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Flavour violation in SM

Flavour and CP violation: SM
Flavour in the Standard Model: interactions (and transitions) between fermion families

Gauge interactions are flavour universal

Yukawas  and  encode all flavour dynamicsYu
ij, Yd

ij Yℓ
ij

(Masses, mixings and CP violation)
SM quark sector: 

6 massive states

flavour violated in charged current interactions 


total baryon number is conserved in SM interactions

CP violation:  and 


(not enough to explain BAU from baryogenesis)

Vij
CKM

W±q̄iqj

δCKM θQCD

CKM paradigm extensively probed:
Meson oscillations & decays,  decays, CP violation…β

Few tensions, CAA, , …Vcb, Vub

See talks by Stéphane, 
Francesca and Radek
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Flavour violation in SM

Flavour and CP violation: SM
Flavour in the Standard Model: interactions (and transitions) between fermion families

Gauge interactions are flavour universal

Yukawas  and  encode all flavour dynamicsYu
ij, Yd

ij Yℓ
ij

(Masses, mixings and CP violation)
SM quark sector: 

6 massive states

flavour violated in charged current interactions 


total baryon number is conserved in SM interactions

CP violation:  and 


(not enough to explain BAU from baryogenesis)

Vij
CKM

W±q̄iqj

δCKM θQCD

CKM paradigm extensively probed:
Meson oscillations & decays,  decays, CP violation…β

Few tensions, CAA, , …Vcb, Vub

SM lepton sector: neutrinos are strictly massless

 Conservation of (total) lepton number and lepton flavour

 Lepton flavour universality only broken by Yukawas

 No intrinsic CPV sources — (tiny) lepton EDMs @ 4-loop See talks by Stéphane, 

Francesca and Radek
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Flavours: beyond SM

Strong arguments in f(l)avour of New Physics!

Observations unaccounted for in SM: -oscillations, Dark matter, 


               baryon asymmetry of the Universe                      (also some theoretical caveats…)


ν

How to unveil the NP model at work?

Test SM symmetries with flavour observables: 


(c)LFV, lepton flavour universality violation, … 

⇒
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Flavours: beyond SM

Strong arguments in f(l)avour of New Physics!

Observations unaccounted for in SM: -oscillations, Dark matter, 


               baryon asymmetry of the Universe                      (also some theoretical caveats…)


ν

Test SM symmetries with flavour observables: 


(c)LFV, lepton flavour universality violation, … 

⇒

How to unveil the NP model at work?

-oscillations 1st laboratory evidence of New Physics!


 New mechanism of mass generation? Majorana fields?

 New sources of CP violation?

ν

[PDG 2022]

Several puzzles remain:


 Absolute mass scale?


 Mass ordering? (NO vs IO)


 CP violation maximal?


See talks by Sara, Pierre and Evan
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Flavours & New Physics

Lepton flavour probes of New Physics

Neutrinos oscillate  neutral lepton flavour violated, neutrinos are massive,⇒

Extend SM to accommodate  : ad-hoc 3   Dirac masses, “ ”, να ↭ νβ νR ⇒ SMmν UPMNS

In : flavour-universal lepton couplings, lepton number conservedSMmν

cLFV possible … but not observable! 


  EDMs still tiny… (2-loop from , )

BR(μ → eγ) ∝ |∑ U*μiUeim2
νi

/m2
W | ≃ 10−54

δCP |dℓ | ∼ 10−35ecm

Leptonic observables: signs of New Physics

! In the Standard Model: (strictly) massless neutrinos

conservation of total lepton number & lepton flavours

lepton flavour universality preserved (only broken by Yukawas)

tiny leptonic EDMs (at 4-loop level.. dCKMe ≤ 10−38e cm)

! Extend the SM to accommodate να " νβνα " νβνα " νβ : assume most minimal extension SMmνmνmν

[SMmνmνmν= “ad-hoc” mν (Dirac), UPMNS]

! In the SMmνmνmν : (total) Lepton number conserved, flavour-universal lepton couplings

cLFV possible... but not observable!! BR(µ → eγ)BR(µ → eγ)BR(µ → eγ) ∼ 10−5410−5410−54

W−

γ

"i "j

νLUik U∗
jk

EDMs still beyond observation (contributions from δCP @ 2-loop...)

! Observation of SM-“forbidden” modes and/or tensions with data

⇒⇒⇒ discovery of New Physics! Possibly before LHC!

 any cLFV signal would imply non-minimal New Physics!⇒
(Not necessarily related to  generation)mν

new sources of CPV?

Negative search results: allow to place tight bounds on New Physics⇒
Lepton flavours offer a plethora of observables and probes of New Physics

(Petcov ’77)
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Neutrino mass generation
Mechanisms of  generation: account for oscillation data 


                                  and ideally address SM issues — BAU (leptogenesis), DM candidates, …

mν

Neutrino masses and NP realisations

! What do we know about the mechanism of neutrino mass generation?

⇒⇒⇒ Should account for ννν oscillation data!

⇒⇒⇒ Address SM problems (e.g. BAU from leptogenesis); not worsen TH caveats!

! Numerous (appealing) mechanims of ννν mass generation

Calling upon distinct new states (singlets, triplets, ...), realised at very different scales!

! Quick comparison [SM + RH ν]: “standard” high-scale type I seesaw vs low-scale seesaw

High scale: O(1010−15 GeV)O(1010−15 GeV)O(1010−15 GeV) Low scale: O(MeV - TeV)O(MeV - TeV)O(MeV - TeV)

Theoretically “natural” Y ν ∼ 1Y ν ∼ 1Y ν ∼ 1 Finetuning of Y ν (or approximate LN conservation)

“Vanilla” leptogenesis Leptogenesis possible (resonant, ...)

Decoupled new states New states within experimental reach!

Collider, high-intensities (“leptonic observables”)

! Testability: in general comparatively light new states, non-negligible couplings!

Explore signatures regarding “leptonic observables”

Many well motivated possibilities, featuring distinct NP states (singlets, triplets)


    Realised at very different scales 


              Expect very different phenomenological impact


    Compare “vanilla” type I seesaw vs. low-scale seesaw: 

ΛEW ↝ ΛGUT

⇒

 low-scale seesaws (and variants): non-decoupled states, modified lepton currents!

       rich phenomenology at colliders, high intensities and low energies
⇒

⇒
testability!!

(Also expect tight constraints)
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Disentangle seesaw mass models — more correlations
 Models of  (and leptonic LFV) predict/accommodate extensive ranges for cLFV...


In the absence of direct NP discovery - correlations might allow to disentangle models 

and provide important complementary information to direct searches!

mν

 Seesaw realisations: distinctive signatures for numerous cLFV observables

ratios of observables to identify seesaw mediators & constrain their masses!

Type III (fermion triplet)Type I (fermion singlet) Type II (scalar triplet)

The seesaw mechanism

! Seesaw mechanism: explain small ννν masses with “natural” couplings

via new dynamics at “heavy” scale
mνmνmνY XY XY X MXMXMX

cLFV

BRs, etc

!"

! "

•

H

H

νLνLνL

νLνLνL

= ×××

Y νY νY ν

Y νY νY ν

MRMRMR

νRνRνR

νRνRνR

H

H

νLνLνL

νLνLνL

+ Y∆Y∆Y∆

∆∆∆
µµµ

H

H

νLνLνL

νLνLνL

+

.

×××

Y ΣY ΣY Σ

Y ΣY ΣY Σ

MΣMΣMΣ

ΣRΣRΣR

ΣRΣRΣR

H

H

νLνLνL

νLνLνL

1
ΛLLH H1
ΛLLH H1
ΛLLH H νRνRνR (fermion singlet) ∆∆∆ (scalar triplet) ΣRΣRΣR (fermion triplet)

“Seesaw mechanism” Type I Type II Type III

" Observables: depend on powers of Y νY νY ν # large rates ⇒ sizable Y ν

and on the mass of the (virtual) NP propagators

" Fermionic seesaws: Y ν ∼ O(1)Y ν ∼ O(1)Y ν ∼ O(1) ⇒ Mnew ≈ 1013−15⇒ Mnew ≈ 1013−15⇒ Mnew ≈ 1013−15 GeV!

Suppression of rates due to the large mass of the mediators!

" Low scale seesaws: rich phenomenology at high-intensities! (and also at LHC)

The seesaw mechanism

! Seesaw mechanism: explain small ννν masses with “natural” couplings

via new dynamics at “heavy” scale
mνmνmνY XY XY X MXMXMX

cLFV

BRs, etc

!"

! "

•

H

H

νLνLνL

νLνLνL

= ×××

Y νY νY ν

Y νY νY ν

MRMRMR

νRνRνR

νRνRνR

H

H

νLνLνL

νLνLνL

+ Y∆Y∆Y∆

∆∆∆
µµµ

H

H

νLνLνL

νLνLνL

+

.

×××

Y ΣY ΣY Σ

Y ΣY ΣY Σ

MΣMΣMΣ

ΣRΣRΣR

ΣRΣRΣR

H

H

νLνLνL

νLνLνL

1
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ΛLLH H νRνRνR (fermion singlet) ∆∆∆ (scalar triplet) ΣRΣRΣR (fermion triplet)

“Seesaw mechanism” Type I Type II Type III

" Observables: depend on powers of Y νY νY ν # large rates ⇒ sizable Y ν

and on the mass of the (virtual) NP propagators

" Fermionic seesaws: Y ν ∼ O(1)Y ν ∼ O(1)Y ν ∼ O(1) ⇒ Mnew ≈ 1013−15⇒ Mnew ≈ 1013−15⇒ Mnew ≈ 1013−15 GeV!

Suppression of rates due to the large mass of the mediators!

" Low scale seesaws: rich phenomenology at high-intensities! (and also at LHC)

The seesaw mechanism

! Seesaw mechanism: explain small ννν masses with “natural” couplings

via new dynamics at “heavy” scale
mνmνmνY XY XY X MXMXMX

cLFV

BRs, etc

!"

! "

•

H

H

νLνLνL

νLνLνL

= ×××

Y νY νY ν

Y νY νY ν
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∆∆∆
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Y ΣY ΣY Σ

MΣMΣMΣ

ΣRΣRΣR

ΣRΣRΣR

H

H
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1
ΛLLH H1
ΛLLH H1
ΛLLH H νRνRνR (fermion singlet) ∆∆∆ (scalar triplet) ΣRΣRΣR (fermion triplet)

“Seesaw mechanism” Type I Type II Type III

" Observables: depend on powers of Y νY νY ν # large rates ⇒ sizable Y ν

and on the mass of the (virtual) NP propagators

" Fermionic seesaws: Y ν ∼ O(1)Y ν ∼ O(1)Y ν ∼ O(1) ⇒ Mnew ≈ 1013−15⇒ Mnew ≈ 1013−15⇒ Mnew ≈ 1013−15 GeV!

Suppression of rates due to the large mass of the mediators!

" Low scale seesaws: rich phenomenology at high-intensities! (and also at LHC)

Peculiar cLFV patterns
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CP-violating out of equilibrium decay  create lepton asymmetry (at a high scale)⇒

ϵα
i ≡

Γ(Ni → ϕℓα) − Γ(Ni → ϕ†ℓ̄α)
∑β [Γ(Ni → ϕℓβ) + Γ(Ni → ϕ†ℓ̄β)]

∝ ∑
j≠i

Im[Yν*
αi (Yν†Yν)ijYν

αj]

Interference of tree & loop diagrams

Mν = (
0 vYν

vYT
ν MN)

Type I seesaw

UνN ≃ vY*
νM−1†

N

(Heavy) right-handed Majorana neutrinos

         coupled via Higgs to SM-like neutrinos  

The seesaw mechanism

! Seesaw mechanism: explain small ννν masses with “natural” couplings

via new dynamics at “heavy” scale
mνmνmνY XY XY X MXMXMX

cLFV

BRs, etc

!"

! "

•

H

H

νLνLνL

νLνLνL

= ×××

Y νY νY ν

Y νY νY ν

MRMRMR

νRνRνR

νRνRνR

H

H

νLνLνL

νLνLνL

+ Y∆Y∆Y∆

∆∆∆
µµµ

H

H

νLνLνL

νLνLνL

+

.

×××

Y ΣY ΣY Σ

Y ΣY ΣY Σ

MΣMΣMΣ

ΣRΣRΣR

ΣRΣRΣR

H

H

νLνLνL

νLνLνL

1
ΛLLH H1
ΛLLH H1
ΛLLH H νRνRνR (fermion singlet) ∆∆∆ (scalar triplet) ΣRΣRΣR (fermion triplet)

“Seesaw mechanism” Type I Type II Type III

" Observables: depend on powers of Y νY νY ν # large rates ⇒ sizable Y ν

and on the mass of the (virtual) NP propagators

" Fermionic seesaws: Y ν ∼ O(1)Y ν ∼ O(1)Y ν ∼ O(1) ⇒ Mnew ≈ 1013−15⇒ Mnew ≈ 1013−15⇒ Mnew ≈ 1013−15 GeV!

Suppression of rates due to the large mass of the mediators!

" Low scale seesaws: rich phenomenology at high-intensities! (and also at LHC)

Generate “naturally” small masses of the active neutrinos

Leptogenesis in a nutshell: generate lepton asymmetry  convert into baryon asymmetry⇒
(See talk by Stéphane Lavignac and lectures by Julia Harz)
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0 vYν

vYT
ν MN)

Type I seesaw

UνN ≃ vY*ν M−1†
N

Heavy right-handed Majorana neutrinos

         Coupled via Higgs to SM-like neutrinos  

The seesaw mechanism

! Seesaw mechanism: explain small ννν masses with “natural” couplings

via new dynamics at “heavy” scale
mνmνmνY XY XY X MXMXMX

cLFV

BRs, etc

!"

! "

•

H

H

νLνLνL

νLνLνL

= ×××
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1
ΛLLH H1
ΛLLH H1
ΛLLH H νRνRνR (fermion singlet) ∆∆∆ (scalar triplet) ΣRΣRΣR (fermion triplet)

“Seesaw mechanism” Type I Type II Type III

" Observables: depend on powers of Y νY νY ν # large rates ⇒ sizable Y ν

and on the mass of the (virtual) NP propagators

" Fermionic seesaws: Y ν ∼ O(1)Y ν ∼ O(1)Y ν ∼ O(1) ⇒ Mnew ≈ 1013−15⇒ Mnew ≈ 1013−15⇒ Mnew ≈ 1013−15 GeV!

Suppression of rates due to the large mass of the mediators!

" Low scale seesaws: rich phenomenology at high-intensities! (and also at LHC)

Generate “naturally” small masses of the active neutrinos

Leptogenesis in a nutshell: generate lepton asymmetry  convert into baryon asymmetry⇒
(See talk by Stéphane Lavignac and lectures by Julia Harz)

What is the phenomenological impact of these phases?
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LNV and CP violation

If neutrinos are Majorana, total lepton number is violated @ tree-level


                                    Expect , LNV meson decays, SS di-lepton tails, …⇒ 0νββ

CPV phases and LNV

Massive (and mixing) neutrinos: new sources of CP violation

CP violating phases are known to play a crucial role:

10°5 10°4 10°3 10°2 10°1 100

m0 / eV

10°5

10°4

10°3

10°2

10°1

100

m
ee

/
eV

Excluded by 0∫ØØ

E
xc

lu
d
ed

by
C

os
m

ol
og

y

NO

IO

PMNS phases lead to “neck” in , sterile states can interfere in LNV meson decays 0νββ

Abada et al. [1904.05367]

(Similar interference effects in SS vs OS di-lepton production)

                                                           e.g. Abada et al. [2208.13882]

(See talk by Frank Deppisch)

https://arxiv.org/abs/2208.13882
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                                    Expect , LNV meson decays, SS di-lepton tails, …⇒ 0νββ

CPV phases and LNV

Massive (and mixing) neutrinos: new sources of CP violation

CP violating phases are known to play a crucial role:
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PMNS phases lead to “neck” in , sterile states can interfere in LNV meson decays 0νββ

Abada et al. [1904.05367]

(Similar interference effects in SS vs OS di-lepton production)

                                                           e.g. Abada et al. [2208.13882]

(See talk by Frank Deppisch)

What about charged lepton flavour violation?

https://arxiv.org/abs/2208.13882
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A “3+2” neutrino toy model
Simplified "toy models" for phenomenological analyses: SM + νs

Ad-hoc (low-energy) constructions: SM extended via  Majorana massive states

                                                No assumption on mechanism of mass generation


                                          Well-defined interactions in physical basis


Phenomenological low-energy limit of complete constructions (type I seesaw, ISS, ...)  

nS

Hypotheses: 3 active neutrinos + 2 sterile states       


              interaction basis  physical basis        

nL = (νLe, νLμ, νLτ, νc
s , νc

s′￼
)T

↭ |nL⟩ = 𝓤5×5 |νi⟩

Impact of heavy states: “toy model” (SM + νsνsνs)

! Assumptions: 3 active neutrinos + 1 sterile state nL = (νLe, νLµ, νLτ , ν
c
s)

TnL = (νLe, νLµ, νLτ , ν
c
s)

TnL = (νLe, νLµ, νLτ , ν
c
s)

T

interaction basis " physical basis nL = U4×4 νinL = U4×4 νinL = U4×4 νi

UT
4×4 M U4×4 = diag(mν1 , ...,mν4) “Majorana mass”: Ltoy ∼ nT

LCMnL

! Active-sterile mixing Uαi :Uαi :Uαi :

! Left-handed lepton mixing ŨPMNSŨPMNSŨPMNS:

3× 3 sub-block, non-unitary!

U5×5 =





















Ue1 Ue2 Ue3 Ue4 Ue5

Uµ1 Uµ2 Uµ3 Uµ4 Uµ5

Uτ1 Uτ2 Uτ3 Uτ4 Uτ5

Us1 Us2 Us3 Us4 Us5

Us′1 Us′2 Us′3 Us′4 Us′5





















U5×5 =





















Ue1 Ue2 Ue3 Ue4 Ue5

Uµ1 Uµ2 Uµ3 Uµ4 Uµ5

Uτ1 Uτ2 Uτ3 Uτ4 Uτ5

Us1 Us2 Us3 Us4 Us5

Us′1 Us′2 Us′3 Us′4 Us′5





















U5×5 =





















Ue1 Ue2 Ue3 Ue4 Ue5

Uµ1 Uµ2 Uµ3 Uµ4 Uµ5

Uτ1 Uτ2 Uτ3 Uτ4 Uτ5

Us1 Us2 Us3 Us4 Us5

Us′1 Us′2 Us′3 Us′4 Us′5





















UUU = R45 R35 R25 R15 R34 R24 R14 R23 R13 R12 × diag(1, eiϕ2 , eiϕ3 , eiϕ4 , eiϕ5)

Impact of heavy states: “toy model” (SM + νsνsνs)

! Assumptions: 3 active neutrinos + 1 sterile state nL = (νLe, νLµ, νLτ , ν
c
s)

TnL = (νLe, νLµ, νLτ , ν
c
s)

TnL = (νLe, νLµ, νLτ , ν
c
s)

T

interaction basis " physical basis nL = U4×4 νinL = U4×4 νinL = U4×4 νi

UT
4×4 M U4×4 = diag(mν1 , ...,mν4) “Majorana mass”: Ltoy ∼ nT

LCMnL

! Active-sterile mixing Uαi :Uαi :Uαi :

! Left-handed lepton mixing ŨPMNSŨPMNSŨPMNS:

3× 3 sub-block, non-unitary!

U5×5 =





















Ue1 Ue2 Ue3 Ue4 Ue5

Uµ1 Uµ2 Uµ3 Uµ4 Uµ5

Uτ1 Uτ2 Uτ3 Uτ4 Uτ5

Us1 Us2 Us3 Us4 Us5

Us′1 Us′2 Us′3 Us′4 Us′5





















U5×5 =





















Ue1 Ue2 Ue3 Ue4 Ue5

Uµ1 Uµ2 Uµ3 Uµ4 Uµ5

Uτ1 Uτ2 Uτ3 Uτ4 Uτ5

Us1 Us2 Us3 Us4 Us5

Us′1 Us′2 Us′3 Us′4 Us′5





















U5×5 =





















Ue1 Ue2 Ue3 Ue4 Ue5

Uµ1 Uµ2 Uµ3 Uµ4 Uµ5

Uτ1 Uτ2 Uτ3 Uτ4 Uτ5

Us1 Us2 Us3 Us4 Us5

Us′1 Us′2 Us′3 Us′4 Us′5





















UUU = R45 R35 R25 R15 R34 R24 R14 R23 R13 R12 × diag(1, eiϕ2 , eiϕ3 , eiϕ4 , eiϕ5)

Left-handed lepton mixing 

 sub-block, non-unitary! 

ŨPMNS
3 × 3

Active-sterile mixing 

 rectangular matrix 

Uαi
3 × 5

Physical parameters: 5 masses [3 light (mostly active) & 2 heavier (mostly sterile) states]

                     10 mixing angles, 10 CPV phases (6 Dirac , 4 Majorana )δij φi

Would-be PMNS no longer unitary, leptonic  and  vertices modifiedW Z
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The impact of CP violating phases

 Radiative decays:  
BR(μ → eγ) ∝ |Gμe
γ |2

Gμe
γ = ∑

i=4,5

𝒰ei 𝒰*μi Gγ (
m2

Ni

m2
W )

Assume (for simplicity & illustrative purposes):  and  





 Radiative decays: rate depends only on Dirac phases; full cancellation for 


(Other form factors - more involved expressions, depend also on Majorana phases )

m4 ≈ m5 sin θα4 ≈ sin θα5 ≪ 1

|Gμe
γ |2 ≈ 4 sin2 θe4 sin2 θμ4 cos2 ( δ14 + δ25 − δ15 − δ24

2 ) Gγ (
m2

Ni

m2
W )

⇒ Σδ = π

φ4,5

 cLFV processes mediated by HNL at loop-level

Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing , CPV phases)   𝒰5×5

Sr
NP NP

la les

lo u e

Np lip Np

la lp 9 9

r r of
NP NP
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The impact of CP violating phases: Dirac
 cLFV processes mediated by HNL at loop-level


Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing , CPV phases)   𝒰5×5

0 1 2 3 4 5 6

�14

10�18

10�17

10�16

10�15

10�14

10�13

BR(µ ! e�)

BR(µ�
! e

�
e
+
e
�)

BR(Z ! e
±

µ
⌥)

Figure 3: Dependence of cLFV observables and several form factors (contributing to the di↵erent
cLFV decay rates) on the CP violating Dirac phase �14 (all other phases set to zero). On the left
panel we present BR(µ ! e�) (blue), BR(µ ! 3e) (orange) and BR(Z ! eµ) (green); on the right

one finds |G
�↵
� | (blue), |F

�↵

Z
| (orange) and |F

�3↵
box | (green), choosing for illustrative purposes ↵ = e and

� = µ. In both panels, solid, dashed and dotted lines respectively correspond to the following heavy
fermion masses: m4 = m5 = 1, 5, 10 TeV.

As this first discussion is dedicated to understanding and rendering visible the role of phases,
no experimental constraints will be applied (certain observables might thus reach values already in
disagreement with current experimental bounds).

3.1 cLFV decay rates: sensitivity to CPV phases

In what follows, we focus on µ � e sector flavour violation, and consider the following subset of
observables: BR(µ ! e�), BR(µ ! 3e) and BR(Z ! eµ). We then devote a brief dedicated discussion
to µ � e conversion in nuclei.

The role of Dirac phases In Fig. 3 we display the dependence of the above mentioned cLFV
rates (and their form factors) on the Dirac phases. We set as an illustrative (benchmark) choice
the following values for the mixing angles, ✓14 = ✓15 = 10�3, ✓24 = ✓25 = 0.01 and ✓34 = ✓35 = 0.
Moreover, all phases are set to zero except the Dirac phase �14. We also consider three representative
values of the heavy fermion masses m4 = m5 = 1, 5, 10 TeV (associated with solid, dashed and dotted
lines). As can be seen in the left panel, all considered observables have a clear dependence on �14

(the only non-vanishing phase considered), with the associated rates exhibiting a strong cancellation
(typically amounting to around four orders of magnitude) for �14 = ⇡, for all considered masses of
the heavy sterile states. This behaviour can be understood by considering the pattern shown by the
form factors contributing to cLFV radiative and 3-body muon decays, all displaying an (analogous)
suppression for �14 = ⇡.

Working in the limits above referred to, in Appendix C we present analytical expressions for the
form factors contributing to the purely leptonic decays, including the full dependence on all phases.
Regarding the dipole contributions, and in the case in which only �14 6= 0, one has

G
µe

� ⇡ s14s24e
� i

2 (�14)2 cos

✓
�14

2

◆
G�(x4,5) , (22)

thus implying that in the simplest case of µ ! e� decays, the corresponding branching fraction for
the radiative decays is given by

BR(µ ! e�) / |G
µe

� |
2

⇡ 4s
2
14s

2
24 cos2

✓
�14

2

◆
G

2
�(x4,5) , (23)

with x4,5 = m
2
4/M

2
W

= m
2
5/M

2
W

, thus indeed approximately vanishing for �14 = ⇡. Similar results can
be obtained for the photon penguin form factor F

µe
� , as well as for one of the terms in the form factor

8

Abada, JK, Teixeira [2107.06313]

 Full cancellation of the rates for , similar results for other (Dirac) phases⇒ δ14 = π

cLFV & CP violation

 1 TeV

 5 TeV

10 TeV






θe4 = θe5 = 10−3

θμ4 = θμ5 = 0.01
θτ4 = θτ5 = 0.1
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The impact of CP violating phases: Majorana
 cLFV processes mediated by HNL at loop-level


Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing , CPV phases)   𝒰5×5

Abada, JK, Teixeira [2107.06313]

Milder dependence, -penguin independent of Majorana phases⇒ γ

Figure 4: cLFV observables (left panel) and choice of contributing form factors to the di↵erent rates
(right panel), as a function of the degenerate heavy sterile mass, m4 = m5 (in GeV), for vanishing
CPV phases. On the left panel we present BR(µ ! e�) (blue), BR(µ ! 3e) (orange) and BR(Z ! eµ)

(green); on the right, one finds the contributions of the �-penguin form factors F
�↵
� and G

�↵
� (blue),

the Z-penguin form factor F
�↵

Z
(orange) and the box form factor F

�3↵
box (green) to the total branching

ratio of decays of the form `� ! 3`↵ (red), choosing for illustrative purposes ↵ = e and � = µ.

0 1 2 3 4 5 6

�4

10�14

10�13

BR(µ ! e�)

BR(µ�
! e

�
e
+
e
�)

BR(Z ! e
±

µ
⌥)

Figure 5: Dependence of cLFV observables and several contributing form factors on the CP violating
Majorana phase '4 (with all other phases set to zero). On the left panel we present BR(µ ! e�)
(blue), BR(µ ! 3e) (orange) and BR(Z ! eµ) (green); on the right, one has |G

µe
� | (blue), |F

µe

Z
|

(orange) and |F
µ3e
box | (green). In both panels, solid, dashed and dotted lines respectively correspond to

m4 = m5 = 1, 5, 10 TeV.

of Fig. 4). Indeed, in the simplified limits of the form factors (see Appendix C), one verifies that only

two contributions in the form factors depend on the Majorana phase, F
(3)
Z

and F
(1)
box. In the presence

of a single non-vanishing Majorana phase, their expressions are:

F
(3)
Z

⇡ 4s14s24
�
s
2
14 + s

2
24

�
cos2('4) eHZ(x4,5) ,

F
(1)
box ⇡ 4s

3
14s24 cos2('4) eGbox(x4,5) . (27)

The impact of the Majorana phase on the cLFV Z decays can be also understood in analogy from
the dependence of the corresponding Z penguin form factor. This is readily visible from inspection of
Fig. 5, which reveals a very similar dependence on '4.

Joint Dirac-Majorana phase e↵ects A first view of the joint e↵ect of Majorana and Dirac phases
can be obtained by setting one to a fixed non-vanishing value, while the other is varied over its full
range (i.e. 2 [0, 2⇡]). This is shown in Fig. 6, where we re-evaluate the dependence of the cLFV rates,

10

cLFV & CP violation

 1 TeV

 5 TeV

10 TeV






θe4 = θe5 = 10−3

θμ4 = θμ5 = 0.01
θτ4 = θτ5 = 0.1
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The impact of CP violating phases — breaking correlations

  TeV


 CP conserving


m4 = m5 = 1
∙
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Abada, JK, Teixeira [2107.06313]
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Strong correlation

   (CP conserving)

cLFV signatures: ratios of observables to identify mediators & constrain their masses!

But - CP violating phases do matter!      And impact naïve expectations...

Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing , CPV phases) 


Observables dominated by common topology: -penguins


 conversion in nuclei


3-body muon decays ( ) 

𝒰5×5

Z
μ − e

μ → 3e

cLFV & CP violation
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Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing , CPV phases) 


Observables dominated by common topology: -penguins


 conversion in nuclei


3-body muon decays ( ) 

𝒰5×5

Z
μ − e

μ → 3e

cLFV signatures: ratios of observables to identify mediators & constrain their masses!

But - CP violating phases do matter!      And impact naïve expectations...

Abada, JK, Teixeira [2107.06313]
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Breaking correlations (continued)

Both µ � eµ � eµ � e conversion and µ ! 3eµ ! 3eµ ! 3e dominated by ZZZ-penguins, expect strong correlation
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AKT 2107.06313

blue: all phases vanishing; orange: random phases; green: phases grid scan

))) Hypothetical signal e.g. only in µ ! 3eµ ! 3eµ ! 3e does not disfavour HNL models!

Jonathan Kriewald LPC IRN Terascale 24.11. 2021 16 / 19
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 CPV phases (grid )
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Strong correlation

   (CP conserving)

cLFV & CP violation

The impact of CP violating phases — breaking correlations
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Correlations broken, large mixing angles still possible, how do we “tag” the presence of CPV?

CP-asymmetries

Introduce CP-asymmetries: 𝓐CP(Z → ℓαℓβ) =
Γ(Z → ℓ+

α ℓ−
β ) − Γ(Z → ℓ−

α ℓ+
β )

Γ(Z → ℓ+
α ℓ−

β ) + Γ(Z → ℓ−
α ℓ+

β )

(Higgs decay asymmetries accidentally negligible)

Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing , CPV phases)  
Simplified approach:  ;  TeV  

𝒰5×5
sin θα4 = sin θα5 m4 = m5 = (1, 5, 10)

and axial-vector currents can be cast in terms of the CV and CA coe�cients, respectively given by
CV = �

1
2 + 2 sin2

✓w and CA = �
1
2 . Moreover, one has

Cij =
3X

⇢=1

U
†
i⇢

U
⇢j

. (5)

Although all numerical results here presented will be obtained without relying on any approxima-
tion, for the purpose of first analytical insights it proves convenient to consider some simplifying limits
of the “3+2 toy model”. For the purpose of deriving illustrative (compact) analytical expressions, we
will assume that the active-sterile mixings (i.e., ✓↵i with ↵ = e, µ, ⌧ and i = 4, 5) are su�ciently small
so that cos ✓↵i ⇡ 1 is indeed a valid approximation. In this limit, one can thus parametrise the 3 ⇥ 2
rectangular active-sterile mixing matrix as

U↵(4,5) ⇡

0

@
s14e

�i(�14�'4) s15e
�i(�15�'5)

s24e
�i(�24�'4) s25e

�i(�25�'5)

s34e
�i(�34�'4) s35e

�i(�35�'5)

1

A , (6)

with s↵i = sin ✓↵i, and where �↵i ('i) denote Dirac (Majorana) phases. It is further convenient to work
in the limit ✓↵4 ⇡ ✓↵5, with nearly mass-degenerate heavy states, i.e. m4 ⇡ m5 � ⇤EW (typically of
the order of a few TeV).

3 cLFV neutral boson decays: the impact of leptonic CP phases

Here formulae and technical discussions; refer to Xabi and MJ, as well as to our previous work...

3.1 Z boson decays

The cLFV Z vertex for on-shell charged leptons can in general be decomposed as

ū↵(p↵)�µ

`↵`�
(q)v�(p�) =

X

X=L,R

ū↵(p↵)
⇥
F

X

S q
µ
PX + F

X

V �
µ
PX + F

X

T �
µ⌫

q⌫PX

⇤
v�(p�) , (7)

in which q
µ = p

µ
↵ + p

µ

�
is the momentum of the Z-boson an �

µ⌫ = i

2 [�
µ
, �

⌫ ]. For on-shell Z-boson
decays the scalar amplitudes do not contribute due to the ward identity q

µ
✏
⇤
µ(q) = 0, but they can

appear if the Z boson is an o↵-shell intermediate state. Furthermore, all amplitudes but F
L

V
vanish

in the limit of massless charged leptons. We emphasise that in the calculation of the contributing
diagrams, which are shown in Fig. 1, we do not neglect the charged lepton masses.

Z

`↵

¯̀
�

ni

W
±

nj

(a)

Z

`↵

¯̀
�

W
±

ni

W
±

(b)

Z

`↵

¯̀
�

ni

W
±

(c)

Z

`↵

¯̀
�

ni

W
±

(d)

Figure 1: Feynman diagrams contributing to cLFV Z decays (in unitary gauge).

We split the contributions to the invariant amplitudes according to the di↵erent topologies as (the
superscript refers to the diagrams of Fig. 1)

F
L

V = F
L (a)
V

+ F
L (b)
V

+ F
L (c+d)
V

. (8)
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Figure 7: CP asymmetry in cLFV Z ! `↵`� decays as a function of the Majorana and Dirac CP
violating phases. From left to right, top to bottom, ACP (Z ! `↵`�) (cf. Eq. (30)) dependence on '4,
�14, �24 and �34, (with all other phases set to zero in each case, except for the one displayed). The
colour code denotes the flavour composition of final state lepton pair: eµ (blue), e⌧ (orange) and µ⌧

(green). In all panels, solid, dashed and dotted lines respectively correspond to the following heavy
fermion masses: m4 = m5 = 1, 5, 10 TeV.

(mainly FCC)
The plots are however fully pheno - all experimental constraints have been applied

6 Conclusions
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A Neutrino oscillation data

Below we summarise the NuFIT 5.0 global fit results [?] for neutrino mixing data as used in our
analysis. check and update!
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 Impact of Majorana CPV phases
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Abada, JK, Pinsard, 

Rosauro, Teixeira [2207.10109]

Correlations broken, large mixing angles still possible, how do we “tag” the presence of CPV?

Consider CP-asymmetries: 𝓐CP(Z → ℓαℓβ) =
Γ(Z → ℓ+

α ℓ−
β ) − Γ(Z → ℓ−

α ℓ+
β )

Γ(Z → ℓ+
α ℓ−

β ) + Γ(Z → ℓ−
α ℓ+

β )

 (CP-conserving),  (CP-violating)P1 P2

Benchmark points (with different mixing) 

lead to identical cLFV predictions!

: !⇒P2 𝓐CP(Z → μτ) ≃ 30 %

Abada, JK, Pinsard, 

Rosauro, Teixeira [2207.10109]

Measuring CP-asymmetries, i.e. searching


  for  and  independently


 might allow to constrain CPV phases

  and can help to identify the source of cLFV!

Z → ℓ+
α ℓ−

β Z → ℓ−
α ℓ+

β

CP (T)-asymmetries have also been considered in 


   angular distributions of  


                       (see Bolton & Petcov [2204.03468])

μ → eee

cLFV & CP violation

CP-asymmetries
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cLFV & CP violation

Conclusion

Neutrino oscillations are the 1st laboratory evidence of New Physics!

 massive and oscillating neutrinos open the door to LFV and 


                                                                             new sources of CPV

⇒

New CPV phases from HNL play a crucial role in LNV and cLFV processes:


                Interference effects can enhance or suppress rates 


                    Correlations between observables can be broken

⇒
⇒

Strong phenomenological impact!

           CP violating phases need to be consistently taken into account in  

                               analyses of HNL models

µ

See also Ema’s poster :)
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cLFV & CP violation

Conclusion

Neutrino oscillations are the 1st laboratory evidence of New Physics!

 massive and oscillating neutrinos open the door to LFV and 


                                                                             new sources of CPV

⇒

New CPV phases from HNL play a crucial role in LNV and cLFV processes:


                Interference effects can enhance or suppress rates 


                    Correlations between observables can be broken

⇒
⇒

Strong phenomenological impact!

           CP violating phases need to be consistently taken into account in  

                               analyses of HNL models

µ

"You cannot spell flaVour without CP Violation"


Phases do really matter!      
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µ

Backup
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cLFV observables across all sectors and energies
Any cLFV signal necessarily implies the presence of New Physics!

 “Purely” leptonic cLFV observables: 


Most stringent exp. bounds: 

ℓβ → ℓαγ, ℓβ → ℓαℓγℓγ′￼

BR(μ → eγ) ≲ 4.2 × 10−13 , BR(μ → eee) ≲ 10−12

 Muonic atoms (and bound states): many “nuclear-assisted” cLFV observables

e.g. neutrinoless  conversion ( ) : μ − e μ−N → e−N CR(μ − e, Au) ≲ 7 × 10−13

 Semi-leptonic cLFV  decays:  ; τ τ → Pℓ′￼, τ → Vℓ′￼ BR(τ → ϕμ) ≲ 8.4 × 10−8

 (Semi-) leptonic cLFV meson decays:  ;
M → ℓ±
α ℓ∓

β , M → M′￼ℓ±
α ℓ∓

β
BR(KL → μ±e∓) ≲ 4.7 × 10−12 , BR(B(s) → ℓ±

α ℓ∓
β ) ≲ 𝒪(10−5)

 cLFV @  higher energies:  , high-  di-lepton tails ,


 

Z → ℓ±
α ℓ∓

β , H → ℓ±
α ℓ∓

β pT pp → ℓ±
α ℓ∓

β
BR(Z → ℓ±

α ℓ∓
β ) ≲ 𝒪(10−6)
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cLFV observables across all sectors and energies
Any cLFV signal necessarily implies the presence of New Physics!

 “Purely” leptonic cLFV observables: 


Most stringent exp. bounds: 

ℓβ → ℓαγ, ℓβ → ℓαℓγℓγ′￼

BR(μ → eγ) ≲ 4.2 × 10−13 , BR(μ → eee) ≲ 10−12

 Muonic atoms (and bound states): many “nuclear-assisted” cLFV observables

e.g. neutrinoless  conversion ( ) : μ − e μ−N → e−N CR(μ − e, Au) ≲ 7 × 10−13

 Semi-leptonic cLFV  decays:  ; τ τ → Pℓ′￼, τ → Vℓ′￼ BR(τ → ϕμ) ≲ 8.4 × 10−8

 (Semi-) leptonic cLFV meson decays:  ;
M → ℓ±
α ℓ∓

β , M → M′￼ℓ±
α ℓ∓

β
BR(KL → μ±e∓) ≲ 4.7 × 10−12 , BR(B(s) → ℓ±

α ℓ∓
β ) ≲ 𝒪(10−5)

 cLFV @  higher energies:  , high-  di-lepton tails ,


 

Z → ℓ±
α ℓ∓

β , H → ℓ±
α ℓ∓

β pT pp → ℓ±
α ℓ∓

β
BR(Z → ℓ±

α ℓ∓
β ) ≲ 𝒪(10−6)

Fabrizio Cei, KAON2019
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Low-scale seesaw

Low-scale type I seesaw
Extend SM with 3 “heavy” RH Majorana neutrinos: MeV ≲ mNi

≲ 1 − 100TeV

Heavy states not decoupled  neutral and charged lepton currents modified


                                                    very rich phenomenology: colliders, cLFV, LNV, … 

⇒
⇒

Alonso et al [1209.2679] 

UνN ≃ Y†
ν M−1

N

Granelli, Klaric, Petcov [2206.04342]
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The impact of CP violating phases — no more correlations

Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing , CPV phases) 


Observables dominated by common topology: -penguins


𝒰5×5

Z

cLFV signatures: ratios of observables to identify mediators & constrain their masses!

But - CP violating phases do matter!      And impact naïve expectations...
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cLFV & CP violation

Abada, JK, Teixeira [2107.06313]

Also vary mass splitting, 


all angles/phases independently


 Generic effect of CPV phases!⇒
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Figure 9: General overview of cLFV H ! `↵⌧ vs. cLFV tau-lepton decays in the “3+2 toy model”
parameter space. All active-sterile mixing angles, as well as Dirac and Majorana CP phases, are
randomly varied . In all panels, m4 = 5 TeV, with m5 � m4 2 [10 MeV, 1 TeV]. Blue points
correspond to vanishing phases, while orange denote random values of all phases (�↵i and 'i, with
↵ = e, µ, ⌧ and i = 4, 5). Dotted (dashed) lines denote current bounds (future sensitivity) as given in
Table 1. (For additional information, see detailed description in the text.)
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Figure 10: General overview of cLFV H ! `↵⌧ and Z ! `↵⌧ (with `↵ = e, µ) in the “3+2 toy
model” parameter space. All active-sterile mixing angles, as well as Dirac and Majorana CP phases,
are randomly varied . In all panels, m4 = 5 TeV, with m5 � m4 2 [10 MeV, 1 TeV]. Blue points
correspond to vanishing phases, while orange denote random values of all phases (�↵i and 'i, with
↵ = e, µ, ⌧ and i = 4, 5). Dotted (dashed) lines denote current bounds (future sensitivity) as given in
Table 1. (For additional information, see detailed description in the text.)

from the IN2P3 (CNRS) Master Project, “Flavour probes: lepton sector and beyond” (16-PH-169).
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 cLFV processes: ,  and CPV Dirac / Majorana phases

Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing , CPV phases)  


All angles & CPV phases randomly (independently) varied; non-degenerate heavy states (TeV)

H → ℓαℓβ Z → ℓαℓβ
𝒰5×5

 Important contributions of sterile fermions to cLFV Higgs and Z decays! 

(  most promising, but still beyond "observation", even FCC-ee...)


 Effect of Majorana and Dirac phases on cLFV rates: constructive and destructive interferences


Milder loss of correlation with respect to CP conserving case than cLFV leptonic decays

⇒
H → μτ

⇒

cLFV:  and HiggsZ

Abada, JK, Pinsard, 

Rosauro, Teixeira [2207.10109]


δDirac
αi , φMaj

i ≠ 0
δ, φ = 0



Jonathan Kriewald Date short
14.02.23
 20

The impact of CP violating phases — no more correlations
cLFV signatures: ratios of observables to identify mediators & constrain their masses!


But - CP violating phases do matter!      And impact naïve expectations...

Abada, JK, Teixeira [2107.06313]

Some illustrative benchmark points - CP conserving ( ) and CPV variants ( )Pi P′￼i

: only cLFV  decays in allowed region; cLFV  transitions already experimentally disfavoured

Regime of large mixing angles excluded?  


: all considered cLFV transitions currently allowed,  beyond sensitivity! 

P3 τ μ

P′￼3 μ → eγ

(Non)-observation of cLFV observable(s)  not necessarily disfavour HNL extension!⇒

cLFV & CP violation


