip, )5

e Flavour-violating couplings can arise from loops or automatically if
fermions have non- universal U(1) charges (e.g. “axiflavon” 1612.08040)

—> 2-body flavour-violating decays into a long-lived/invisible ALP:
K —ma, D—ma, B - Ka, u—ea, 7 — pua, ...
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Lepton-flavour-violating invisible ALPs

oua
Lopr = 2f, [ (CFy, + Cip,15)

§ | | ||||||| | | ||||||| | | ||||||| | | ||||||| | | ||||||| | | ||||||| | | ||||||| =
E 1Cyi;1=1Cy; =1
10 - Mu3e—on|i%
107°F MEGII—fwd (F=100) 3 E
s MEGII-fwd (F=1) ~{_ future 1
100 :—"""----“-,“““““““““““““““-‘“" R bounds__
5 |z
O 10%F RG =i\ = E
— - Ui cooling 54 Belle-Il E
= i cooling ol i
= '_O_ |I .
107 = 34 =
) : SN1987Ace =
star cooling | ! ARGUS
10° i .
i 1m3
[ SN1987A,, st
105 1 1 ||||||| 1 1 ||||||| 1 1 ||||||| 1 | | | IIIII 1 |||||| 1 1 |||||||
102 10° 10% 10° 108 107 108 10°
LC Redigolo Ziegler Zupan '20 m, [eV]

If the ALP mass > m, only constraints come from 7 decays...
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https://arxiv.org/abs/2006.04795

Past search: 7 — ea, 7 — u a (invisible qj

e ARGUS 1995

Z. Phys. C 68, 25-28 (1995)

A search for the lepton-flavour violating decays
T — eq, T — UQ

ARGUS Collaboration

With 472 pb:

006 _‘ I L I T 1t | 1L ] T 7 1—[ EIL ] LI | i I I IR | T ]
I§ -0 T — ed i
2 0.05 :_- " > Ma -
i : :

0.04 [~ .
- . ]
o g
Q om b Z
T~ C i
~~~ C -
3 X i
= 0.02 - ~

0.01 F -
l*- -
g L B
m “r I |- | ) i l a1 I 11 I [ - ] )t |J S | I 11 1 l A |

0 0.2 0.4 0.6 0.8 H 1.2 .4 i.6
o Mass [GeV/c?]

BR(T — ea) < 2.7x107% (95% CL) F,.

= > 4.3 x10°% GeV,
BR(r — pa) <45x107° (95% CL) = F,, >3

3% 10° GeV.
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Present bounds: t—wea,t—ua

e NEW! Belle II, Phys.Rev.Lett. 130 (2023)

x10°°
55 _ Belle Il —— Observed UL . Expected UL + 1 std. dev.

JlLdt =62.8 fb™ --- Expected UL Expected UL * 2 std. dev.
20

15|

10

BT - po)/B(T = n v,V

0 0.5 0.7 1 1.2 1.4 1.6

M, [GeV/c?]
me ~0, BR(T = pa) ~7x10"* BR(r = ea) ~9 x 10~*

Large room for improvement: can BESIII/STCF play a role here?
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https://arxiv.org/pdf/2212.03634.pdf

Flavour-violating axions/ALPs couplings to quarks

o,a
Lops = ﬁ fir"(Chy, + Crps).f;

vector coupling axial coupling

P, — P+ a (D%ﬂ'—l-a,) P —=Vs+4a (D%,O—FCL)

(because strong interactions conserve parity)

Decay sd e\ bd bs

BR(P, = P, + a) 7.3 x 10711 [89] No analysis 4.9 x 107 [90] 4.9 x 107 [90]
R(P; = Py + a)ecast No need 8.0 x 1070 [93] 2.3 x 107 [92] 7.1 x 107° [91]
R(P, - P, + vD) 1.4770:39 5 10710 [89] No analysis 0.8 x 107 [94] 1.6 x 107 [94]

BR(P, - V, +a) 3.8 x 107 [98] No analysis No analysis No analysis
R(P, = Vo4 a),en No need No data No data 53 x 107 [91]
R(P; = V, +up) 4.3 x 107 [98] analysi 2.8 x 107 [94] 2.7 x 107 [94]

No dedicated searches for D to axion decays

Recasting data from DT — 77 (— 7n7v) v (CLEO 2008):
BR(D" = n7a) < 8 x 107°

Martin Camalich at al. 2002.04623
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Flavour-violating axions/ALPs couplings to quarks

o,a
Lo = fit" (szf + szf V5) f;
2fa J J FV’A 2fa
fifi — VA
Fi [GEV] / szf]

1013 1012 101 1010 10° 108 107 106 10°

Efstimated improvement
from BESIII (20/1b)

| | | | Fe F]Iv F (prosp ) F |
10~ 103 104 103 102 10‘1 100 101!
m; et [€V] Martin Camalich at al. 2002.04623

What about flavour-conserving couplings? E.g. to charm and muon in
DY = utva or J/p — putu a
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Final message

Personal view about new physics searches at tau-charm energies:

J/1Y LFV rates seriously limited by indirect constraints (but it’s
important to keep searching for it: NP may evade our EFT approach)

Tests for LFU (e.g. in D decays) even more interesting than CLFV

Great potential for exploring light dark sectors in
semi-tnvisible decays of tau, D, J/¢ ... !
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Thanks!

il




Additional slides




Why are we interested in CLFV?

e Neutrinos oscillate — Lepton family numbers are not conserved!
(while they would be exact global symmetries, if neutrinos were massless)

 Neutrino mass eigenstates couple to charged leptons of different
flavours through the PMNS

~

e In the SM + massive neutrinos:

['(lo, — lp) SYe! 2
= — UarUj :
I'(by — Lgvv) 327 Z -

Cheng Li 77, ’80; Petcov 77

—> BR(yx — ey) ® BR(1 — ey) ~ BR(r — pvy) = 107%° + 1075

Large mixing, but huge suppression due to small neutrino masses

—> In presence of NP at the TeV we can expect large effects
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Why are we interested in CLFV?

e.g. SUSY

l, vy, gﬁ :> ly,

Borzumati Masiero ‘86;
Hisano et al. ‘95

2
F(goz — 657_) _ 3_04 Z UakUEk m’;k F(goz — 657) N ‘5045|2
F(éa — éﬂyy) 327 P— MW F(Z(Jz — KBVD) G%v m%USY

Y

« Unambiguous signal of New Physics
(beyond neutrino masses)

e Stringent test of any NP coupling to leptons

e Probe of scales far beyond the LHC reach

—> For a pedagogical introduction (exp + th) cf. LC and Signorelli ‘17
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https://inspirehep.net/files/ce85406a79c9b422b7c719ee342da72b

... and we have experiments!

LFV observable Present bounds __—Expected future limits
BR(u — ev) 4.2 x 10713 MEG (2016) [28] MEG II [29]
BR(u — eee) 1.0 x 10712  SINDRUM (1988) [30] u3e [31]
CR(p — e,Au) 7.0x 1073 SINDRUM II (2006) [32] -
CR(p — e, Al) - COMET /Mu2e [33, 34]
BR(Z — ep) 2.62 x 1077 ATLAS (2022) [35] 1078-10"1° FCC-ee/CEPC [36]
BR(T — €7) 3.3 x 1078 BaBar (2010) [37] 9x 1072  Belle IT [25, 3§]
BR(T — eee) 2.7 %1078  Belle (2010) [39] 4.7 % 10710 Belle II [25, 38]
BR(7 — epp) 2.7 %1078  Belle (2010) [39] 4.5 x 10710 Belle II [25, 38]
BR(7 — me) 8.0 x 1078  Belle (2007) [40] 7.3 x 10719 Belle II [25, 38]
BR(T — pe) 1.8 x 1078  Belle (2011) [41] 3.8 x 10719 Belle II [25, 38]
BR(Z — er) 5.0 x 1076 ATLAS (2021) [42] 10 FCC-ee/CEPC [36]
BR(7 — wy) 4.2 x 1078 Belle (2021) [43] 6.9 x 107°  Belle II |25, 38]
BR(T — ppp) 2.1 x 107%  Belle (2010) [39] 3.6 x 10719 Belle II [25, 3§]
BR(7 — pee) 1.8 x 10~8  Belle (2010) [39] 2.9 x 10710 Belle II [25, 38|
BR(T — ) 1.1 x 10-7 Babar (2006) [44] 7.1 x 10719 Belle II [25, 38]
BR(T — pp) 1.2 x 1078 Belle (2011) [41] 5.5 x 10719 Belle II [25, 38]
BR(Z — pr) 6.5 x 1076 ATLAS (2021) [42] 10=° FCC-ee/CEPC [36]
Table 2: Present 90% CL upper limits (95% CL for the Z decays) and future expected sensitivities
for the set of LF'V transitions relevant for our analysis.
searches for muon LFV will soon test new physics
up to scales of the order of 10’-10% GeV
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Probing very high-energy scales

_ 1 5y (5) , 1 6) (6)
ﬁ_LSM+X§a:cg QL +E§a:qg Q) <., .

|Ca| [A =1 TeV] A (TeV) [|Ca| = 1] CLFV Process
cee 2.1 x 10710 6.8 x 10* [ — ey
CLire P 1.8 x 10~* 75 i — ey [1-1oop]
GLETeeTR 1.0 x 1073 312 i — ey [1-1oop]
cee 4.0 x 107° 1.6 x 10 [ — eee
G 2.3 107" 207 1 — eee
3.3x10°° 174 I — eee
gre 5.2 x 10~° 1.4 x 10* g~ Au— e Au
G e 1.8 x 10°° 745 p~Au— e Au
Cey 9.2 x10°" 1.0 x 10° i~ Au— e Au
G 2.0:%10:° 707 L~ Au— e Au
c 2.7 x 107° 610 T — py
Oy 2.4 x 10~° 650 T —> ey
eLer 7.8 x 1073 11.3 T — [
G5 EntEr 1:1%2072 9.5 T — JLpL
Cet ce 9.2 x 102 10.4 T —y €ee
5 o 1.3 x 1072 8.8 T — eee
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Testing CLFV SMEFT operators

1 ) . Coq (— " —
Example: dipole and 4-fermion operators = (er v*ur) (Q7.Q)
109:14 1 1 1 Illlll 1 I llllllI I 1 rrrrirry .' I. . )
: 4-fermion coefficient C,
> L
8 L
= 10%:
< ;
) - ,?
o L Mu2e-Il [CR~6x1071%]  _..-
o fmrmimrm e ST ii«ﬁ"‘
8 F Mu2e /COMET :
.ol W '
S 10°; e E
% ) excluded :
= f
105_l| 1 1 1 IllllI 1 1 lIlIllI 1 1 Illllll 1 1 Illllll 1 1 lllllll_-
10° 10* 10° 10 107 1

A2

<H>€LO-MV/LRFMV\ /

dipole coefficient Cg,

Mu2e-II Snowmass, arXiv:2203.07569
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Indirect constraints from searches for LFV at the LHC

Many cc scatterings in pp collisions at the LHC

Parton-Parton Luminosities Dj-lepton invariant mass
].0 ; : . . . . ()] - I I I I I I T 1 I =
Angelescu et al. 2002.05684 | | 2 F ¢ Data -
~ : : : =13 T o 106|§—ATLAS . : —=
———— : Vs =13 | ev D E Vs=13TeV, 36.1 fb |:|¥g;t|553r¥+1ets =
e TR~ E e chame =z 3
: L —— LFVZ'1.5TeV -
= = RPV ¥_1.5 TeV =
3 ~--- QBHRS 1.5 TeV .
O1F o  xxOSS o NN 10 ?_ Uncertainty _§'
f\T E_ 7]
1072 N NN\ :
_ 1
- uu
— dd| | |
-3 S : : : N f R o)
1073 |— 5| SO\ T N —
« =
_ bb Q1
—4 . . . . ; N BT 0 T O A — 41
05203 0405 1 2 3 4 - . L ot
\/7 [T \/} 200 W 1000 2000
5 e
m,. [GeV
Search for LFV Z’ e [GeV]

ATLAS 1807.06573

LHC di-lepton tails constrain CC Z/L‘g j contact interactions up to A > 2-3 TeV
= Indirect LHC bounds (if EFT is valid):

BR(J/1 — ep) <1071, BR(J/¢ = er) <6 x 107", BR(J/9 — pr) <7 x 107
Angelescu et al. 2002.05684
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Comparison of indirect constraints
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