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why cLFV ?

if you draw µ

e

you fail in QED course

but µ

γ

e

νµ
νe

W
• LFV in neutrino sector → cLFV

• BR(µ→ eγ) ∼ α
(

∆m2

m2
W

)2

∼ 10−54

• there is nothing sacred about cLF

absence of cLFV: accident in SM, but not in BSM

it's not weird to have cLFV in BSM, it's weird not to have cLFV in BSM
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cLFV

• looking for BSM e�ects that are more di�cult to avoid than to
have in BSM, unless Λnp ≫Mew

• �avour is 'weak point' of SM → keep probing there
(B anomalies are perfect example)

• potential evidence is always indirect

one experiment will never reveal nature of BSM

• di�erent cLFV experiments
(`i → `jγ, `i → `j`k`k, µN → eN, τ → `h . . .) should not be
seen as competing, but as a part of a 'global' programme

• most experiments done at small scale mµ, mτ , mN

compare to and combine with high-energy searches
(Z → `i`j , H → `i`j . . .)

• need theory framework to compare to [Grzadkowski, Iskrzynski, Misiak,

Rosiek; Alonso, Jenkins, Manohar, Sto�er, Trott; Feruglio; Ciuchini, Franco, Reina,

Silverstini; Pruna, Crivellin, Davidson, . . .]
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golden channels

evolution of limits → very rich experimental programme with
substantial improvements expected in near future → Ana Teixeira's talk
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theory framework

UV complete theory ← simpli�ed model ← EFT

Example: doubly charged scalar

• as UV complete model: embed in multiplet, connection mν . . .

++ valid ∀ p2, explains everything −− requires divine inspiration

• as simpli�ed model: Lint = λfi (lcf li)S
++ . . . few couplings, 1 mass

+− valid for p2 > m2
S −+ more or less general

• via e�ective theory: Lint = cfijk (lfγ
µli) (ljγµlk) . . . c's ↔ λ's

−− valid only for p2 � m2
S ++ completely general
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EFT vs. models

Processes take place at scale µ = mmu/tau or µ = µN ∼ 1 GeV

ψ4

ψ2ψ1

ψ3

1
p2−M2

Oi =
1

Λ2
NP

(ψ̄3Γaψ1) (ψ̄4Γbψ2)

ψ4

ψ2ψ1

ψ3

1
M2

SM BSM

mW ΛNP

SMEFTFermi

mµ mb

. . .+

. . .

QED + QCD

Leff
gravity

O1
eff = (eLγ

ρµL) (eRγρeR)

O2
eff = (νeγ

ρνµ) (eRγρeR)
Osmeft =

(
νe
eL

)
γρ
(

νµ
µL

)
(eRγρeR)

SU(3)QCD × U(1)QED SU(3)QCD × SU(2)× U(1)Y
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SM as EFT

LSMEFT = LSM +
1

Λnp
c(5)O(5)

smeft +
1

Λ2
np

∑
i

c
(6)
i O

(6)
i smeft

dim 4: SM = most general gauge and Lorentz invariant Lagrangian

LSM = −1

4
GµνGµν −

1

4
WµνWµν −

1

4
BµνBµν + θ̂ GµνG̃µν

+ (DµΦ)†(DµΦ)−m2
HΦ†Φ− λ

2
(Φ†Φ)2

+ i
(
¯̀6D `+ ē 6De+ . . .

)
−
(
Ye ¯̀eΦ + . . .+ h.c.

)
+ nothing with νR → no cLFV

dim 5/Λnp violates lepton number, but doesn't a�ect SM much

dim 6/Λ2
np , either we have cLFV or a 'problem'

{
Λnp ≫ Λew

need an explanation
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EFT

Leff = LQED + LQCD +
∑
i

c
(5)
i

Λew
Q

(5)
i +

∑
i

c
(6)
i

Λ2
ew

Q
(6)
i + . . .

dipole

Qeγ em[pr](l̄pσ
µνPLlr)Fµν + h.c.

scalar/tensorial vectorial

QS (l̄pPLlr)(l̄sPLlt) + h.c. QV LL (l̄pγ
µPLlr)(l̄sγµPLlt)

QV RL (l̄pγ
µPLlr)(l̄sγµPRlt)

QV RR (l̄pγ
µPRlr)(l̄sγµPRlt)

QSlq(1) (l̄pPLlr)(q̄sPLqt) + h.c. QV lqLL (l̄pγ
µPLlr)(q̄sγµPLqt)

QSlq(2) (l̄pPLlr)(q̄sPRqt) + h.c. QV lqLR (l̄pγ
µPLlr)(q̄sγµPRqt)

QTlq (l̄pσ
µνPLlr)(q̄sσµνPLqt) + h.c. QV lqRL (l̄pγ

µPRlr)(q̄sγµPLqt)

QV lqRR (l̄pγ
µPRlr)(q̄sγµPRqt)
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EFT

if EFT, then properly i.e. include running and mixing

scale of cLFV experiments mmu ≤ µ ≤ mW → ci(mmu) �useless�

high-energy behaviour might reveal properties of underlying theory

uni�ed theory? stable universe ?

evolve from to mmu to mW (to combine experiments)

and from mW to Λuv � mw (to get information on BSM)
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Leff for µ→ e

allow for µ→ e but otherwise �avour diagonal (i.e. no small2)

[Crivellin,Davidson,Pruna,AS:1702.03020]

Leff = LQED + LQCD

+
1

Λ2

[
CDL emµ(eLσ

µνµL)Fµν +
∑
f=q,`

[
CS LLff (eRµL)(fRfL)

+ CV LL
ff (eLγ

µµL)(fLγµfL) + CV LR
ff (eLγ

µµL)(fRγµfR)
]

+
∑
h=q,τ

[
CT LL
hh (eRσµνµL)(hRσ

µνhL) + CS LRhh (eRµL)(hLhR)
]

+αsmµGF (eRµL)GaµνG
µν
a + L↔ R+ h.c.

]
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µ→ eγ

µ

e

γ

@ tree level: test of CDL/R(mµ) ≡ (Ceγ)21

dipole term only ??

µe

γ

CD
L/R

Br (µ→ eγ) ' αem5
µ

(∣∣CDL ∣∣2 +
∣∣CDR ∣∣2)

CS LL
ℓℓ , CT LL

hh CV RR
xx , CV RL

xx

CDL (mmu)← CS LL`` (mW ), CV RLxx (mW ) . . .

very sensitive to contact interactions
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µ→ 3e

µ

e

e

e

dipole part 'same' as µ→ eγ

contact part @ µ = mmu new

Br(µ→ 3e) ' α2
em

5
µ

(∣∣CDL ∣∣2 +
∣∣CDR ∣∣2)(8 log

[
mµ

me

]
− 11

)
+m5

µ

( ∣∣CS LLee

∣∣2 + 16
∣∣CV LL
ee

∣∣2 + 8
∣∣CV LR
ee

∣∣2 + L↔ R

)

µe

γ

CD
L/R

⇐= µe

CS
ee, C

V
ee

e e

⇐=
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µN → eN

(A,Z)

µ e µ e µ conversion: µ−NA
Z → e−NA

Z

dipole part 'same' as µ→ eγ

contact part completely new

Br(µN → eN) ' m5
µ

∣∣eDNC
D
L + . . . CSqq . . . C

V
qq

∣∣2 + L↔ R

µe

γ

CD
L/R

⇐= ⇐=
µe

CV
qq

q q

µe

CV
ee

e e
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running and mixing

• match at tree level, run at one loop

• include 'leading' two-loop e�ects

mixing of vectors into dipole as for b→ sγ

• Wilson coe�cients run and mix, we want Ci(mW )

• operators mix under RGE: one loop two loop

and

e µ

q q

e
e µ

e e

q

e µ

γ

q

(eLγ
µµL)(qLγµqL)→ (eLγ

µµL)(eLγµeL) or (eLσ
µνµL)Fµν
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complementarity

'naive' two-at-a-time limits
see Ann-Kathrin Perrevoort's poster vs.
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complementarity

'naive' two-at-a-time limits
see Ann-Kathrin Perrevoort's poster γµ

µ e

ee
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above EW scale, Lsmeft

Constraints from µ→ eγ
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[Pruna,AS: 1408:3565]

• contact interactions
C1
µett → C3

µett →
dipole interaction Ceγ

• probing very high
energy range !

• even indirect limits can
be very constraining
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doubly charged scalar

an example: SU(2) singlet doubly charged scalar (DCS) S++

LUV = LSM +
(
DµS

++
)† (

DµS++
)

+
(
λab (`R)

c

a (`R)b S
++ + h.c.

)
+ λ2

(
H†H

) (
S−−S++

)
+ λ4

(
S−−S++

)2
+ [. . . ]

focus on 6 couplings λab and mass mS

Leff = LQED + LQCD +
1

m2
S

∑
i

CiQi,
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doubly charged scalar

γ

lr

lp

Cpreγ (mW ) ∼
3∑

w=1

(λrwλ
∗
pw)

γ

lr

lp S−−

lw
lw

γ

lr

lp lw

S−−
S−−

lslp

lr lt

CprstV RR(mW ) =
λrtλ

∗
ps

2

lslp

lr lt

S−−

→ {Qeγ , QV RR, QV RL, QV lqRR, QV lqRL}(m`) ⊂ Leff

we will get muon conversion!

qlp

lr q

CV
qq
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doubly charged scalar

'global' analysis → there is no best experiment, all are important

low-energy (µ and τ , M̄ −M)

high-energy (LC. mainly via t-channel exchange e+e− → `i ¯̀j)
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For illustrative purpose:

λab = λ

 +1 ν ν2

ν 1 ν
ν2 ν 1


6 → 2 parameters

[Crivellin, Ghezzi, Panizzi, Pruna, AS]
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doubly charged scalar

'global' analysis → there is no best experiment, all are important

low-energy (µ and τ , M̄ −M)

high-energy (LC. mainly via t-channel exchange e+e− → `i ¯̀j)
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[Crivellin, Ghezzi, Panizzi, Pruna, AS]
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doubly charged scalar

'global' analysis → there is no best experiment, all are important

low-energy (µ and τ , M̄ −M)

high-energy (LC. mainly via t-channel exchange e+e− → `i ¯̀j)
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doubly charged scalar

'global' analysis → there is no best experiment, all are important

low-energy (µ and τ , M̄ −M)

high-energy (LC. mainly via t-channel exchange e+e− → `i ¯̀j)
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λab = λ
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ν3 ν5 ν6


6 → 2 parameters

[Crivellin, Ghezzi, Panizzi, Pruna, AS]
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summary

• cLFV is a window with a view deeply beyond EW scale

• huge experimental progress expected within 5− 10 years

• if cLFV is natural in BSM, why have we not seen it then?

Is Λnp just too large? or BSM still cLF conserving??

• EFT approach is ideal �rst step for investigating cLFV

EFT → simpli�ed models → the UV complete model

need many experiments

• beware of common misconceptions

• EFT is a QFT !

• RGE is not a precision issue, but qualitatively new e�ects

• µ→ eγ is very sensitive to contact interactions !!

• one/two-at-a-time limits only for presentation


