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Flavour violation in SM

Flavour and CP violation: SM

2

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, , … see talks by Markus Prim and Andreas CrivellinVcb, Vub
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Flavour in the Standard Model: interactions (and transitions) between fermion families

Gauge interactions are flavour universal

Yukawas  and  encode all flavour dynamicsYu
ij, Yd
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(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

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 

Few tensions, CAA, , … see talks by Markus Prim and Andreas CrivellinVcb, Vub
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Flavours: beyond SM

Lepton flavour and CP violation beyond SM

3

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

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


               baryon asymmetry of the Universe                (and several theoretical caveats…)


ν

Test SM symmetries with flavour observables: 


(c)LFV, lepton flavour universality violation, … 

⇒
How to unveil the NP model at work?
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Flavours: beyond SM

Lepton flavour and CP violation beyond SM

3

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?

Patrick.Koppenburg@
cern.ch

-oscillations 1st laboratory evidence of New Physics!


 New mechanism of mass generation? Majorana fields?

 New sources of CP violation?

ν

Currently many tensions with SM related to charged leptons


  , B-meson anomalies, …(g − 2)μ,e

Leptons are uniquely versatile and sensitive probes of NP!

 Abundantly available, many different observables

 Unprecedented future experimental prospects
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Flavours & New Physics

Lepton flavour & CP with massive neutrinos

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 interactions, lepton number conservedSMmν

new sources of CPV?
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Flavours & New Physics

Lepton flavour & CP with massive neutrinos

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 interactions, 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
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Outline

 Leptons: a gateway for New Physics


 (Dis)entangling cLFV sources


 Conclusions



Jonathan Kriewald IJS Date short
8 Nov 2022
 6

Leptons: a gateway for New Physics

µ
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Muons in the SM

Muons: a long history
Muon (aka mu-meson or mesotron) discovered in cosmic rays in 1937

Early searches and limits on   decay  (Hincks, Pontecorvo 1947)μ(e*) → eγ

Since then:  one of the best understood SM particles:μ

 hypothesis of  , second lepton family ⇒ νμ

Mass  , Lifetime 

Magnetic moment:  (BNL + FNAL)


Electric dipole moment:  (BNL) 

mμ = 105.6583755 ± 0.0000023 MeV τμ = 2.1969811 ± 0.0000022 μs

(g − 2)/2 = (11659206.1 ± 4.1) × 10−10

|dμ | ≲ 1.8 × 10−19ecm

Michel decay: (determination of  )BR(μ− → e−ν̄eνμ) ≈ 100 % GF

Rare SM decays: 


     

BR(μ− → e−ν̄eνμγ) = (6.0 ± 0.5) × 10−8

BR(μ− → e−ν̄eνμe+e−) = (3.4 ± 0.4) × 10−5

Bound states: Muonium   QED and gravity tests


 Muonic atoms: search for P violation

(μ+e−) ↝
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Leptons & New Physics

Lepton flavour hints of NP

 Flavour precision: deviations in 


      around  ?


     or NP needed in  ?

see e.g. Darmé et al. [2112.09139], Di Luzio et al. [2112.08312]


(g − 2)μ 4σ

e+e− → hadrons

Fermilab plot, April 7 2021, BMWc version

 17.5  18  18.5  19  19.5  20  20.5  21  21.5

1.5 σ

4.2 σ

aµ × 109 – 1165900

BNL g-2

FNAL g-2

BMWc lattice LO-HVP
Experimental

Average

White Paper
Standard Model

Standard Model with

Laurent Lellouch Virtual Breakfast with g-2, IJClab, 19 May 2021

Recent LQCD results seem to confirm BMWc


       (Mainz & ETMC) 

See yesterday’s talk by Andreas Crivellin
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Leptons & New Physics

Lepton flavour hints of NP

 Deviations in  or  ??


      discrepancy in  determinations?


 Violation of lepton universality??


(g − 2)e αe

5.4σ αe

⇒

 Flavour precision: deviations in 


      around  ?


     or NP needed in  ?

see e.g. Darmé et al. [2112.09139], Di Luzio et al. [2112.08312]


(g − 2)μ 4σ

e+e− → hadrons

(2018)  


(2020) 

ΔaCs
e = − 0.88(36) × 10−12 ∼ − 2.3σ

ΔaRb
e = + 0.48(30) × 10−12 ∼ + 1.7σ

Lepton universality (MFV) suggests:


   /  


But   /  !

Δae Δaμ ≃ m2
e /m2

μ = + 2.4 × 10−5

ΔaCse Δaμ = − 3.3 × 10−4

See yesterday’s talk by Andreas Crivellin
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Leptons & New Physics

Lepton flavour hints of NP

 Flavour precision: deviations in 


      around  ?


     or NP needed in  ?

see e.g. Darmé et al. [2112.09139], Di Luzio et al. [2112.08312]


(g − 2)μ 4σ

e+e− → hadrons

RK and RKú

[Scholarpedia, arXiv:1606.00999]

0 5 10 15 20

q2 [GeV2/c4]

0.4

0.6

0.8

1.0

1.2

1.4

1.6

R
K

patrick.koppenburg@cern.ch

LHCb’21

Belle’19

BaBar’12

0 2 5 8 10 12 15 18

q2 [GeV2/c4]

0.4

0.6

0.8

1.0

1.2

1.4

1.6

R
� K

patrick.koppenburg@cern.ch

LHCb’17

Belle’19
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LHCb [JHEP 08 (2017) 055] [arXiv:2103.11769]. Belle [arXiv:1904.02440] [JHEP 03 (2021) 105]. BaBar [PRD 86

(2012) 032012].

Captain obvious says: the smaller the uncertainties
the more precise the data point

Patrick Koppenburg Extrapolation to LHCb Upgrades I/II 21/04/2021 — Beyond Flavour Anomalies [13 / 33]

LHCb [2103.11769]
Belle [1904.02440]
BaBar [1204.3933]

Patrick.Koppenburg@cern.ch

 Deviations in  or  ??


      discrepancy in  determinations?


 Violation of lepton universality??


(g − 2)e αe

5.4σ αe

⇒

SM: RK = RK* ≃ 1

Exp:   [LHCb]R[1.1,6]
K = 0.846+0.044

−0.041

Exp:   [LHCb]R[1.1,6]
K* = 0.69+0.11

−0.07 ± 0.05

 Deviations in  around  ,


  More tensions in 


 Violation of lepton universality??


RK(*) 3σ
b → sμμ

⇒
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See yesterday’s talk by Andreas Crivellin
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Leptons & New Physics

Lepton flavour hints of NP

 Flavour precision: deviations in 


      around  ?


     or NP needed in  ?

see e.g. Darmé et al. [2112.09139], Di Luzio et al. [2112.08312]


(g − 2)μ 4σ

e+e− → hadrons

 Deviations in  around  ,


  More tensions in 


 Violation of lepton universality??


RK(*) 3σ
b → sμμ

⇒

 Deviations in  or  ??


      discrepancy in  determinations?


 Violation of lepton universality??


(g − 2)e αe

5.4σ αe

⇒

 Deviations in  around  ,


 Violation of lepton universality??


RD(*) 3σ
⇒

SM: RD ≃ 0.299 ± 0.004 , RD* ≃ 0.254 ± 0.005

Exp: 


       

RD = 0.358 ± 0.025 ± 0.012

RD* = 0.285 ± 0.010 ± 0.008

See yesterday’s talk by Andreas Crivellin



Jonathan Kriewald IJS Date short
8 Nov 2022
 9

Leptons & New Physics

Lepton flavour hints of NP

 Flavour precision: deviations in 


      around  ?


     or NP needed in  ?

see e.g. Darmé et al. [2112.09139], Di Luzio et al. [2112.08312]


(g − 2)μ 4σ

e+e− → hadrons

 Deviations in  around  ,


  More tensions in 


 Violation of lepton universality??


RK(*) 3σ
b → sμμ

⇒

 Deviations in  or  ??


      discrepancy in  determinations?


 Violation of lepton universality??


(g − 2)e αe

5.4σ αe

⇒

 Deviations in  around  ,


 Violation of lepton universality??


RD(*) 3σ
⇒

SM: RD ≃ 0.299 ± 0.004 , RD* ≃ 0.254 ± 0.005

Exp: 


       

RD = 0.358 ± 0.025 ± 0.012

RD* = 0.285 ± 0.010 ± 0.008

S. Glashow, D. Guadagnoli & K. Lane ’14: 
“[…] any departure from lepton 

universality is necessarily associated with 
the


 violation of lepton flavour conservation. 
No known symmetry principle can protect 

the one in the absence of the other”                
[1411.0565]

See yesterday’s talk by Andreas Crivellin
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cLFV decays

Sr
NP NP

la les

lo u e

Np lip Np

la lp 9 9

r r of
NP NP

u e u e

e u e

Np e Np

u e 9 9

WIjWI e lo

emf r.in
a Npr LP zo

es wt e X
ep ep

NR NR

lp T.tn Ip

NP

Sr
NP NP

la les

lo u e

Np lip Np

la lp 9 9

r r of
NP NP

u e u e

e u e

Np e Np

u e 9 9

WIjWI e lo

emf r.in
a Npr LP zo

es wt e X
ep ep

NR NR

lp T.tn Ip

NP

cLFV decay :


      Clean event signature: back-to-back , with 


      Current bound:  (MEG)


      Future prospects:  (MEG II)

μ+ → e+γ
e+γ Eγ = Ee+ ≃ mμ/2

BR(μ → eγ) ≲ 4.2 × 10−13

BR(μ → eγ) ≲ 6 × 10−14

Any cLFV signal necessarily implies the presence of New Physics!

Sr
NP NP

la les

lo u e

Np lip Np

la lp 9 9

r r of
NP NP

u e u e

e u e

Np e Np

u e 9 9

WIjWI e lo

emf r.in
a Npr LP zo

es wt e X
ep ep

NR NR

lp T.tn Ip

NP

cLFV decay :


      Event signature: 3 electrons in coincidence, with 


      Current bound:  (Sindrum)


      Future prospects:  (Mu3e)

μ+ → e+e−e+

∑ pe = (mμ, 0⃗)T

BR(μ → eee) ≲ 1 × 10−12

BR(μ → eee) ≲ 10−15(16)

More cLFV decays:


     , ,  (ALPs), …μ+ → e+γγ μ+ → e+X( → γγ, e+e−) μ → ea

Muons & cLFV
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Muons & cLFV

Muonic bound states & muonic atoms

Sr
NP NP

la les

lo u e

Np lip Np

la lp 9 9

r r of
NP NP

u e u e

e u e

Np e Np

u e 9 9

WIjWI e lo

emf r.in
a Npr LP zo

es wt e X
ep ep

NR NR

lp T.tn Ip

NP

Any cLFV signal necessarily implies the presence of New Physics!

 cLFV  conversion:    


      Event signature: single mono-energetic , with   


      Current bound:  (Sindrum II)


      Future prospects:         (Mu2e, COMET)

μ− → e− μ− + (A, Z ) → e− + (A, Z )(*)

e− Ee ≃ 𝒪(100 MeV)
CR(μ → e, Au) ≲ 7 × 10−13

CR(μ → e, Al) ≲ 𝒪(10−17 − 10−18)

 Coulomb enhanced  decay:   


      Clean event signature: back-to-back  pair, with   


 Experimental status: NEW observable!                           (to be studied at COMET phase I ?)


  Large  enhancement, very complementary to   

μ−e− → e−e− Γ ∝ σμe→eevrel[(Z − 1)αeme]3

e− Ee ≃ mμ/2

Z μ → eee & μ → eγ

Koike et al. [1003.1578]

Uesaka et al. [1508.05747]

 cLFV & LNV  conversion:      


     Complicated event signature, NMEs poorly known… but: strong correlation with !


 Muonium:  oscillation,  decay


      (Willmann et al. ’99)

μ− − e+ μ− + (A, Z ) → e+ + (A, Z − 2)*
0ν2β

Mu(μ+e−) → Mu(μ−e+) Mu(μ+e−) → e+e−

P(Mu → Mu) ≲ 8 × 10−11

(also DeeMe)
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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: 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)

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

 Muonic atoms: 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)

cLFV everywhere

Fabrizio Cei, KAON2019
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Probing large scales

The probing power of flavour violation
Paving the way to the SM: from prediction of charm to the existence of 3 families!

 Indirect probes of much higher scales: e.g. top mass in  oscillations⇒ K0 − K̄0

Cast current data in terms of  and  :   bounds on 𝒞6
ij ΛNP 𝒞6

ij ≈ 1 ⇒ ΛNP

𝓛eff = 𝓛SM + ∑
n≥5

1
Λn−4

𝓒n(g, Y, . . . ) 𝓞n(ℓ, q, H, γ, . . . )

SM interpreted as a low-energy limit of a (complete, yet unknown) NP model

 Study various classes of well-motivated models 

 Model-independent, effective approach (EFT)

⇒
⇒

EPPSU [1910.11775]
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66 CHAPTER 5. FLAVOUR PHYSICS

2. The strong CP problem, that defines the QCD vaccuum. Why is its q parameter
experimentally constrained to be extremely small? For a priori no good reason.

3. The flavour puzzle. Why are there three generations of quarks and leptons? What
accounts for the very different masses and mixings? What fixes the size of CP-
violation, largely insufficient to explain the observed dominance of matter over anti-
matter?

The flavour puzzle, in particular, feeds into the first two tensions. For instance, within the SM
the top loop gives the main contribution to the EW hierarchy problem, while the strong CP
problem is an issue only in as much as all the quarks have non-zero masses. Furthermore,
many NP models designed to solve the EW hierarchy problem tend to worsen the strong CP
problem and generate unacceptably large contributions to electric dipole moments (EDMs), as a
consequence of the presence of CP-violation in non-chiral flavour changing couplings. All three
tensions in their core amount to the question of why certain parameters are very small. In natural
theories small numbers are explained by symmetries or dynamical assumptions, suggesting that
the SM needs to be extended in order to become a natural theory.

The underlying nature of CP violation, which is at the heart of many open questions, de-
serves special mention. On the one hand, the combination of the discrete symmetries C, P and
T is essential to the formulation of quantum field theory itself. On the other hand, CP viola-
tion is at the backbone of the SM three-family flavour puzzle and of the strong CP problem.
In addition, it is also an essential ingredient to generate the observed baryon asymmetry (as-
suming baryogenesis). From a practical perspective, it is one of the main driving forces behind
the present experimental efforts, especially in the neutrino sector. Finally, dark matter itself
may have flavour structure, and a true understanding of flavour would then require an interdis-
ciplinary exploration. As a side benefit, the present and planned flavour experiments are often,
without special requirements, sensitive to light dark matter candidates such as feebly interacting
particles.

The progress in understanding the above fundamental questions can be made through a
variety of tools: directly by increasing the energy at which the world of fundamental particles
and forces is explored, or indirectly by making precise measurements of rare or even SM forbid-
den processes, relying on quantum mechanical effects to probe shorter distances or effectively
higher energies. The expected experimental progress, especially with regards to the indirect
probes, can be neatly encoded in the model-independent tool of effective Lagrangians. As long
as the NP particles are heavier than the energy released in a given experiment, their impact can
be included via effective operators of increasing mass dimensions, constructed from the SM
fields. The resulting effective field theory (SM-EFT) has the following form:

Leff = LSM +
C5
LM

O
(5) +Â

a

Ca
6

L2 O
(6)
a + · · · . (5.1)

The dimension five (d = 5) operator O
(5) breaks lepton number and, if present, induces Majo-

rana neutrino masses of order v2/LM, where LM is assumed to be much larger than the elec-
troweak (EW) scale v. The d = 6 operators O(6)

a encode the effects of NP particles of generic
mass L. Experiments probe the ratios Ca/L2.

For a qualitative appraisal, Fig. 5.1 illustrates the scales probed by the present flavour
experiments (light colours) and mid-term prospects, assuming Ca

6 ⇠ O(1) [258]. This can be
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variety of tools: directly by increasing the energy at which the world of fundamental particles
and forces is explored, or indirectly by making precise measurements of rare or even SM forbid-
den processes, relying on quantum mechanical effects to probe shorter distances or effectively
higher energies. The expected experimental progress, especially with regards to the indirect
probes, can be neatly encoded in the model-independent tool of effective Lagrangians. As long
as the NP particles are heavier than the energy released in a given experiment, their impact can
be included via effective operators of increasing mass dimensions, constructed from the SM
fields. The resulting effective field theory (SM-EFT) has the following form:

Leff = LSM +
C5
LM

O
(5) +Â

a

Ca
6

L2 O
(6)
a + · · · . (5.1)

The dimension five (d = 5) operator O
(5) breaks lepton number and, if present, induces Majo-

rana neutrino masses of order v2/LM, where LM is assumed to be much larger than the elec-
troweak (EW) scale v. The d = 6 operators O(6)

a encode the effects of NP particles of generic
mass L. Experiments probe the ratios Ca/L2.

For a qualitative appraisal, Fig. 5.1 illustrates the scales probed by the present flavour
experiments (light colours) and mid-term prospects, assuming Ca

6 ⇠ O(1) [258]. This can be
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The probing power of flavour violation
SM interpreted as a low-energy limit of a (complete, yet unknown) NP model


 Study various classes of well-motivated models 

 Model-independent, effective approach (EFT)

⇒
⇒

EPPSU [1910.11775]
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experimentally constrained to be extremely small? For a priori no good reason.

3. The flavour puzzle. Why are there three generations of quarks and leptons? What
accounts for the very different masses and mixings? What fixes the size of CP-
violation, largely insufficient to explain the observed dominance of matter over anti-
matter?

The flavour puzzle, in particular, feeds into the first two tensions. For instance, within the SM
the top loop gives the main contribution to the EW hierarchy problem, while the strong CP
problem is an issue only in as much as all the quarks have non-zero masses. Furthermore,
many NP models designed to solve the EW hierarchy problem tend to worsen the strong CP
problem and generate unacceptably large contributions to electric dipole moments (EDMs), as a
consequence of the presence of CP-violation in non-chiral flavour changing couplings. All three
tensions in their core amount to the question of why certain parameters are very small. In natural
theories small numbers are explained by symmetries or dynamical assumptions, suggesting that
the SM needs to be extended in order to become a natural theory.

The underlying nature of CP violation, which is at the heart of many open questions, de-
serves special mention. On the one hand, the combination of the discrete symmetries C, P and
T is essential to the formulation of quantum field theory itself. On the other hand, CP viola-
tion is at the backbone of the SM three-family flavour puzzle and of the strong CP problem.
In addition, it is also an essential ingredient to generate the observed baryon asymmetry (as-
suming baryogenesis). From a practical perspective, it is one of the main driving forces behind
the present experimental efforts, especially in the neutrino sector. Finally, dark matter itself
may have flavour structure, and a true understanding of flavour would then require an interdis-
ciplinary exploration. As a side benefit, the present and planned flavour experiments are often,
without special requirements, sensitive to light dark matter candidates such as feebly interacting
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The progress in understanding the above fundamental questions can be made through a
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and forces is explored, or indirectly by making precise measurements of rare or even SM forbid-
den processes, relying on quantum mechanical effects to probe shorter distances or effectively
higher energies. The expected experimental progress, especially with regards to the indirect
probes, can be neatly encoded in the model-independent tool of effective Lagrangians. As long
as the NP particles are heavier than the energy released in a given experiment, their impact can
be included via effective operators of increasing mass dimensions, constructed from the SM
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a encode the effects of NP particles of generic
mass L. Experiments probe the ratios Ca/L2.

For a qualitative appraisal, Fig. 5.1 illustrates the scales probed by the present flavour
experiments (light colours) and mid-term prospects, assuming Ca
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Probe scales much higher than direct collider reach!

possibly indirect NP signals long before (direct) discovery LHC…⇒

Probing large scales
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(Dis)entangling cLFV sources
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Leptoquarks — flavour anomalies and muon cLFV

  

Can we fully test the U1 model using tree-level observables? 
Complementarity between LFV low-energy and LFC high-pT observables

Angelescu, Becirevic, DAF, Jaffredo, Sumensari,  [2021]

Model Potentially within 
reach at LHCb & Belle 2!

LHC Di-Taus tails push lower
bounds on both LFV observables!

- Predictions for LFV low-energy observables for U1

-25-

Cornering U1

Angelescu et al [2103.12504]

Results: V1V1V1 leptoquark & non-unitary mixing from VL leptons

Confrontation with the most constraining observables (cLFV decays)
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RD(⇤) & RK(⇤) & LFV

Current 
bounds

Current 
bounds

Future sensitivity 

Viable Parameter Space

[C. Hati, JK, J. Orlo↵, A. M. Teixeira JHEP12(2019)006]

Future limits: CR(µ � e, Al) . O(10
�17

) (Mu2e, COMET)

Jonathan Kriewald LPC LPC Seminar 26 February 2021 20 / 39

Strongly constraining observables:

 and  conversion in nuclei


 viable regimes within sensitivity 

of Mu2e and COMET 


KL → eμ μ − e
⇒

 Minimal SM extension via single vector LQ ( ) 


explain both  and  at tree-level 

Vμ
1

RK(*) RD(*)

Hati, JK, Orloff, Teixeira [1907.05511]

 Flavour +  di-lepton tails:


        predict lower bounds on  

                  (close to current limit)

highpT

B → Kμτ & τ → ϕμ

 Minimal SM extensions via 1 or 2 scalar LQs:

      explain both  ,  crucial 


        to identify viable scenarios!!! 

           Doršner et al. [2006.11624]

Δaμ & Δae μ → eγ

(“Natural” Pati-Salam scales pushed to )≳ 100 TeV

cLFV & leptoquarks
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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)

Testing  with cLFVmν

Neutrino mass generation
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Peculiar cLFV patterns

Disentangle seesaw mass models — correlations matter
 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

!"

! "
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“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
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" Fermionic seesaws: Y ν ∼ O(1)Y ν ∼ O(1)Y ν ∼ O(1) ⇒ Mnew ≈ 1013−15⇒ Mnew ≈ 1013−15⇒ Mnew ≈ 1013−15 GeV!
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" Low scale seesaws: rich phenomenology at high-intensities! (and also at LHC)
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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
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Suppression of rates due to the large mass of the mediators!

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

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


Spectrum & mixings: 


Heavy states do not decouple  neutral and charged leptonic currents modified


Rich phenomenology at high intensities and at colliders  

MeV ≲ mNi
≲ 1 − 100 TeV

⇒

Low-scale type I seesaw 

A.M. Teixeira, LPC Clermont

Low scale type I seesaw

! Addition of 3 “heavy” Majorana RH neutrinos to SM; MeV " mNi " 10fewTeVMeV " mNi " 10fewTeVMeV " mNi " 10fewTeV

! Spectrum and mixings: mνmνmν ≈ −v2Y T
ν M−1

N Yν UUUT M6×6
ν UUU = diag(mi)

UUU =

(

UννUννUνν UνN

UNν UNN

)

UννUννUνν ≈ (1− ε)UPMNSUPMNSUPMNS Non-unitary leptonic mixing ŨPMNSŨPMNSŨPMNS!

! Heavy states do not decouple ⇒ modified neutral and charged leptonic currents

! Rich phenomenology at high-intensity/low-energy and at colliders!

[Alonso et al, 1209.2679]

(see also Dinh et al, ’12-’14)
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Alonso, Dehn, Gavela, Hambye [1209.2679]

Granelli, Klaric, Petcov [2206.04342]
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Scotogenic models — connection to dark matter

Current (muon) cLFV bounds favour ; DM candidate! 


Determination of  = BR( )/BR( )  hints on lightest neutrino mass  

mN ≥ mη η ↝
Rμe μ → 3e μ → eγ ⇒ mν1

Toma and Vicente [1312.2840]

 Scotogenic models: a link between neutrino mass generation and dark matter!

minimal realisations: extend SM by (inert) scalar doublet  

                                and RH neutrinos 


Additional  symmetry: neutrino masses @ 1-loop


                      dark matter candidate (  or ) 

η
NR

Z2
η NR

 cLFV observables: hints on the nature of the DM candidate and absolute  mass scaleν

Scotogenic models: neutrinos, dark matter and cLFV

!!! SM extended by (inert) scalar doublet ηηη and RH neutrinos NNN [Ma, ’06]

Additional Z2Z2Z2 symmetry: neutrino masses @ 1 loop

dark matter candidate (NNN or ηηη)

!!! cLFV observables: nature of DM candidate & absolute neutrino mass scale

[Toma and Vicente, ’14]

!!! Current (muon) cLFV bounds favour mN ≥ mηmN ≥ mηmN ≥ mη; ηηη " DM candidate!

Determination of Rµe = BR(µ→3e)
BR(µ→eγ)

Rµe = BR(µ→3e)
BR(µ→eγ)Rµe = BR(µ→3e)
BR(µ→eγ) ⇒⇒⇒ hints on lightest neutrino mass mν1mν1mν1

[Review on phenomenology of generalised scotogenic models: Hagedorn et al, 1804.04117]

12

10!6 10!4 10!2 100 102 104 106
10!20
10!18
10!16
10!14
10!12
10!10
10!8
10!6
10!4

Ξ#!m N "m Η% # 2

Br
!
Μ
'
3e
#
Br
!
Μ
'
e
Γ
#

10!6 10!4 10!2 100 102 104 106
10!20
10!18
10!16
10!14
10!12
10!10
10!8
10!6
10!4

Ξ#!m N "m Η% # 2

Br
!
Μ
'
3e
#
Br
!
Μ
'
e
Γ
#

FIG. 6: Br(µ → eγ) and Br(µ → 3e) as a function of ξ = (mN/mη+)2. A degenerate right-handed neutrino

spectrum has been assumed, see text for details. To the left for NH, whereas to the right for IH. The

horizontal dashed lines show the current upper bounds.

Since the photonic dipole operators contribute to both observables, the only way to obtain

Rµe > 1 is to have dominant contributions from box and/or photonic non-dipole diagrams in

µ → 3e (Z-penguins are suppressed by charged leptons and thus their contribution is always

negligible). Since the photonic non-dipole diagrams, given by the AND form factor, never exceed

the dipole ones as much as to compensate the large factor that multiplies |AD|2 in the branching

ratio formula (see Eq. (22)), they are never dominant. We are therefore left with a competition

between photonic dipole operators and box diagrams.

Assuming box dominance in µ → 3e and a degenerate right-handed neutrino spectrum one can

estimate

Rµe ∼
y4

48π2e2
H(ξ), (31)

where y is the average size of the Yukawa coupling and the function H(ξ) is defined as

H(ξ) =

(

1
2D1(ξ, ξ) + ξD2(ξ, ξ)

F2(ξ)

)2

. (32)

The function H(ξ) is shown in Fig. 5. Notice the cancellation for ξ = 1. This pole is caused by

an exact cancellation between the contributions from the loop functions D1 and D2. However, for

ξ # 1 and ξ $ 1 one always has H(ξ) > 1.

It is clear from Eq. (31) and Fig. 5 that in order to increase the value of Rµe one requires

large Yukawa couplings and a large mass difference between the right-handed neutrinos and the η

scalars (in order to be far from ξ = 1). This is illustrated in Fig. 6, where we show Br(µ → eγ)

(blue) and Br(µ → 3e) (red) as a function of ξ = (mN/mη+)
2. The horizontal dashed lines
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FIG. 8: The ratio Rµe = Br(µ → 3e)/Br(µ → eγ) as a function of the lightest neutrino mass. Scenario A is

assumed, see text for details. To the left for NH, whereas to the right for IH.

Rµe is then trivially deduced from these considerations. Notice that this quantity can reach values

as high as ∼ 50. In this case it is obvious that one cannot ignore Br(µ → 3e), but in fact this

branching ratio becomes the most relevant LFV observable.

The discussion for IH would be a bit more involved. In this case we find a larger relevance of

the D2 piece. In fact, for mν1 ∼ 10−2 eV this term competes with the D1 term, leading to the

feature observed on the right-hand sides of Figs. 7 and 8.

Let us now consider our results for scenario B, shown in Figs. 9 and 10. Again, we present

our results for NH on the left-hand side and our results for IH on the right-hand side. Regarding

NH, it is already clear at first sight that the results are qualitatively very similar to those found in

scenario A. Although the LFV rates are very different (much lower in this case), the dependence

on mν1 is very similar. Notice that all points in these figures are actually allowed by the current

limits. This was expected, since it is well-known that LFV constraints are more easily satisfied in

scenarios with mN > mη+ [29]. On the other hand, the difference between NH and IH found in

scenario A is not present in scenario B, in which both cases show the same behavior.

Finally, let us briefly discuss a scenario with non-degenerate right-handed neutrinos. The spec-

trum in the right-handed neutrino sector has an impact on the LFV rates, as we want to illustrate

here. In order to do so, we consider a spectrum of the type mN = (m̃N , m̄(1)
N , m̄(2)

N ), with two fixed

mass eigenvalues (m̄(1,2)
N ) and one varying (m̃N ). Although one can imagine other scenarios, this

simple family of non-degenerate spectra serves to show the qualitative behavior that we want to

emphasize.

Fig. 11 shows a representative example of how the LFV rates can change in a non-degenerate

right-handed neutrino spectrum. On the left, we show Br(µ → eγ) (blue) and Br(µ → 3e) (red)

[Review on phenomenology of generalised scotogenic models: Hagedorn et al, 1804.04117] 

Connection to DM
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Peculiar cLFV patterns

cLFV signals — correlations matter
Synergy of cLFV observables very important: probe different operators/topologies

         correlated by common topologies:


            dipoles & anapoles,  penguins, tree-level contributions,… 4-fermion operators

BR(μ → eγ), BR(μ → eee), CR(μ − e, N)
γ Z ⇒

Sr
NP NP

la les

lo u e

Np lip Np

la lp 9 9

r r of
NP NP

u e u e

e u e

Np e Np

u e 9 9

WIjWI e lo

emf r.in
a Npr LP zo

es wt e X
ep ep

NR NR

lp T.tn Ip

NP

so
NP NP

la lp

µ e

NP NP

la le g g

go on N
NP

µ e

NP

µ e

e r e

eNP

q

NP

gm e

WI

eine
in

i
s

FIE I
lp

NP

Model-dependent: certain topologies dominate, tree-level cont. might be present

 study correlations/ratios of cLFV observables, might find peculiar cLFV patterns


            provide complementary information to direct searches

⇒
⇒

In EFT: RGE leads to operator mixing, need to consider as many observables as possible


       to constrain  𝓛eff = 𝓛SM +
𝒞5 𝒪5

ΛLNV
(mν) +

𝒞6 𝒪6

Λ2
cLFV

(ℓi ↔ ℓj) + . . . +
𝒞9 𝒪9

Λ′￼5
LNV

(0ν2β) + . . .

Calibbi et al. [1709.00294]

Sr
NP NP

la les

lo u e

Np lip Np

la lp 9 9

r r of
NP NP

u e u e

e u e

Np e Np

u e 9 9

WIjWI e lo

emf r.in
a Npr LP zo

es wt e X
ep ep

NR NR

lp T.tn Ip

NP
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Peculiar cLFV patterns

cLFV signals — correlations matter
In EFT: RGE leads to operator mixing, need to consider as many observables as possible


       to constrain  𝓛eff = 𝓛SM +
𝒞5 𝒪5

ΛLNV
(mν) +

𝒞6 𝒪6

Λ2
cLFV

(ℓi ↔ ℓj) + . . . +
𝒞9 𝒪9

Λ′￼5
LNV

(0ν2β) + . . .

A. Crivellin et al. [1702.03020]

L. Calibbi et al. [2207.10913]

Going beyond 2-operator-limits, see e.g. 

M. Ardu, S. Davidson and M. Gorbahn 
[2103.07212, 2202.09246, …]

Beyond tree-level: interesting connections 

to semi-leptonic operators
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The impact of CP violating phases — no more correlations

  TeV


 CP conserving


m4 = m5 = 1
∙

Sr
NP NP

la les

lo u e

Np lip Np

la lp 9 9

r r of
NP NP

u e u e

e u e

Np e Np

u e 9 9

WIjWI e lo

emf r.in
a Npr LP zo

es wt e X
ep ep

NR NR

lp T.tn Ip

NP

Abada, JK, Teixeira [2107.06313]

so
NP NP

la lp

µ e

NP NP

la le g g

go on N
NP

µ e

NP

µ e

e r e

eNP

q

NP

gm e

WI

eine
in

i
s

FIE I
lp

NP

Observation of  


 observation of 

     conversion

μ → 3e
⇒

μ − e
10°25 10°23 10°21 10°19 10°17 10°15 10°13

BR(µ° ! e°e+e°)

10°25

10°23

10°21

10°19

10°17

10°15

10°13

C
R

(µ
!

e,
A

l) COMET, Mu2e

SINDRUM II (Au)

Mu3e

SINDRUM

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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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


 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...

Sr
NP NP

la les

lo u e

Np lip Np

la lp 9 9

r r of
NP NP

u e u e

e u e

Np e Np

u e 9 9

WIjWI e lo

emf r.in
a Npr LP zo

es wt e X
ep ep

NR NR

lp T.tn Ip

NP

Abada, JK, Teixeira [2107.06313]

so
NP NP

la lp

µ e

NP NP

la le g g

go on N
NP

µ e

NP

µ e

e r e

eNP

q

NP

gm e

WI

eine
in

i
s

FIE I
lp

NP

Breaking correlations (continued)

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

10�27 10�25 10�23 10�21 10�19 10�17 10�15 10�13

BR(µ� ! e�e+e�)

10�26

10�24

10�22

10�20

10�18

10�16

10�14

10�12

C
R

(µ
!

e,
A

l) COMET, Mu2e

SINDRUM II (Au)

Mu3e

SINDRUM

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

  TeV


 CP conserving


 CPV phases (random )


 CPV phases (grid )


m4 = m5 = 1
∙
∙ δα4, φ4

∙ nπ /4

Loss of correlation!

    (CP violating)

Observation of  


 observation of 

     conversion

μ → 3e
⇒

μ − e

Strong correlation

   (CP conserving)

cLFV & CP violation
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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
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CP-asymmetries

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]

cLFV & CP violation

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



Jonathan Kriewald IJS Date short
8 Nov 2022
 24

CP-asymmetries

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]

cLFV & CP violation

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

"You cannot spell flaVour without CP Violation"


Phases do really matter!      
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µ

cLFV observables crucial to probe countless models, 


     many of them related to mechanisms of  generation, leptogenesis, DM, …


But: need to consider correlations beyond leading order, effects of CPV,


   to disentangle sources of cLFV

mν

Very exciting future ahead, 


          leave no flavoured stone unturned :)

Currently intriguing hints of New Physics related to lepton flavour observables


  (and ???) puzzles, rapid EXP and TH progress


 -meson decay anomalies (& ) might signify the breakdown of 

                                                                                             lepton universality!


 LFUV might imply cLFV!

(g − 2)μ (g − 2)e

B (g − 2)μ,e

Concluding remarks
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µ

Thank you!
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µ

Backup
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Anomalous magnetic moments
Magnetic moment: particle's tendency to align with a magnetic field

⃗μℓ = gℓ
e

2 mℓ
⃗s gyromagnetic ratio (Landé factor)


Dirac's prediction: 
gℓ ↝

ge = 2

Magnetic moment in QED

Electromagnetic lepton current (external magnetic field = coupling o�
shell photon)

Jµ = ¸(pÕ)
Ë
“µF1(q2) + i‡µ‹q‹

2m¸
F2(q2) + “5

i‡µ‹q‹

2m¸
F3(q2) + “5(q2“µ ≠ /qqµ)F4(q2)

È
¸(p)

g¸ = 2(F1(0) + F2(0))

SM tree-level : F1(0) = 1 and F2(0) = F3,4(0) = 0

Leads to g¸ = 2 = gDirac

Higher order corrections from F2(0) at loop level =∆ Define anomalous
magnetic moment

Emanuelle Pinsard - LPC JRJC - 22 October 2021 4 / 18

in
an

SM electromagnetic current:

@ tree-level:  


@ higher orders: quantum corrections to   anomalous magnetic moment

F1(0) = 1; F2,3,4(0) = 0 ⇒ gℓ = 2 (F1(0) + F2(0)) = 2
F2(0) ⇒

Higher-order (SM) corrections from QED, EW (  and Higgs) and QCDW±, Z

• Theory prediction challenging (hadronic effects)

• Need NP of the order of the SM EW contribution
• Chiral enhancement necessary for heavy NP
• Soon more experimental results from Fermilab
• Vanishes for mμ→0 measure of LFUV

Muon Anomalous Magnetic Moment

4.2σ deviation from the SM prediction 
Page 4

( ) 11251 49 10aµ
-D = ± ´ T. Aoyama et al., arXiv:2006.04822
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Muon anomalous magnetic moment circa 2022

2 SM prediction for the muon g � 2

Hadronic contributions
• quantum corrections due to the strong nuclear force

• much smaller than QED, but dominate uncertainty

• hadronic vacuum polarization (HVP)

aHVP
µ = 6845(40) ⇥ 10�11

• hadronic light-by-light scattering (HLbL)

aHLbL
µ = 92(18) ⇥ 10�11

11

2 SM prediction for the muon g � 2

Hadronic contributions
• quantum corrections due to the strong nuclear force

• much smaller than QED, but dominate uncertainty

• hadronic vacuum polarization (HVP)

aHVP
µ = 6845(40) ⇥ 10�11

• hadronic light-by-light scattering (HLbL)

aHLbL
µ = 92(18) ⇥ 10�11

11

 Anomalous magnetic moment of the muon: from theory to experiment and back 

  in conflict with BNL & FNAL?  Or not? 


                                            

aSMμ =
1
2 (gμ − 2) = aQEDμ + aweak

μ + ahadμ

Δaμ = aexpμ − aSMμ = ?2 SM prediction for the muon g � 2

Theory vs. experiment

10
11

· aµ 10
11

· �aµ

QED total 116 584 718.931 0.104

EW 153.6 1.0

HVP 6 845 40

HLbL 92 18

SM total 116 591 810 43

experiment (E821+E989) 116 592 061 41

difference theory�exp 251 59

12

 Full QED  - 12672  diagrams!𝓞(α5)
 EW completed at 2-loop (3-loop negligible)

 Hadronic: smaller than QED, but 

dominate theoretical uncertainties! 

HLbL - recent progress, from 

hadronic models to dispersive 

framework, 1st LQCD results!

HVP - evaluated from dispersion relations &

     data-driven input from 


(  "White paper" HVP result)


Rapid LQCD progress! 


BMW 2021: 


 tension !

e+e− → hadrons
aμ

1011 . aLQCD
μ = 7 075 (55)

⇒ 2.1σ
2022: confirmation by Mainz & ETMC

 and New PhysicsΔaμ
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 and New PhysicsΔaμ

Muon anomalous magnetic moment circa 2022
 Anomalous magnetic moment of the muon: from theory to experiment and back 

  in conflict with BNL & FNAL?  Or not?aSMμ =
1
2 (gμ − 2) = aQEDμ + aweak

μ + ahadμ

Δaμ = aexpμ − aSMμ = ?Fermilab plot, April 7 2021, BMWc version

 17.5  18  18.5  19  19.5  20  20.5  21  21.5

1.5 σ

4.2 σ

aµ × 109 – 1165900

BNL g-2

FNAL g-2

BMWc lattice LO-HVP
Experimental

Average

White Paper
Standard Model

Standard Model with

Laurent Lellouch Virtual Breakfast with g-2, IJClab, 19 May 2021

Recent LQCD results seem to confirm BMWc 

 New tensions with  scattering⇒ e+e− → hadrons

see e.g. Darmé et al. [2112.09139], Di Luzio et al. [2112.08312]
New Physics needed elsewhere?

If  


   

Δaμ ∼ 𝒪(few σ) ≈ 2 × aSM, weak
μ

⇒ Δaμ ≈
C6

aμ

Λ2
NP

(mμv)
Loop-induced, chirality-flipping,


Typically  ΛNP ∼ few × 100 GeV

New Physics needed for ? or not? 
g − 2

ℋNP
eff ∼

C6
aμ

Λ2
NP

(Ψ̄μ σαβ Ψμ) FαβH

 Huge impact for flavour pheno!⇒

For recent “model survey” see e.g. Athron et al. [2104.03691]

MUonE experiment to conclusively measure HVP!
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 and New PhysicsΔaμ,e

Anomalous magnetic moments: muon and electrons
Fermilab plot, April 7 2021, BMWc version

 17.5  18  18.5  19  19.5  20  20.5  21  21.5

1.5 σ

4.2 σ

aµ × 109 – 1165900

BNL g-2

FNAL g-2

BMWc lattice LO-HVP
Experimental

Average

White Paper
Standard Model

Standard Model with

Laurent Lellouch Virtual Breakfast with g-2, IJClab, 19 May 2021

 Anomalous magnetic moment of the muon  
Δaμ = aexpμ − aSMμ = ? New Physics: badly needed? or not? 

Recent experimental progress on  & :αe ae

(2018)  


(2020) 

ΔaCs
e = − 0.88(36) × 10−12 ∼ − 2.3σ

ΔaRb
e = + 0.48(30) × 10−12 ∼ + 1.7σ Difference of  in determination of  ???5.4σ αe

Lepton universality (MFV) suggests:


   /  


But   /  !

Δae Δaμ ≃ m2
e /m2

μ = + 2.4 × 10−5

ΔaCse Δaμ = − 3.3 × 10−4

Hint of violation of lepton universality?⇒

Explaining both  &  in simple BSM is very hard…ΔaCs
e Δaμ

… but possible! e.g. scalar leptoquarks, axions, light  , etc.Z′￼
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LFU(V)

Lepton flavour universality
Accidental “symmetry” in the SM: couplings of electroweak gauge bosons are “blind” to lepton flavour

Lepton Flavour Universality (LFU)⇒
Violation of LFU also signals the presence of NP!

Construct observables sensitive to LFUV:

Compare flavour-dependent rates of charged and neutral current transitions⇒
e.g. ratios of EW gauge boson decays:

 , in SM: Rαβ
Z , Rαβ

W =
Γ(Z → ℓ+

α ℓ−
α )

Γ(Z → ℓ+
β ℓ−

β )
,

Γ(W → ℓαν)
Γ(W → ℓβν)

Rαβ
Z , Rαβ

W ≃ 1

 (LEP)


 (LEP)


 (LEP)

Rμe
Z = 1.0001 ± 0.0024

Rτμ
Z = 1.0010 ± 0.0026

Rτe
Z = 1.0020 ± 0.0032

 (ATLAS)


 (LEP)


 (LEP)


 (ATLAS)

Rμe
W = 0.996 ± 0.008

Rτμ
W = 1.070 ± 0.026

Rτe
W = 1.063 ± 0.027

Rτμ
W = 0.992 ± 0.013

Place strong bounds on New Physics: e.g. neutrino mass models modifying -vertex …⇒ W
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LFU(V)

Construct observables sensitive to LFUV:

Lepton flavour universality: leptonic meson decays
Accidental “symmetry” in the SM: couplings of electroweak gauge bosons are “blind” to lepton flavour

Lepton Flavour Universality (LFU)⇒
Violation of LFU also signals the presence of NP!

Construct observables sensitive to LFUV:

Kaon sector: Rℓ
K =

Γ(K → eν)
Γ(K → μν)

∝
m2

e

m2
μ

Pion sector: Rπ
e/μ =

Γ(π → eν(γ))
Γ(π → μν(γ))

     [Cirigliano et al. ’07]RSM
K = (2.477 ± 0.001) × 10−5

     [NA62]Rexp
K = (2.488 ± 0.009) × 10−5

    RSM
π = (1.2354 ± 0.0002) × 10−4

    [PiENu]Rexp
π = (1.2327 ± 0.0023) × 10−4

New Physics contributions can be   


              at most !!!

⇒
𝒪(10−3)

(Similar observables for  decays…)τ
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LFU(V)

Lepton flavour universality: semi-leptonic meson decays
Violation of LFU signals the presence of NP!

RK and RKú

[Scholarpedia, arXiv:1606.00999]
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Belle’19

BaBar’12

LHCb [JHEP 08 (2017) 055] [arXiv:2103.11769]. Belle [arXiv:1904.02440] [JHEP 03 (2021) 105]. BaBar [PRD 86

(2012) 032012].

Captain obvious says: the smaller the uncertainties
the more precise the data point

Patrick Koppenburg Extrapolation to LHCb Upgrades I/II 21/04/2021 — Beyond Flavour Anomalies [13 / 33]

LHCb [2103.11769]
Belle [1904.02440]
BaBar [1204.3933]

Patrick.Koppenburg@cern.ch

RK and RKú

[Scholarpedia, arXiv:1606.00999]
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BaBar’12

LHCb [JHEP 08 (2017) 055] [arXiv:2103.11769]. Belle [arXiv:1904.02440] [JHEP 03 (2021) 105]. BaBar [PRD 86

(2012) 032012].

Captain obvious says: the smaller the uncertainties
the more precise the data point

Patrick Koppenburg Extrapolation to LHCb Upgrades I/II 21/04/2021 — Beyond Flavour Anomalies [13 / 33]

LHCb [1705.05802] Belle [1904.02440] BaBar [1204.3933]

Patrick.Koppenburg@cern.ch

RK(*) =
BR(B → K(*)μμ)
BR(B → K(*)ee)

SM: RK = RK* ≃ 1
Exp:   [LHCb]R[1.1,6]

K = 0.846+0.044
−0.041 Exp:   [LHCb]R[1.1,6]

K* = 0.69+0.11
−0.07 ± 0.05

 smaller than SM! Hint on LFUV New Physics coupled to muons?⇒ 2 − 3σ
(Many other observables in  also in tension with SM)b → sℓℓ

 

etL
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Theoretically clean: hadronic uncertainties 

               (mostly) cancel in ratios

See yesterday’s talk by Andreas Crivellin!
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LFU(V)

Lepton flavour universality: semi-leptonic meson decays
Violation of LFU signals the presence of NP!

See yesterday’s talk by Andreas Crivellin!

Lepton flavour universality: semi-leptonic meson decays
Violation of LFU signals the presence of NP!

RD(*) =
BR(B → D(*)τν)
BR(B → D(*)ℓν)

SM: RD ≃ 0.299 ± 0.004 , RD* ≃ 0.254 ± 0.005

Theoretically clean: hadronic uncertainties 

               (mostly) cancel in ratios

Exp: 


       

RD = 0.358 ± 0.025 ± 0.012

RD* = 0.285 ± 0.010 ± 0.008

 combined:  larger than SM! 


                   Hint on LFUV New Physics coupled to tau leptons?

⇒ ∼ 3σ
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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

u e u e

e u e

Np e Np

u e 9 9

WIjWI e lo

emf r.in
a Npr LP zo

es wt e X
ep ep

NR NR

lp T.tn Ip

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

Abada, JK, Teixeira [2107.06313]

0 1 2 3 4 5 6
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10�17

10�16
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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

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

 1 TeV

 5 TeV

10 TeV






θe4 = θe5 = 10−3

θμ4 = θμ5 = 0.01
θτ4 = θτ5 = 0
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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

 1 TeV

 5 TeV

10 TeV






θe4 = θe5 = 10−3

θμ4 = θμ5 = 0.01
θτ4 = θτ5 = 0


