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Plan of the talk

© Current and future experimental status of CLFV
® CLFV from heavy NP

® CLFV at FCC-ee

® EDMs, g-2 and LFV interrelationship at FCC-ee

® Conclusions and future prospects
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High-intensity frontier

Where to look for New Physics at low-energy?

® Processes very suppressed or even forbidden in the SM

¢ Processes predicted with high precision in the SM

CPVinV osc.

CPV and FCNC in muon g-2
quark sector
LFVinpy & T

Precision EW tests decays

at Z pole

EDMs
Parity Violating electron . .
scattering (Qweak,..) ~ Atomic Parity B-decays
Violation (universality, non V-A, T violation, ...)

High-intensity frontier: A collective effort to determine the NP dynamics
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Experimental bounds

Process Present Experiment Future Experiment
°w— ey 1.5x 107" MEG ~6x 10" MEG Il
w— 3e 1.0x 1072 | SINDRUM ~ 10718 Mu3e
" Au—e Au | 7.0x 107" | SINDRUMII ?
p  Tise Ti | 43x107"2 | SINDRUMII ?
u” Al = e Al - ~107'® COMET, MU2e
T ey 3.3x107% | Belle & BaBar ~107° Belle II
T = wy 4.4 x107% | Belle & BaBar ~107° Belle II
T —3e 2.7 x 107% | Belle & BaBar ~ 10710 Belle II
T — 3 2.1 x 1078 | Belle & BaBar ~ 10710 Belle Il
de(e cm) 1.1 x 1072 ACME ~3x 107" ACME Il
d.(e cm) 1.8 x 107" | Muon (g-2) ~ 1072 PSI

Table: Present and future experimental sensitivities for relevant low-energy observables.

® So far, only upper bounds. Still excellent prospects for exp. improvements.
® We can expect a NP signal in all above observables below the current bounds.
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Tau Physics at FCC

FCC-ee will produce largest ete™ — 717~ sample ever
+

facility V4 k. 7 7 relative sample size
[million] ~ [million]

LEP 25 0.84

BABAR = 0.5-10°

Belle = 1.0-10°

Belle Il = 45.10°

STCF at 4.26 GeV, 10 years = 35.10°

CEPC 4.10°  135.10° 1.6-10°xLEP 3.0xBellell

FCC-ee 6-10°  200-10° 2.4-10°xLEP 4.5xBellell

FCC-ee experimental conditions much better for Tau Physics than at B-factories energies

» better momentum resolution and vertexing because less multiple scattering with higher track momenta
» better higher momentum muon id (much lower pion-to-muon misidentification)

» much better 77 separation from qg background because of higher gg multiplicity at Z peak

» LHC produces more tau leptons, but with much less favourable experimental conditions

[Lusiani @ Tau 2025]
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T — pyand 7 — 3u at FCC

FCC expected reach, 2019 study

» M. Dam, Tau-lepton Physics at the FCC-ee circular e+ e- Collider,
SciPost Phys. Proc. 1 (2019) 041, arXiv:1811.09408

assuming FCC-ee(Z) with 1.3-10" tau pairs

assuming 25% efficiency

MC truth with smearing to simulate reconstruction
simulated sample of 2% of total assumed FCC statistics

signal region with ESY = \/5/2, m,,, = m,

vyVYyVYYYVYY

sensitivity reported as 20 background fluctuation (20K events extrapolated in signal region)

FCC expected reach with 6-10"2 Z, as 90% CL upper
» converted 20 background fluctuation to expected 90% CL upper limit

> rescale to 6-10' Z (search is background-dominated and improves with v/Z)
> B(T — py) < 1.2:10~° at 90% CL

> start from B(T — 3p) < 1.9-107° 90% CL [Belle |l 2024], sample size 390-10° tau pairs
» 20.4% efficiency, much larger than 7.6% of previous Belle search
» efficiency now comparable to 24.5% of DELPHI 1995 LEP search
> extrapolate to 2:10' tau pairs for FCC-ee
» assume FCC-ee can reach 35% efficiency
» assume no-background-limited search (linear luminosity scaling) thanks to

mit

» expected excellent muon identification
» good momentum and vertexing resolution

> B(r — 3p) < 2.0-10 " 90% CL
» MC simulations on severals details would be welcome
[Lusiani @ Tau 2025]

V at FCC-ee
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T — pyand 7 — 3 at FCC

Topy T-3u
+ Bellell « STCF v LEP3 4 FCCee 1076 * Bellell « STCF + LEP3 + LCF
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Relevant questions:

e Can we extend these estimations to other channels (z -y +had, 7 > e+...)?
e Which are the most relevant channels (... to perfom full simulations)?

e How do these channels compare to LFV in Higgs and Z-decays?

[Sumensari @ Tau and EW processes WG meeting, March 20, 2026]
[For a detailed study of LFV decays of the Z-boson at future e™ e~ colliders, see Calibbi, Marcano, and Roy, 2021]

Paride Paradisi (University of Padova and INFN) CLFV at FCC-ee CLFV26 7/24



Charged LFV in the SM

e GIM mechanism very effective in LFV transitions

e amplitude proportional to A(y — ey) m3 Ve L
i /ery small !!!

2

I(p—ey)  3a

Uiz,
BR(u = e7) = T(p—evp) 321 Z

Mg,

k=1,3

BR(i — ey) = 10735 = 1054 —
R —

———
e similar suppressions for 4 — 3e,7 = 3u,u — e, ...
Y
W W

H I/k e

Why flavor violation is visible in neutrino oscillation while it’s not in charged LFV?
The uncertainty principle sets the oscillation time for . — ey to be t ~ h/Mw!

Message: Any evidence for LFV would be an unambiguous signal of NP!
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Why do we need New Physics (NP)?

o Gravity = Apjanck ~ 1087'° GeV

~

® BAU: evidence of CPV beyond SM

* Neutrino masses = Asee—saw < 10'° GeV 1010 e sitast

> Electroweak Baryogenesis = Anp < TeV
> Leptogenesis = Asee_saw < 10'° GeV

~

Dark Matter (WIMP) —> Anp < TeV

¢ Hierarchy problem: — Anp < TeV

SM = effective theory at the EW scale

=

=

=
i

(@
% o

d—4 i
Anp

Lot = Lsm + Z

d>5

EPM I
FONG (LFV)  E—

p dzeay e S T
v atmone I |

EWF HE

Lo = 2 LiLig,

Nsee—saw

e £92® generates FCNC operators
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EFT approach to heavy NP

* Dynamics below the scale A [~ mass of new particles] is described by L.«

-

1

e

Dynamics involving
particles with m > A —\

L:SA\!+H(>:1V)'

g

('n
‘ Lo =Lsyu + Z Nad 1 O Ddsu]

a>5

> L.g is built out of relevant low-energy degrees of freedom (SM fields)
> L.g respects the SM gauge symmetries Gsy = SU(3)e ® SU(2), @ U(1)y
> L.g is organized in inverse powers of A (amplitudes suppressed by powers of E/A)

e Experiments at the precision frontier probe energy scale A and
symmetries of the new interactions (coeff. & structure of O\)
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EFT approach to LFV

4-leptons operators Dipole operators
Qee (LyuLL)(Ley*Ly) Qew (LLo* er)TI®W},
Qee (eryuer)(ery"er) QeB (Lro* er)®Buy
Qee L (ZL'YMLL)(ER'YHEH)
2-lepton 2-quark operators
QW (LyuLe)(Qry"Qr) Quu (LryuLr)(@ry"ur)
QY (Lryu1Lo)(Qry*m1QL) Qeu (rvuer)(@rY ur)
Qeq (erv"er)(QLYuQL) Qtedq (Lier)(drQ%)
Qua (LryuLe)(dry"dr) Qo (Lt er)eas(Qur)
Qed L (eryuer)(dry"dr) Q/(zg.)m L(i?UWBR)Eab(Q_‘},U“ “ur
Lepton-Higgs operators
if < _ “ -
o (@' D, ®)(Ley*Li) &) (@' D! ®)(Lomiv*LL)
R=d —

Qae (®'i D, ®)(er*er) Qeas (LLer®)(21®)

K=ey  u—3e u—e
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Bounds on the NP scale

107§ o N ,‘u \‘ 3107
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Observable

[Physics Briefing Book, 1910.11775]
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LFV in Z-boson Couplings

0 = (H'iD H) (LyL) U 5"

0 = (H'iDLH)(L's"L) zw@/ VS § 2
Ope = (H'iDH) (22r"er) N

Wy ] ] \ L
x Xy
Theory prediction wsncL | Cumsnt | Fumre | poces
: -8 1072 | 1.2x107°
B PR 3 T py | 42x10 5%
B(r = 3p) ~ 05
B(Z — 1) T ppp | 1.9% 1078 | 3% 10710 | 2.0 x 1011
Z = pt | 6.5x107° 1079
—10 B(Z = 1)
B(r — 3u) ~5x10 10-9 h—pr [15x107% | 4x 1074 | 81x 107

[FCC-ee projections by Lusiani et al.]

Message: LFV tau decays are more powerful than Z decays at FCC-ee!
[Allwicher, Bartocci, Cornella, Leal, Paradisi, Scantamburlo, Sumensari, to appear.]
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LFV in Z-boson Couplings

107° .
| A=10TeV o e N
1077 ) 95%C.L. (Bglle‘.r [?1}(1:;" (Belle g,tl}xlnlfﬂm FCC-ee
Belle — IT (Current) !
~8 !
— 107 ! Ty | 42x1078 | 5x 1079 | 1.2x107°
SN 1
SRR |
0 Belle — 11 (Fatuy 1 | T ppp | 1.9x 1078 | 3x 10710 | 2.0 x 1071
- g 1
[aet vocte/ . Z —pr | 6.5x 1070 - 1079
Bl e =
— [Cw] 3 = hopr | 15x107% | 4x 1074 | 8.1x107°
107124 — [Cne] i ] J
[02[‘3'] 8 5 [FCC-ee projections by Lusiani et al.]
—13 T TR T WY (P I TTE WU T R | fl_
1077 107" 107" 107 1070 1007 1070
BR(Z — 1 Large statistics expected
( /J) at FCC-ee:
+ ~ 102 Z bosons
[Allwicher, Bartocci, Cornella, Leal, Paradisi, Scantamburlo, + ~ 10 7 pairs

Sumensari, to appear.]

Message: LFV tau decays are more powerful than Z decays at FCC-ee!
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LFV in Z-boson Couplings
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[Allwicher, Bartocci, Cornella, Leal, Paradisi, Scantamburlo, Sumensari, to appear.]

Message: LFV tau decays are more powerful than Z decays at FCC-ee!
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LFV in Higgs Couplings

£ > %Cci? (HTH) (EHej) +he — yij = 0ij me % Ccigz 95%C.L. f{;:\lu"fu%;t Mlz‘litunlfemc; FCC-ee
o oy | 42x1078 | 5x 1070 | 1.2x 1070
/[{ RN T ppp | 19% 1078 | 3x 10710 | 2.0 x 1071
L e
T ¢ ¢ T T ¢ Z—pr | 65x 106 10-9
gg—:gi ~1.1x107" % ~2.8x 10710 hopr | 15%x1078 | 4x 107 | 81x 1075

[FCC-ee projections by Lusiani et al.]

—11 B(h— )
10—

—14 B(h— 1)
10-4

[Allwicher, Bartocci, Cornella, Leal, Paradisi, Scantamburlo, Sumensari, to appear.]

B(r — py)=~1x10

B(r — py) =3 x 10

Message: LFV Higgs decays may dominate over tau decays at FCC-ee! '

'LFV 7 decays are dominated by other operators —> complementarity between Higgs and + decays.
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LFV in Higgs Couplings

1077

T py current
T— 3y current

= iy future

109 r—py FCC-ee
= v~ 3y future /
[se}
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[Allwicher, Bartocci, Cornella, Leal, Paradisi, Scantamburlo, Sumensari, to appear.]

Message: LFV Higgs decays may dominate over tau decays at FCC-ee! 2

2LFV 7 decays are dominated by other operators =—> complementarity between Higgs and ~ decays.
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LFV model independent projections

Current [ Future 71 FCC-ee BN oy B roppp BB Z-pr B8 hopr

Pl 2 H2 D Y2 X H 2 H?

Ce  Cu b C,

[Allwicher, Bartocci, Cornella, Leal, Paradisi, Scantamburlo, Sumensari, to appear.]

Message: LFV tau decays are more powerful than Z decays at FCC-ee!
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LFV @ Muon Collider

— Su=2
200 ' -6‘2’0
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Energy dependence of LFV signals
5
rZ-—re)~ %

2

5
o(up — 7€) ~ =5

r(r— 3e) ~ %
Message: Energy helps accuracy!

[Allwicher, Bartocci, Cornella, Leal, Paradisi, Scantamburlo, Sumensari, to appear.]
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EDMs, g-2 and cLFV interrelationship

Probing NP through leptonic dipole moments

moments
of leptons

Anomalous
magnetic > Violation of lepton-universality

LFV interactions [ VPV interactions

Charged EDMs of

LFV charged
processes ﬁ leptons
CP violation in
LFV interactions
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On leptonic dipoles: ¢ — 'y

* NP effects are encoded in the effective Lagrangian

L= 74 (PRoyuw Avr b + UL AiplR) F*™ 0,0 = e, p,T

> Branching ratios of £ — £/~

BR({ — 'y) _ 48na
BR([ — gll/eI;g/) N G,z_-

(1Acer 2+ 1Agrel?) -

> Aay and leptonic EDMs

Aay = 2m§ Re(A(gg), % =my Im(Au) .

> “Naive scaling”: a broad class of NP theories contributes to Aa, and d; as

Na, —m? d o my
Aag/ m2,’ dgl o My '
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Tau g — 2 and EDM at future lepton colliders

10—16
1072
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FIG. 1. Processes sensitive to 7 dipole moments at the FCC- PP el (et )i |Aa.|(FCC-ce)
ee and a muon collider (representative Feynman diagrams). 2 5 10 20
Vs [Tev]

FIG. 4. 95% CL bounds on Aa. and d, at multi-TeV muon
collider as a function of /s, assuming real C.p and Crw. The
grey region denotes perturbative unitarity violation in Eq. (2).

[Buttazzo, Levati, Ma, Maltoni, Paradisi, Wang, 2026]
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Model-independent predictions

® BR(T — pvy)vs. (g — 2),

- -8 Aa; 2 0‘“— 2
BR(t = wy) = 4x10 <1O_5> T

e T EDMvs. (g — 2)-

* Main messages:

> Aa, ~ 105 requires a nearly flavor and CP conserving NP
> Large effects in the tau EDM d- < 10— 9 e cm are still allowed!

[Giudice, P.P., & Passera, '12]
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Conclusions and future prospects

e FCC-ee is a unique facility to probe CLFV, thanks to its enormous samples
of Z bosons, Higgs bosons, and r leptons

» LFV 7 decays, in particular - — ¢y and 7 — ££¢, provide the most sensitive probes
of CLFV, surpassing the reach of LFV Z decays.

> LFV Higgs decays probe flavor violation in the Higgs sector and are highly
complementary to LFV 7 decays.

» Hadronic LFV 7 decays deserve dedicated studies, as they can provide additional
sensitivity to different LFV sources.

> A global CLFV program combining FCC-ee, Belle I, LHCb, and a future Muon
Collider would provide an exceptionally powerful and complementary probe of CLFV.
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