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Plan of the talk

@ Strategies to look for New Physics at low-energy
® Current status of LFV

©® EDMs, g-2 and LFV interrelationship

O LFV @ FCC-ee & Muon Collider (MuC)

® Conclusions and future prospects

Paride Paradisi (University of Padova and INFN)  Theory overview of charged Lepton Flavour Violation Muon4Future workshop 2/21



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

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

Precision EWV 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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Charged LFV in the SM

e GIM mechanism very effective in LFV transitions

e amplitude proportional to A(u — ey) o m? iVery small 11

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

p dzeay e S T
v atmone I |

SM = effective theory at the EW scale B =
(d)
Cj d TV - & I I
Lo = Lsm + Z A3_4 Of/ ) =
d>5 "'NP =
; A
¢ ngs = Aseeyzsaw LIL/¢¢’ E

e £92® generates FCNC operators
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EFT approach to NP

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

Dynamics involving
particles with m > A —\

i l
('n
>< ‘ Lo =Lsyu + dz: Nad 1 O Ddsu]

> 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

P

Qee (LpyuLr)(Ley*Ly) Qew (LLo* er)TI®W},
Qee (eryuer)(ery"er) QeB (LLo*er)®Buy
Qe L (EL'YM Lr)(Ery"er)
2-lepton 2-quark operators
Qﬁf,) (LLyuLL)(Quy*Qr) Qeu (LryuLL)(@ry"ur)
QY (Leyurr Le)(Quy*1QL) Qeu (erYuer)(@rRY"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 —

Qze (@i D, @)(er*er) Qeas (Lrer®)(®!®)

K=ey  u—3e u—e

Paride Paradisi (University of Padova and INFN)  Theory overview of charged Lepton Flavour Violation 4Future workshop 9/21



Bounds on the NP scale

107 g B 107
100 = &« 5 10
5105; ms s <5
< 104 N , § € 100
E 103Z T S R E E). _103
“ 2§ = l A £x 2
104 = N S NSR 10
. 5 ) 101
100 N - hadiadi 10
0 8 S D D D 100
SIRISES
Observable

[Physics Briefing Book, 1910.11775]
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EDMs, g-2 and cLFV interrelationship

Probing NP in the leptonic sector

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 the muon g-2 puzzle”

New Physics for the muon g — 2: at which scale?

* Aa, discrepancy at ~ 4.2 o level:

Aa, =a " —a™ = a\" = (2.51 £ 0.59) x 10°
2
— NP SM ~ ~ —9
Aa, = a," = (a, )Weak~m~2x10
> NP is at the weak scale (A ~ v) and weakly coupled to SM particles.*
> NP is very heavy (A > v) and strongly coupled to SM particles.
> NP is very light (A < 1 GeV) and feebly coupled to SM particles.

*Favoured by the hierarchy problem and by a WIMP DM candidate but disfavoured
by the LEP and LHC bounds (supersymmetry being the most prominent example).
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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
Aayr o m%, ’ dg/ o My ’
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Model-independent predictions

* BR(%i — £jv) vs. (9 — 2),
- Aa 270 2
BR(z —ey) ~ 3x10 ‘3(3X1g_9> (1;5‘5)

~ of DNa, \°( 0., \°
BR(r = uy) =~ 4x10 (3><1O—9) 10-2

® EDMs vs. (g — 2),

AR Ve
o = <W)10 <10*5 e cm,

- Aa, —22 ,cPV
d, =~ (73><10—9)2X10 ¢, ecm,

* Main messages:

» Aa, ~ (3 £ 1) x 10~° requires a nearly flavor and CP conserving NP
> Large effects in the muon EDM d,, ~ 10—22 e cm are still allowed!

[Giudice, P.P., & Passera, '12]
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-19
-20
~ = BNL
3 -21 d ™ Fermilab
] i J-PARC
~ ; PSI e
i = ACME 2013
: " ACME 2018 d
-23 i —21 e
| d”, S 10 e cm 317
; 103" ecm
-24 d

-34 -33 -32 -31 -30 -29 -28
Logyolde|

[Crivellin, Hoferichter & Schmidt-Wellenburg, 18]

N Aa, —22 ,cPv
d, =~ <73><10*9>2X10 ¢, ecm,

[Giudice, PP & Passera, '12]
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Correlating LFV signals

e LFV operators @ dim-6

1 im—
L:eﬂ':[,SMJr‘/\TOdIm 6+
LFV

0= 5 fpo" Hel Fu, (fun"er) (fy"f) . (mmed) (fafl) , f=e,u,d

£ — '~ probe ONLY the dipole-operator (at tree level)

i — £l and p — e in Nuclei probe dipole and 4-fermion operators

When the dipole-operator is dominant:
BR(K,‘ — fjszk) ~ o X BR(@,‘ — Kj’y)
CR(pn — einN) =~ a x BR(p — ev)

BR(yx —3e)  BR(p —ey) _ CR(u— einN)
3x10-15 ~ 5x10-13 ~  3x10-15

Ratios like Br(;. — evy)/Br(t — py) probe the NP flavor structure

Ratios like Br(n — ev)/Br(i — eee) probe the NP operator at work
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LFV from light NP: axionlike particles (ALP)

m2a?

a<s _ Lo 3 ovay _ T8
L3 = 2 (B,a)(00) - "

te C'WAF;WF“ +4: ngKGquW - th’Y U - au"fs)f]
fisg

™ p+inv.

™~ pee

107 10 10! 1 10"
mg [GeV] m, [GeV]

[Cornella, P.P. & Sumensari, '19. See also Diego’s talk.]

R

B(ti — £yy) = B(ti — t;a) x B(a— vy) = BR(£ — £i4kli) & o x BR(4 — £7)

Message: correlations among LFV signals discriminate heavy vs. light NP!
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Low-energy vs high-en

Purely leptonic
contact interations:

LFV

* e'e - ur,

4-leptons operators

Dipole operators

¢ W e,
* ueee,...

(LuyuLn)(Ley"Le)

(€ruer)(€ry"er)

(LeyuLe)(Ery'er)

Qew
Qe

(Lro™ep)ri®W},

(LLo"er)® By,

2-lepton 2-quark operators

Lepton-Higgs
Interactions:
¢ h-op,

(LeyL)(@Qur'QL)
(LeyumiLL)(Quy" QL)
(er7"er)(QLuQL)
(LrLe)(drydr)
(eryuer) (dry"dr)

Qeu
Qeu
Qtedq
(1
Qe
(3)

Lequ

(LuyLp) (g ur)
(ErYuer)(ary"ur)
(Lier)(drQ})
(Lt er)ear(Qur)

(Liouwer)can( QYo ur)

Z -y,

Lepton-Higgs operators

*
* ete > er,
* T > uee.

(@i Dy, @)(Lir*Le)
o
(@i D, ®)(ery"er)

(3)
t%

Qeas

(@1 D} @)(Erry* L)
(Lier®)(@1®)

Energy dependence of LFV signals

Loop generated
dipoles:

¢ woey,

¢ ey,

s Ty

Semi-leptonic
operators:

¢ pwN-eN,

* pp - L,

* B - eu,

* B-Kur,....

5 5 2
r(r — 3e) ~ % rZ—re)~ % o(ee — 7€) ~ %

* #of Z events @ FCC-ee: Nz(ete™ — Z) ~ 10"
4
e #of Zevents @ MuC: Nz(u*pu~ — wZ) ~ 10" ( VE )

30 TeV
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LFV @ FCC-ee

FCC-ee FCC-ee
4x10°
4x10°
o
2x10 4 oee->7e) @ 91.2 GeV 2x10
T “ rtee->te) @ 125 GeV L 3 otee->7e) @ 125 GeV
& % o(ee->re) 6 160 GeV. S 4 otee->re) 6 160 GeV.
= 0 4 o(ee->re) @ 240 GeV = 0 % oee->re) @ 240 GeV.
”U; 9 aee->re) @ 365 GeV. 3 % o(ee->7e) @ 365 GeV
“2x10°® = Brir—>eee) @ Belle IT - 5 BR(->eee) e Belle Il
4 Br(Z->re) e OPAL -2x10
-4x10°"
. T axw0t o
“4x10% 2x10°% 0 2x10° 4x10°® ~4x107° -2x107° 0 2x10°  4x10°
Gez*/A° (GeV 2 G /A% (GeV 2|
(Lro"er)DZ,, FCC-ee constraints on 2-dimensional parameter space: (LowLr)(LeyLr)

]
+ LFV Z couplings better probed by FCC-ee than Bellell, @y ER‘),(ém,ne )
+ LFV 4f operators better probed by Belle II than FCC-ee. "

vs
o
(1 Dy ®)(Err""er)

Energy dependence of LFV signals

5 5 2
[(r — 3e) ~ % [(Z - re) ~ % o(ee = 76) ~ %

Message: The high luminosity FCC-ee is competitive with Belle Il to probe LFV
[Bartocci, Pagani, PP & Scantamburlo, to appear. See also Calibbi et al., '21 & Altmannshofer et al. 23]
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Paride Paradisi (University of Padova and INFN)  Theory overview of charged Lepton Flavour Violation



Collider

MuC MuC
5x1071°
5x10°® H » vV
- Slriirarere, ; :ev Kl o o(up—>te) @ 1 TeV.
; 8 ol :
% PSS .Sie I o g(uu—>te) @ 2 TeV.
2 o SaGare) SOiTey £ 0 | & ouu->re) @4 TeV
= o o(u->te) @ 10 TeV = |
5 g O o(uu—>te) @ 6 TeV
2 o o(up—>te) @ 30 TeV o 1
5 R 8 oyu->1e) @ 10 TeV
8 o Br(r->eee) @ Belle I
-5x10 \ / [ Brz—srer e ORAL _5x10°10 . 8 BR(r—>eup) @ Belle 11
5x10% 0 5x10° 5x1010 0 5x10710
Gz /A% 1GeV 2] G NGV 2
(TL0™er)®Z,, MuC constraints on 2-dimensional parameter space: (LoyuL)(Lir*Le)
vs . vs
LD B\ + LFV Z couplings probed by both FCC-ee and Bellell s -
o'i D, ®)(epyen 8 enmen)Emyien
( 2 ) « LFV 4f operators better probed by MuC than Belle II. (Eruen) )

Energy dependence of LFV signals

5 5 E2
r(r — 3e) ~ % rNZ-—re)~ % o(pup — 7€) ~ %

Message: Energy helps accuracy!

[Bartocci, Pagani, PP & Scantamburlo, to appear.]
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Conclusions and future prospects

* Important questions in view of ongoing/future experiments are:

>
>
S
>

What are the expected deviations from the SM predictions induced by TeV NP?
Which observables are not limited by theoretical uncertainties?
In which case we can expect a substantial improvement on the experimental side?

What will the measurements teach us if deviations from the SM are [not] seen?

¢ (Personal) answers:

| 2

>

We can expect any deviation from the SM expectations below the current bounds.

LFV processes and leptonic EDMs do not suffer from theoretical limitations and
there are still excellent prospects for experimental improvements.

If the muon g — 2 anomaly will survive, we expect relevant enhancements in leptonic
EDMs (especially in the muon EDM) and LFV decays i — ey, u — eee, ....

FCC-ee and a high-energy Muon Collider are complementary with each other and
also with Belle Il and LHCb to probe LFV.

Message: an exciting program is in progress at the Intensity Frontier which
would greatly benefit from the next high-energy frontier program (FCC & MuC)!
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