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 Strong arguments in favour of New Physics! 

Flavour and CP violation beyond the SM

A number of theoretical caveats... and observations unaccounted for in the SM:  
baryon asymmetry of the Universe, viable dark matter candidate, neutrino oscillations 
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 Neutrino oscillations: 1st laboratory evidence of NP 
 massive neutrinos and leptonic mixings  

 New (Majorana) fields? New sources of CP violation? 
      and leptogenesis... (?)

⇒ Uαi
PMNS

⇒
ΔL ≠ 0
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 Numerous (significant!) tensions between SM and observation 
B-meson "anomalies", Cabibbo-angle "anomaly",  

 , anomalies in atomic decays, .... 

 mostly around  (or above!) 

 and many in close relation with charged leptons... 

(g − 2)ℓ
⇒ 2σ
⇒



SM? seesaw? LR?
compositeness? leptoquarks?

symmetries? SUSY? 
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 Strong arguments in favour of New Physics! 

Flavour and CP violation beyond the SM

A number of theoretical caveats... and observations unaccounted for in the SM:  
baryon asymmetry of the Universe, viable dark matter candidate, neutrino oscillations 

 Numerous (significant!) tensions between SM and observation 
B-meson "anomalies", Cabibbo-angle "anomaly",  

 , anomalies in atomic decays, .... 

 mostly around  (or above!) 

 and many in close relation with charged leptons... 

(g − 2)ℓ
⇒ 2σ
⇒

 Many hints and a clear necessity of New Physics...  
    Which NP model? Realised at which scale ?  

 Unique opportunities to search for NP in the lepton sector  
    exploring connections to mechanism of  mass generation!

ΛNP
⇒

ν



Flavour: across sectors and energies! 
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N. Segnit, Bloomsbury '10

Marine, Brine & Salt,  
Green & Grassy,  

Spicy,  
Woodland,  

Fresh Fruit, Creamy Fruit,  
Citrusy, Berry & Bush,  

Floral Fruity, 
Roasted, Meaty, Cheesy,  

Earthy, Mustardy,  
Sulfurous  



Flavour: across sectors and energies! 
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Flavours

ν

Leptonic 
cLFV, LNV

Lepton 
EDMs, (g-2)ℓ

Kaons

D-mesons B-mesons

Higgs & 
top decays

High pT

Atomic, nEDM...
And many others...
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mμ
mτ, mc

mb

ΛEW TeV

ΛNP?

μ → eγ
μ → 3e, . . .

τ → 3ℓi, τ → ℓiγ, τ → Mℓi
M → ℓiℓj, M → M′�ℓℓ, M → M′�ℓiℓj, . . .

να ↭ νβ
0ν2β, . . .

Z, H → ℓiℓj
pp → ℓiℓj, . . .
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Outline

 Overview of flavour observables; the probing power of flavour 

 Brief overview of BSM lepton flavour observables 
Charged lepton flavour violation (cLFV) 
Lepton flavour universality violation  
Anomalous magnetic moments 

 Models of neutrino mass generation & implications for flavoured observables  
Seesaw mechanism and variants 

 Addressing SM caveats and flavour anomalies: , DM and lepton flavours 
Beyond minimal mechanisms of neutrino mass generation 
Lepton-related "anomalies" 
Further examples 

 Overview and discussion

mν
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 Brief overview of BSM lepton flavour observables 
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Lepton flavour universality violation  
Anomalous magnetic moments 

 Models of neutrino mass generation & implications for flavoured observables  
Seesaw mechanism and variants 

 Addressing SM caveats and flavour anomalies: , DM and lepton flavours 
Beyond minimal mechanisms of neutrino mass generation 
Lepton-related "anomalies" 
Further examples 

 Overview and discussion

mν

Very vast field, huge developments in recent years (data & theoretical ideas) ... 
Excellent presentations in the past sessions!  

Here - only a tiny view... subject to time constraints and personal "flavour-bias"  !
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The probing power of flavour



The probing power of flavour

5A.M. Teixeira, LPC Clermont

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)

⇒
⇒

$eff = $SM + ∑
n≥5

1
Λn−4 &n(g , Y, . . . ) 'n(ℓ, q, H, γ, . . . )

effective coefficients   Weinberg operator ( )  
  flavoured contributions 

(among many others!)

'5 ↝ mν
'6 ↝

effective operators

(unknown) NP scale

Parametrise NP effects on observables suppressed/forbidden in SM 
                                 observables suggesting deviations from SM

) ∼ )SM + ) ( +6

Λ2
NP ) + . . .

 master SM prediction!⇒

Cast current data (limits, ...)  in terms of  and  : minimal assumptions 

                                           (additional flavour problem...)                                             

                                           ( TeV)

+6
ij Λ2

NP
+6

ij ≪ 1
+6

ij ≈1 ⇒ ΛNP ≫ ✔

) ∼ ) ( +6

Λ2
NP ) + . . .

L-EFT

SM-EFT

UV complete 
NP model

ΛEW

ΛNP

mℓ

New Physics is required!      So far, no discovery of "exotic" resonance at the LHC...



The probing power of flavour
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Cast current data in terms of  and  :   bounds on +6
ij ΛNP +6

ij ≈1 ⇒ ΛNP

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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Flavour observables: 
probes sensitive to NP 
scales  

 
well beyond collider's 
reach!

ΛNP ∼0(105 TeV)

$eff = $SM + ∑
n≥5

1
Λn−4 &n(g , Y, . . . ) 'n(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)

⇒
⇒
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Flavour(s) and CP violation in the lepton sector

See talks by: 
               S.Davidson, R.Shrock, J.Miller, S.DiFalco, L.Calibbi and D. Guadagnoli, August 21st (I) 
               M.Incagli, Th.Blum, C.A.Manzari, S. Heinemeyer, R.Dermisek and J.Kawamura, August 21st (II) 
               L.ValeSilva, J.Matias, A.Tulupov and R.Mandal, August 21st (III)



Lepton flavours: from  oscillations... ν
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SM lepton sector: (strictly) massless neutrinos 
  conservation of total lepton number and lepton flavours 
  lepton flavour universality preserved (only broken by Yukawas)  
  tiny leptonic EDMs (4-loop... )dCKM

e ≤ 10−38e cm

Extend the SM to accommodate  : assume most minimal extension SM   

                                                 [SM = “ad-hoc”  (Dirac), ] 

να ↭ νβ mν

mν
mν UPMNS

In SM  : flavour-universal lepton couplings, total lepton number conserved (LNC) 

          cLFV possible... but not observable!! BR( )  

            lepton EDMs still beyond observation (2-loop contributions from )

mν

μ → eγ ∼ 10−54

δCP

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

ℓi ℓj

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! cLFV, LNV, EDMs, ...: observation of SM-forbidden leptonic modes and/or tensions with data  
 Discovery of New Physics! (Possibly before direct signal @ LHC!)⇒
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Discovery 
of

NEW PHYSICS !!!

(beyond S
Mmν) 

LFUV (meson decays): 
, ...RK(*), RD(*), Rℓ

K, π

(EDM)e

LNV ( ):
 

ΔL = 2
0ν2β

μ−N → e+ N′�
M+

1 → M−
2 ℓ+

α ℓ+
α



Searches for cLFV: where do we stand?
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 Comprehensive searches - pure lepton modes, semileptonic  and meson decays,  
  gauge and Higgs boson decays... Amazing future prospects!

τ
Searches for cLFV: where do we stand?

! Comprehensive searches - from pure lepton modes, to semileptonic tau and meson decays,

gauge boson decays, Higgs decays...

cLFV µµµ decay Bound (90% C.L.) Future prospects

BR(µ → eγµ → eγµ → eγ) 4.2 × 10−134.2 × 10−134.2 × 10−13 4 × 10−144 × 10−144 × 10−14 [ MEG II ]

BR(µ → 3eµ → 3eµ → 3e) 1.0 × 10−121.0 × 10−121.0 × 10−12 10−1510−1510−15 [ Mu3e ]

CR(µ − eµ − eµ − e,N) 7 × 10−137 × 10−137 × 10−13 (Au) ∼ 10−17
∼ 10−17
∼ 10−17 (Al) [ Mu2e/COMET ]

BR(µ−e− → e−e−µ−e− → e−e−µ−e− → e−e−) — 10−1710−1710−17 (Al) [ COMET ? ]

e

γ

µ

NP

e

µ

NP

q

q
′

cLFV decay Bound (90% C.L.)

BR(Z → eµZ → eµZ → eµ) 7.5 × 10−77.5 × 10−77.5 × 10−7

BR(Z → eτZ → eτZ → eτ) 9.8 × 10−69.8 × 10−69.8 × 10−6

BR(Z → µτZ → µτZ → µτ) 1.2 × 10−51.2 × 10−51.2 × 10−5

BR(H → eµH → eµH → eµ) 6.1 × 10−56.1 × 10−56.1 × 10−5

BR(H → eτH → eτH → eτ) 4.7 × 10−34.7 × 10−34.7 × 10−3

BR(H → µτH → µτH → µτ) 2.5 × 10−32.5 × 10−32.5 × 10−3

Further competitive bounds in meson decays! BR(K → eµK → eµK → eµ) < 4.7× 10−12< 4.7× 10−12< 4.7× 10−12
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! Comprehensive searches - from pure lepton modes, to semileptonic tau and meson decays,

gauge boson decays, Higgs decays...

cLFV µµµ decay Bound (90% C.L.) Future prospects

BR(µ → eγµ → eγµ → eγ) 4.2 × 10−134.2 × 10−134.2 × 10−13 4 × 10−144 × 10−144 × 10−14 [ MEG II ]
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∼ 10−17 (Al) [ Mu2e/COMET ]
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NP

e

µ
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q

q
′

cLFV decay Bound (90% C.L.)

BR(Z → eµZ → eµZ → eµ) 7.5 × 10−77.5 × 10−77.5 × 10−7

BR(Z → eτZ → eτZ → eτ) 9.8 × 10−69.8 × 10−69.8 × 10−6

BR(Z → µτZ → µτZ → µτ) 1.2 × 10−51.2 × 10−51.2 × 10−5

BR(H → eµH → eµH → eµ) 6.1 × 10−56.1 × 10−56.1 × 10−5

BR(H → eτH → eτH → eτ) 4.7 × 10−34.7 × 10−34.7 × 10−3

BR(H → µτH → µτH → µτ) 2.5 × 10−32.5 × 10−32.5 × 10−3

Further competitive bounds in meson decays! BR(K → eµK → eµK → eµ) < 4.7× 10−12< 4.7× 10−12< 4.7× 10−12Further competitive modes in meson decays!    For example, BR(K → μe) < 4.7 × 10−12
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Anomalous magnetic moments: muons and electrons
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• 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

New Physics: badly needed? or not?  

ℋNP
eff ∼

C6
aμ

Λ2
NP

(Ψ̄μ σαβ Ψμ) FαβH

 Anomalous magnetic moment of the muon @ 2021:   

 aSM
μ = 1

2 (g μ − 2) = aQED
μ + aweak

μ + ahad
μ

Δaμ = aexp
μ − aSM

μ = ?
Long-awaited result for a long-standing tension  

between theory and observation

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

If   

   

Δaμ ∼0(few σ) ≈2 × aSM, weak
μ

⇒ Δaμ ≈
C6

aμ

Λ2
NP

(mμv)

the numbers in units 10� :
a

the
µ = 11659181.0 ± 4.3 WP

a
the
µ = 11659195.4 ± 5.5 Lattice QCD [BMW]

a
exp
µ = 11659209.1 ± 6.3 BNL

a
exp
µ = 11659204.0 ± 5.4 FNAL

a
exp
µ = 11659206.1 ± 4.1 World average

F. Jegerlehner, 2021

Loop-induced, chirality-flipping, 
(MFV) flavour conserving, ... ! 

Typically  ΛNP ∼ few × 100 GeV
(For recent "taxonomy", see  

 Athron et al, [2104.03691])
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Morel et al [Nature, 588, pages 61–65 (2020)]

New Physics: badly needed? or not? 

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 electron 

(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  ?! 
(SM input parameter!)

5.4σ α

• 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

 Anomalous magnetic moment of the muon @ 2021:   
Δaμ = aexp

μ − aSM
μ = ?

Anomalous magnetic moments: muons and electrons

 Two anomalies in  and  ?  

    Possible hint of lepton flavour universality violation?  
    Lepton universality (MFV) naïvely suggests  

                                                                    but ...

Δaμ ΔaCs
e

Δae /Δaμ ≈m2
e /m2

μ ∼+ 2.4 × 10−5

ΔaCs
e /Δaμ ∼− 3.3 × 10−4



B-meson observables: "anomalies" & more

11A.M. Teixeira, LPC Clermont

RK and RKú

[Scholarpedia, arXiv:1606.00999]
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LHCb’21

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]

SM :  

Exp:  

   ; 

RK = RK* ≃ 1
R[1,6]

K = 0.845+ 0.60+ 0.16
−0.054−0.014

R[0.045,1.1]
K(*) = 0.66+ 0.11

−0.07 ± 0.03 R[1.1,6]
K(*) = 0.69+ 0.11

−0.07 ± 0.05

 Rare B decays as probes of SM paradigm of flavour:  
conflicting tensions with SM predictions! or hints for New Physics? 

Patrick.Koppenburg@cern.ch

RK(*) = BR(B → K(*)μμ)
BR(B → K(*)ee)

Observables in b ! c`⌫b ! c`⌫b ! c`⌫

RD(⇤)RD(⇤)RD(⇤) =
BR(B ! D(⇤)⌧⌫)

BR(B ! D(⇤)`⌫)

� Charged current tree-level decay

� Theoretically clean: hadronic

uncertainties cancel in the ratio

� SM: RD = 0.299 ± 0.003,

RD⇤ = 0.258 ± 0.005

� Exp.: RD = 0.340 ± 0.030,

RD⇤ = 0.295 ± 0.014

)))SM predictions are significantly smaller than experimental results,
(combined) deviation from SM ⇠ 3.1 �⇠ 3.1 �⇠ 3.1 �!

)))Violation of LFU? New physics coupled to ⌧⌧⌧?

Jonathan Kriewald LPC LPC Seminar 26 February 2021 11 / 39

RD(*) = BR(B → D(*)τν)
BR(B → D(*)ℓν)

SM :  = 0.299 ± 0.003;  = 0.258 ± 0.005 

Exp:  = 0.340 ± 0.027 ± 0.013;  

         = 0.295 ± 0.011 ± 0.008

RD RD*

RD
RD*
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New Physics: models of neutrino mass generation 

See J.Valle's talk, August 19th



Neutrino masses and NP realisations

12A.M. Teixeira, LPC Clermont

 Mechanisms of neutrino mass generation: should account for oscillation data,  
and ideally address SM issues - BAU (via leptogenesis), DM candidates,...

Numerous well-motivated possibilities, calling upon distinct NP states (singlets, triplets) 
                   realised at very different scales - ΛEW → ΛGUT

Low-scale seesaw realisations (and variants): non-decoupled states, modified lepton currents! 
  rich phenomenology @ low-energies, high-intensities and colliders

testability!!

Quick comparison [SM + RH ]: "standard" high-scale type I seesaw vs "low-scale" seesawν

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”
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Low-scale models of  generation: type I seesaw mν

 Addition of 3 "heavy" Majorana RH neutrinos to the SM: 

Spectrum & mixings:  

Heavy states do not decouple  modified neutral and charged leptonic currents 

Rich phenomenology at high intensities and at colliders  

⇒

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 et al [1209.2679]

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) 13



Low-scale models of  generation: Inverse Seesawmν

14A.M. Teixeira, LPC Clermont

 Addition of 3 "heavy" RH neutrinos and 3 extra "sterile" fermions  to the SMX
Low scale models of mass generation: Inverse Seesaw (ISS)

! Addition of 3 “heavy” RH neutrinos and 3 extra “sterile” fermions XXX to the SM

M9×9
ISS =

⎛

⎜

⎜

⎝

0 YνvYνvYνv 0

Y T
ν vY T
ν vY T
ν v 0 MRMRMR

0 MRMRMR µXµXµX

⎞

⎟

⎟

⎠

⇒

⎧

⎨

⎩

3 light ννν :mν ≈ (Yνv)2

(Yνv)2+M2
R
µXµXµX

3 pseudo-Dirac pairs : mN±mN±mN± ≈MR ± µXMR ± µXMR ± µX

! Abundant “flavour” signals! At high-intensities and at colliders...

(3,3) ISS realisation [Abada, De Romeri and AMT, ’16] [Abada, De Romeri, Monteil, Orloff, AMT, ’15]
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! Sizeable values for the cLFV muon observables! Within experimental reach!

! Z → µτZ → µτZ → µτ within FCC-ee reach! Probe µ− τµ− τµ− τ cLFV beyond Belle II reach...

Abundant "flavour" signals: cLFV at high-intensities and at colliders!
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! Sizeable values for the cLFV muon observables! Within experimental reach!

! Z → µτZ → µτZ → µτ within FCC-ee reach! Probe µ− τµ− τµ− τ cLFV beyond Belle II reach...

Abada, De Romeri, AMT [1510.06657] Abada, De Romeri, Monteil, Orloff, AMT [1412.6322]

(3,3) ISS

Sizeable values for cLFV muon observables - well within future experimental sensitivity! 

cLFV  within FCC-ee reach! Allows probing  cLFV beyond Belle II reach...Z → μτ μ − τ
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Peculiar patterns: disentangling seesaws

15A.M. Teixeira, LPC Clermont

 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!

Hambye, 2013

Correlation of observables in NP models: peculiar patterns

⇒⇒⇒ Focus on muon sector! Consider different seesaw realisations

singlet fermions NNN (type I), triplet scalars ∆∆∆ (type II) or fermions ΣΣΣ (type III)

Type I: cLFV transitions at loop level (radiative, 3-body, conversion in Nuclei)

Type II: ℓi → ℓjγ & µ− e,N at loop level; 3-body decays ℓi → 3ℓjℓi → 3ℓjℓi → 3ℓj at tree level!

Type III: 3-body decays and coherent conversion at tree-level! ℓi → ℓjγ @ loop...

! Use ratios of observables to constrain and identify mediators!

Type I Type II Type III
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The seesaw mechanism

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

via new dynamics at “heavy” scale
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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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Figure 16: General overview of cLFV observables (correlations) in the “3+2 toy model” pa-
rameter space. All active-sterile mixing angles as well as Dirac and Majorana CP phases
are randomly varied (see detailed description in the text). In all panels, m4 = 1 TeV, with
m5�m4 2 [40 MeV, 210 GeV]. Blue points correspond to vanishing phases, while orange denote
random values of all phases (�↵i and 'i, with i = 4, 5). Dotted (dashed) lines denote current
bounds (future sensitivity) as given in Table 1.

Profiting from the data collected leading to the results displayed in Fig. 16, we have tried to
infer which would be the required future sensitivity for the ⌧ � e channels so that the regimes
(mixing angles and CP phases) leading to predictions for µ ! e�, µ ! 3e, µ � e conversion
in Al, ⌧ ! 3µ and Z ! µ⌧ , all within future experimental sensitivities, would also be within
reach of ⌧ ! e� and ⌧ ! 3e dedicated searches. Requiring that at least 68% of the previously
mentioned subset be within ⌧ � e future reach would imply the following sensitivities16:

BR(⌧ ! e�) � 2 ⇥ 10�13 , BR(⌧ ! 3e) � 3 ⇥ 10�14 . (31)

In other words, should a signal of cLFV in µ � e and ⌧ � µ transitions be observed at the
current and near-future facilities, an improvement of circa 4 orders of magnitude in the ⌧ � e
sensitivity is needed in order to obtain competitive constraints from all flavour sectors on these
SM extensions via heavy neutral leptons.

5.2 Reconciling cLFV predictions with future observations

As discussed extensively in the previous (sub)sections, CPV phases can impact the predictions
for the cLFV observables, enhancing or suppressing the distinct rates. To conclude the dis-

16We have assumed the same ratio between the envisaged ⌧ ! e� and ⌧ ! 3e sensitivities as the one of the
future prospects of Belle II [58].
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Minimal "3+2 " toy model 
SM extension via "heavy" RH neutrinos 
Additional active-sterile mixings,  

Dirac and Majorana phases   

 significant loss of correlation  
between observables  

 impact for (future) data interpretation

NR

δDirac
αi , φMaj

i

⇒

⇒cussion, we have identified a small set of representative (benchmark) points, which reflect not
only the e↵ect on the rates, but also the impact that this might have in the interpretation of
experimental data (or negative search results).

BR(µ ! e�) BR(µ ! 3e) CR(µ � e, Al) BR(⌧ ! 3µ) BR(Z ! µ⌧)

P1 3 ⇥ 10�16
� 1 ⇥ 10�15 X 9 ⇥ 10�15 X 2 ⇥ 10�13

� 3 ⇥ 10�12
�

P0
1 1 ⇥ 10�13 X 2 ⇥ 10�14 X 1 ⇥ 10�16 X 1 ⇥ 10�10 X 2 ⇥ 10�9 X

P2 2 ⇥ 10�23
� 2 ⇥ 10�20

� 2 ⇥ 10�19
� 1 ⇥ 10�10 X 3 ⇥ 10�9 X

P0
2 6 ⇥ 10�14 X 4 ⇥ 10�14 X 9 ⇥ 10�14 X 8 ⇥ 10�11 X 1 ⇥ 10�9 X

P3 2 ⇥ 10�11 % 3 ⇥ 10�10 % 3 ⇥ 10�9 % 2 ⇥ 10�8 X 8 ⇥ 10�7 X
P0
3 8 ⇥ 10�15

� 1 ⇥ 10�14 X 6 ⇥ 10�14 X 2 ⇥ 10�9 X 1 ⇥ 10�8 X

Table 2: Predictions for several cLFV observables in association with three configurations
with vanishing CPV phases, Pi (i = 1 � 3) and associated variants with non-vanishing CP
violating phases, see Eqs. (32, 33). We have taken m4 = m5 = 5 TeV. The symbols (%, X,
�) respectively denote rates already in conflict with current experimental bounds, predictions
within future sensitivity and those beyond future experimental reach.

Table 2 summarises the predictions for several cLFV observables for three configurations of
active-sterile mixing angles, in the case of vanishing CPV phases (Pi), and for non-vanishing
values of the CP violating phases (P0

i
):

P1 : s14 = 0.0023 , s15 = �0.0024 , s24 = 0.0035 , s25 = 0.0037 , s34 = 0.0670 , s35 = �0.0654 ,

P2 : s14 = 0.0006 , s15 = �0.0006 , s24 = 0.008 , s25 = 0.008 , s34 = 0.038 , s35 = 0.038 ,

P3 : s14 = 0.003 , s15 = 0.003 , s24 = 0.023 , s25 = 0.023 , s34 = 0.068 , s35 = 0.068, , (32)

The variants P0
i
have identical mixing angles, but in association with the following phase con-

figurations:

P0
1 : �14 =

⇡

2
, '4 =

3⇡

4
; P0

2 : �24 =
3⇡

4
, �34 =

⇡

2
, '4 =

⇡
p

8
; P0

3 : �14 ⇡ ⇡ , '4 ⇡
⇡

2
. (33)

We have chosen m4 = m5 = 5 TeV for all three benchmark points.
The first point (P1) represents a case for which only two cLFV observables would be within

future experimental reach, respectively µ ! 3e and µ � e conversion in Aluminium; however,
in the presence of CP phases (P0

1), the predictions for the di↵erent considered observables are
now all within future sensitivity. P2 (and its CP variant, P0

2) correspond to a similar scenario,
but for which only the two considered µ � ⌧ observables lie within future reach in the case of
vanishing phases.

The third and final point (P3) clearly illustrates the importance of taking into account the
possibility of CP violating phases upon interpretation of experimental data. Negative search
results for the di↵erent µ � e channels would lead to the exclusion of the associated mixing
angles (for heavy masses around 5 TeV); however, and should CPV phases be present, the
considered active-sterile mixing regime can be readily reconciled with current bounds (with
µ ! e� now even lying beyond experimental reach). This demonstrates the crucial role of CPV
phases in evaluating the viability of a given scenario in what regards conflict/agreement with
cLFV bounds.

In this study we have taken the simple extension of the SM with 2 neutral fermions, con-
sidering them close in mass in order to explore the potential of the new CPV phases in cLFV
observables. These states could very well be embedded in a seesaw and the latter even incorpo-
rated in higher BSM frameworks. The conclusions drawn in this work are always valid once we
consider that the source of lepton flavour violation is mostly due to the new leptonic mixing.
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large mixings not excluded if CPV!

Abada, Kriewald, AMT [2107.06313]
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cLFV signatures: ratios of observables to identify mediators & constrain their masses! 
But - CP violating phases do matter!  

CP phases (Dirac and/or Majorana) generically present in most models of  masses... 

And impact naïve expectations...

ν

The role of CP phases and cLFV



A.M. Teixeira, LPC Clermont

SM caveats & flavoured anomalies: , dark matter 
and lepton flavours

mν



Exotic states for new NP hints and  mν

17A.M. Teixeira, LPC Clermont

 Flavoured hints, DM & massive neutrinos: pointing the way to the BSM realisation ?! 

Well-motivated constructions aiming at explaining neutrino masses and lepton mixings,  
                                                 offering dark matter candidates, 

                          accounting for  (and ),  

                               and for B-meson decay LFUV "anomalies"... 

Δaμ ΔaCs
e

Exotic matter, different approaches to mνmνmν, light bosons...

⋆ B-decay anomalies: intensive study of numerous LFUV SM extensions...

Significant deviation from SM suggests New Physics effects at tree-level!

" Many appealing candidates: Leptoquarks (LQ),

Vector-like fermions (VLF), Z′Z′Z′, ...

⇒⇒⇒ New states with potential to address SM problems

(dark matter, mν) and other tensions (∆aℓ∆aℓ∆aℓ)

⋆ However - a word of caution...

" Generic (flavour) models addressing RK(∗),D(∗)RK(∗),D(∗)RK(∗),D(∗) might lead to sizeable cLFV

⇒⇒⇒ Test LQ (or VLF) hypothesis via cLFV in the absence of direct discovery!

" Stability of DM candidate may preclude realisation of “standard” seesaws...

⇒⇒⇒ exciting (different) approaches - higher order, etc...

 However - a word of caution... 
Generic flavoured BSM addressing  and  might lead to sizeable cLFV  

(some constructions suggesting lower bounds on LFV BRs) 

 cLFV might allow testing BSM LFUV hypotheses (LQs, ...) in absence of direct discovery 

Stability of dark matter candidate may preclude realisation of standard (tree-level) seesaws 
 exciting new approaches: generation at higher order, ...

RK(*) RD(*)

⇒

⇒

Kriewald, Hati, Orloff, AMT [2104.00015]Status of the global fit
New LHCb analyses of angular observables in B ! K⇤µµB ! K⇤µµB ! K⇤µµ [PRL 125 (2020) 011802, arXiv:2012.13241]

- - -: old data
DDD: SM
}}}: former best fit (B.F.)

FFF: new B.F.

[C. Hati, JK, J. Orlo↵, A. M. Teixeira: arXiv:2012.05883]

RG running-induced universal contribution (from large ⌧ couplings)  RD(⇤)RD(⇤)RD(⇤)

µ
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Beyond “standard” seesaw realisations

! Seesaw (and its variants) remains one of the most appealing mechanisms for mνmνmν

! But several other interesting and theoretically well-motivated possibilities exist:

Tree-level realisation via higher-dimension operators, dynamical “seesaws”...

Higher order realisations (Dirac or Majorana): from first Zee model, to RpppV SUSY, ...

to 3-loops and more!

[From recent review by

Cai et al., 1706.08524]

[For cLFV implications, see

Cepedello et al., 2005.00015]

! Depending on the NP framework, further variants ...

! Here, some examples - in association with SM observational problems and tensions!

Beyond "standard" seesaw realisations

18A.M. Teixeira, LPC Clermont

Seesaw (and its variants) remains one of the most appealing mechanisms for  generation 

Several other interesting and theoretically well-motivated possibilities exist: 
Tree-level realisations via higher-dimension operators, dynamical "seesaws", ... 
Higher order realisations (Dirac or Majorana): from first Zee model, to RpV SUSY, ... 
                                                                                           to 3-loops and more!

mν

And further variants - depending on the NP framework... 

 Here, some examples in association with SM observational problems and tensions!⇒

Cai et al [1706.08524]

(For cLFV implications see

Cepedello et al [2005.00015]; 


for a comprehensive review,  
Cepedello [2105.01896])
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Higher-order  and anomalous magnetic moments mν

 BNT-like models: extend SM by vector-like fermions  and scalar quadruplets  

neutrino mass generation  dimension 7 operator 

BNT  - variants adding extra complex scalar triplet  

Explain neutrino masses and account for both  and  !

(Ψ, Ψ̄) S

⇒

ϕ ϕ
Δaμ ΔaCs

e

 Neutrino masses:

Babu et al [0905.2710]

Two new experiments will shed light on this tension: E989 experiment at Fermilab [10] and
E34 at J-PARC [11]. E989, running since 2018, and E34, planned to start in 2024, will
improve the experimental accuracy by a factor 4 and 5, respectively, leading to a 5� c.l., in
case the central value of the older measurement is confirmed.

From the theory side, there is still a debate about the SM calculation of the anomalous
magnetic moment regarding hadronic vacuum polarization (HVP). A recent lattice-QCD
result [12] for HVP bring the SM prediction of (g � 2) of the muon into agreement with
experiments. However, this result is in tension with e

+
e
�
! hadrons cross-section data and

global fits to electroweak precision observables [13].
More recently, a new precise measurement of the fine-structure constant [14] led to a

deviation in the (g � 2) of the electron [15],

�ae = �(8.7± 3.6)⇥ 10�13
. (2)

Although less significant (roughly 3� c.l.), it provides a new motivation to study (g � 2),
as one might hope that both discrepancies have a common new physics origin. While both
anomalies can be easily explained individually, the relative sign between aµ and ae makes it
more complicated to find a common explanation. Simple Z

0 (dark photon) models couple
universally to electrons and muons, and cannot account for both discrepancies [16]. Several
papers studying both anomalies in di↵erent contexts can be found in the literature [17–30].

In this paper we study (g � 2) and the electric dipole moment (EDM) for the electron
and muon in the context of the Babu-Nandi-Tavartkiladze (BNT) model [31] and a simple
extension of it. The BNT neutrino mass model adds to the SM particle content vector-like
fermion pairs

�
 , 

�
, which transform as SU(2)L triplets, and a scalar quadruplet S. With

these fields neutrino masses are induced at tree-level by a dimension 7 operator via the
diagram shown in figure 1. By closing a pair of external scalar lines, a dimension 5 operator
can also be generated with a loop.

L

 
⇥

 
L

H
†

S

H

H

H

Figure 1: Dimension 7 diagram responsible for neutrino masses in the BNT model.

However, with this particle content the Wilson coe�cient c
↵�

R
of the electromagnetic

(e↵ective) dipole moment operator, i.e.

c
↵�

R
`↵�µ⌫PR`�F

µ⌫ + h.c. , (3)

2

 Saturate  and  while complying with 

oscillation data and current cLFV bounds on  

 and  decays ! 

Heavy VL-states within LHC reach 

Δaμ ΔaCs
e

μ → eγ τ → μγ

Arbelaez et al [2007.11007]

L  
⇥

 e
c

H �(�†)

H
†(H) �

Figure 3: Main contribution to the electromagnetic dipole moment operator in the BNT�
model. Note that the photon line can be attached to any of the internal scalars or fermion
line.

model. We derive the neutrino masses and the relevant mixings for the calculation of the
Wilson coe�cient c

↵�

R
, directly related to (g � 2), EDM and Br(`� ! `↵�). At the end

of the section we derive an analytical approximation for c
↵�

R
, to provide some insight into

the parameter dependence of the di↵erent observables. In section 3 we give and analyse
the main results for the BNT and BNT� models to compare both. We show that while
the BNT� model can explain both anomalous magnetic moments fulfilling the experimental
constraints, the BNT model can only account for (g�2)µ with values for the Yukawas at the
edge of perturbativity. In section 4 we study the phenomenology of both models at colliders
for the parameter space where they explain neutrino masses and the anomalous magnetic
moments. We finally close with a short discussion of our results. Only the most relevant
pieces of the Lagrangian are given in the main text. The full Lagrangian can be found in
the appendix.

2 Model setup

2.1 Lagrangian, masses and mixings

We start by establishing a notation for the SU(2)L components of each field. We will assume
that the components of L and H are organized in vectors,

L =

0

@ ⌫

`
�

1

A and H =

0

@ H
+

H
0

1

A , (4)

while the triplets  ,  and � are matrices:

 =

0

@
 +
p
2
 ++

 0
�
 +
p
2

1

A ,  =

0

@
 

�
p
2

 
0

 
��

�
 

�
p
2

1

A and � =

0

@
�
0

p
2

�
+

�
�

�
�
0

p
2

1

A . (5)

Lastly, S is is taken to be a 3-index symmetric tensor with the following components: S111 =
S
+++, S112 = S121 = S211 = S

++
/
p
3, S122 = S212 = S221 = S

+
/
p
3 and S222 = S

0. The

4

neutral scalars have non-zero vacuum expectation values (VEVs) which we will denote as
hH

0
i ⌘ vH/

p
2, h�0

i ⌘ v�/
p
2 and hS

0
i ⌘ vS/

p
2. The electroweak bosons acquire masses

m
2
W

= g
2
�
v
2
H
+ 4v2

�
+ 3v2

S

�
/4 and m

2
Z
= (g2 + g

02) (v2
H
+ 9v2

S
) /4, therefore at tree-level the

⇢ parameter has the value
�
v
2
H
+ 4v2

�
+ 3v2

S

�
/(v2

H
+ 9v2

S
). In order for this number not to be

far from unity, it follows that vS and v� need to be much smaller than vH . Indeed, assuming
that only one of these two VEVs is di↵erent from zero and using data from reference [8], the
3� upper limits for |v�| and |vS| are roughly 4 GeV and 2 GeV, respectively.

On top of the Standard Model couplings, the BNT� model contains the following mass
and interaction terms:

LBNT� = M   + Y L H
⇤ + Y  LS + Ye�e

c �+ Ye�ce
c �⇤

+ Y �  �+ Y �c  �⇤
� V . (6)

V = m
2
S
S
⇤
S +m

2
�
�
⇤
�+

�
µ
2
�
��+ µH�H

⇤
H�+ �5S

⇤
HHH

+ �9H
⇤
H��+ h.c.) + �6a (H

⇤
H�

⇤
�) + �6b (H

⇤
H�

⇤
�)0 + · · · . (7)

We have omitted SU(2)L indices, as well as several scalar interactions which are of little
importance for this work. Nevertheless, the full Lagrangian is displayed in appendix A.
Flavour indices can be read from the equations above with the understanding that the
coupling matrices have indices ordered according to the position of the fermions; for example
Y L H⇤ = (Y )ij Li jH

⇤.
From the requirement that the first derivative of the potential is null for the non-zero

vacuum expectation values vH , v� and vS, together with the expected hierarchy of these
VEVs, we get the approximate tadpole equations:

µ
2
⇡ �

�1v
2
H

2
+ 2

�
m

2
�
+ 2µ2

�

� v
2
�

v
2
H

, (8)

�5 ⇡ �2
m

2
S

v
3
H

vS , (9)

µH� ⇡ 2v�
m

2
�
+ 2µ2

�

v
2
H

. (10)

In the very first equation, µ
2 and �1 are the SM scalar parameters: VSM = µ

2
H

⇤
H +

1
2�1H

⇤
H

⇤
HH. Note that µH� is a critical parameter for the electromagnetic dipole moment

operator (see figure 3) which, through eq. (10), gets substituted by the VEV of �0. On the
other hand, �5 is fundamental for the generation of neutrino masses, as can be seen from
diagram in figure 1, and its value is approximately proportional to the VEV of the S0 scalar.

2.2 Neutrino masses

In the basis
⇣
⌫, 0

, 
0
⌘T

the full mass matrix for neutral fermions reads, at tree-level and

in block form,

M
0 =

0

BBB@

0 mY m
T

Y 

m
T

Y 
0 M 

mY 
M

T

 0

1

CCCA
, (11)
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where mY = Y vH/
p
2 and mY 

= Y vS/
p
2. With the standard seesaw approximation,

if the entries in the matrices mY 

�
M

�1
 

�T
and mY 

�
M

�1
 

�T
are smaller than 1, one can

block-diagonalize M
0 and the e↵ective mass matrix for the light neutrinos is given by the

expression
M⌫ = mY 

�
M

�1
 

�T
mY 

+m
T

Y 
M

�1
 m

T

Y 
. (12)

Note that, without loss of generality, the M matrix can be taken to be diagonal.
If we take the neutrino mass diagram associated to this last formula (see figure 1) and

close the outgoing Higgs H⇤ line with one of the ingoing Higgses H, we obtain also a radiative
contribution to neutrino masses already in the original BNT model. In the basis where M 

is diagonal, the correction to the tree-level formula can be expresses as

�M
Loop
⌫

=
1

16⇡2

⇣
mY M

�1
LoopmY 

+m
T

Y 
M

�1
Loopm

T

Y 

⌘
, (13)

where M
�1
Loop is a diagonal matrix with entries2
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�
is related to the

standard Passarino-Veltman function B0. The main contribution to the radiative neutrino
mass is shown in the left panel of figure 4. It should be noted that, with the introduction of
the � field, there is an extra loop contribution to neutrino masses (shown in the right panel
of figure 4). Nevertheless, numerically its importance is small.
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Figure 4: To the left: Dimension 5 diagram corresponding to the main one-loop neutrino
mass contribution. To the right: Subleading dimension 7 neutrino mass contribution.

2.3 Scalar masses and mixing

In order to have a grasp on the magnitude and the parameter dependence of the electro-
magnetic dipole moment operator in expression (3), it is important to understand how do
the various scalars mix. That discussion is simplified if we consider that the VEV of S

2To a good approximation, we can use here the value of the mass of S ignoring electroweak corrections.
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2.3 Scalar masses and mixing

In order to have a grasp on the magnitude and the parameter dependence of the electro-
magnetic dipole moment operator in expression (3), it is important to understand how do
the various scalars mix. That discussion is simplified if we consider that the VEV of S

2To a good approximation, we can use here the value of the mass of S ignoring electroweak corrections.
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(and radiative  
contributions...)
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Figure 8: �(g � 2)↵ as a function of m� for di↵erent values of v� and Ye� = Ye�c . The
coloured lines are the numerical result, the gray lines are calculated with the approximation
formulas, see text. Full lines are calculated with (Ye�)11 = 0.06 and (Ye�)22 = 1, dashed lines
(Ye�)11 = 0.006 and (Ye�)22 = 0.1. As in all other figures in this section, red is for µ and
purple for e.

the results of the original BNT model are approximately recovered.
Since roughly �(g�2)↵ / 1/m , explaining correctly the experimental anomalies would

imply an upper limit on m . The most conservative value for this limit is reached, if all
Yukawa couplings take the maximum value allowed by perturbativity. Taking 8Y ⇠ (4⇡)
the result is roughly of order m ⇠ O(100) TeV. This number is so large, that it is only
of academic interest. Figure 9 shows that for large m�, say m� larger than 1 TeV, there
is practically no dependence on the choice of m�. The reason for this is that in this limit,
all the heavy scalar states decouple from the calculation and the only contribution to the
observable comes from the Goldstone diagrams.

Figure 9 also demonstrates, that for more reasonable couplings again the upper limit on
m is much lower. Allowing Ye� = 4⇡, but restricting Y to order O(1) the limit is roughly
(8� 10) TeV, while for all couplings no larger than 1, one finds m  (2� 3) TeV. This last
number is close to what the LHC can probe in the high luminosity run, although the LHC
will not be able to cover the allowed range of masses completely, see next section.

Let us briefly discuss the electric dipole moments, d↵. Figure 10 shows one example as
function of m . The couplings Ye�, Ye�c have been taken real and equal to one, Ye� = Ye�c =
1. The plot shows that de provides a severe constraint, while for dµ there is no part of the
parameter space, where the model can saturate the experimental bound. The plot uses the
same parameters and fitting as was used in figure 9 for the �(g � 2)↵. de probes phases as
low as 10�6. Thus, the large couplings needed to explain �(g � 2)e essentially need to be
real.

For the BNT� model, in order to generate the CP-phase � in the neutrino fit, one can
always put the phases into the small Yukawa coupling. (In the case of figure 10 taken to
be Y ). Thus, the model can survive the de constraint easily, but also does not make any
testable predictions.

The large couplings not only have to be real, they also have to be close to diagonal, as

13

Arbelaez et al [2007.11007]

Δaμ

ΔaCs
e
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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

Scotogenic models: neutrinos, DM and cLFV     

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

[Ma, 2006]

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]
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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]) 



Neutrino masses @ 2-loop: DM and cLFV

21A.M. Teixeira, LPC Clermont

 Lepton number conservation: Dirac  at 2-loop level through DM candidate 
Additional  symmetry - stabilises DM candidate (but forbids tree-level )

mν
Z′�2 Yν

ij

Neutrino masses @ 2-loop: DM and cLFV

!!! Lepton number conservation: Dirac mνmνmν at 2-loop level through DM candidate

Additional Z′
2Z
′
2Z
′
2 symmetry: stabilises DM candidate & forbids tree-level Y ν

ijY ν
ijY ν
ij

[Enomoto et al., ’19]

!!! Scenarios comply with ννν data (masses, mixings) for both NO and IO,

viable DM candidate (correct relic density), in agreement with experimental bounds

!!! cLFV rates for Higgs decays much larger than pure leptonic cLFV modes

(important DM-mediated contributions to decays)

Scenarios comply with  data (masses, mixings) for both NO and IO, 
viable DM candidate (correct relic density) in agreement with experimental bounds 

cLFV rates for Higgs decays much larger than those of pure leptonic cLFV modes 
(important DM-mediated contributions to decays)

ν

Enomoto et al [1904.07039]



B-meson anomalies, , dark matter... and cLFVmν
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 SM extended via scalar leptoquarks ( ) and lepton triplets ( ) 

Gauge group reinforced via   SU(3) x SU(2) x U(1) x   

h1,2 ΣR

ZDM
2 ⇒ ZDM

2

B-meson anomalies, neutrinos, dark matter (and cLFV!)

!!! SM + scalar leptoquarks (h1,2h1,2h1,2) + lepton triplets ΣRΣRΣR; SU(3)×SU(2)×U(1)×ZDM
2

νL νLNRdL dR dR dL

h2 h2

h1 h1 !!! Radiatively induced mνmνmν (3-loop)

!!! Non-trival structure in leptoquark Yukawa couplings yyy

⇒⇒⇒ account for R(∗)
KR(∗)
KR(∗)
K anomalies!

yyy ∼

⎛

⎜

⎜

⎝

ϵ4 ϵ5 ϵ2

ϵ3 ϵ3 ϵ4

ϵ4 ϵ ϵ

⎞

⎟

⎟

⎠

!!! Huge impact / constraints from cLFV and meson decays:

CR(µ− eµ− eµ− e,N), K → πνν̄K → πνν̄K → πνν̄ the most stringent

!!! Oscillation data (perturbative couplings)

viable DM candidate" Σ0Σ0Σ0

!!! Explain RK(∗)RK(∗)RK(∗) anomalies [no RD(∗)RD(∗)RD(∗) , (g − 2)µ(g − 2)µ(g − 2)µ]

!!! Leptoquarks and triplets: within LHC reach!
[Hati, Kumar, Orloff, AMT, ’18]

 Radiatively induced  (3-loop, "KNT") 

 Non-trivial structure in leptoquark Yukawa couplings  

account for  anomalies

⇒ mν

⇒ y
RK(*)

B-meson anomalies, neutrinos, dark matter (and cLFV!)

!!! SM + scalar leptoquarks (h1,2h1,2h1,2) + lepton triplets ΣRΣRΣR; SU(3)×SU(2)×U(1)×ZDM
2

νL νLNRdL dR dR dL

h2 h2

h1 h1 !!! Radiatively induced mνmνmν (3-loop)

!!! Non-trival structure in leptoquark Yukawa couplings yyy

⇒⇒⇒ account for R(∗)
KR(∗)
KR(∗)
K anomalies!

yyy ∼

⎛

⎜

⎜

⎝

ϵ4 ϵ5 ϵ2

ϵ3 ϵ3 ϵ4

ϵ4 ϵ ϵ

⎞

⎟

⎟

⎠

!!! Huge impact / constraints from cLFV and meson decays:

CR(µ− eµ− eµ− e,N), K → πνν̄K → πνν̄K → πνν̄ the most stringent

!!! Oscillation data (perturbative couplings)

viable DM candidate" Σ0Σ0Σ0

!!! Explain RK(∗)RK(∗)RK(∗) anomalies [no RD(∗)RD(∗)RD(∗) , (g − 2)µ(g − 2)µ(g − 2)µ]

!!! Leptoquarks and triplets: within LHC reach!
[Hati, Kumar, Orloff, AMT, ’18]

B-meson anomalies, neutrinos, dark matter (and cLFV!)

!!! SM + scalar leptoquarks (h1,2h1,2h1,2) + lepton triplets ΣRΣRΣR; SU(3)×SU(2)×U(1)×ZDM
2

νL νLNRdL dR dR dL

h2 h2

h1 h1 !!! Radiatively induced mνmνmν (3-loop)

!!! Non-trival structure in leptoquark Yukawa couplings yyy

⇒⇒⇒ account for R(∗)
KR(∗)
KR(∗)
K anomalies!

yyy ∼

⎛

⎜

⎜

⎝

ϵ4 ϵ5 ϵ2

ϵ3 ϵ3 ϵ4

ϵ4 ϵ ϵ

⎞

⎟

⎟

⎠

!!! Huge impact / constraints from cLFV and meson decays:

CR(µ− eµ− eµ− e,N), K → πνν̄K → πνν̄K → πνν̄ the most stringent

!!! Oscillation data (perturbative couplings)

viable DM candidate" Σ0Σ0Σ0

!!! Explain RK(∗)RK(∗)RK(∗) anomalies [no RD(∗)RD(∗)RD(∗) , (g − 2)µ(g − 2)µ(g − 2)µ]

!!! Leptoquarks and triplets: within LHC reach!
[Hati, Kumar, Orloff, AMT, ’18]

Oscillation data (with perturbative couplings!) 

viable DM candidate   

Explain  anomalies (but not , nor ) 

Leptoquarks and triplets within LHC reach

↭ Σ0
R

RK(*) RD(*) Δaμ

Strong constraints from cLFV and kaon decays: 
CR( ,N) and  the most stringent!μ − e K → πνν̄

Hati, Kumar, Orloff, AMT [1806.10146]
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Unflavoured atomic anomalies,  and mν (g − 2)ℓAnomalies in “nuclear” transitions: 8Be8Be8Be and 4He4He4He

⋆⋆⋆ 8Be8Be8Be: anomaly in angular correlation of e+e−e+e−e+e− internal pair creation @ 5σ − 6σ5σ − 6σ5σ − 6σ

8Be∗8Be∗8Be∗ (jπ = 1+, T = 0) → 8Be08Be08Be0 (jπ = 0+, T = 0) , E = 18.15 MeV

⋆⋆⋆ Similar anomaly in e+e−e+e−e+e− angular correlation

of 4He4He4He (0− → 0+, 21.01 MeV decay) @ 7.2σ7.2σ7.2σ

""" Both anomalies can be interpreted as production and decay of hypothetical

light vector boson mX ∼ 17mX ∼ 17mX ∼ 17 MeV, ΓX/Γγ ∼ O(10−5) [Feng et al., ’20]

(regime subject to very strong experimental constraints...)

""" If such a state exists, could it ease/solve other SM tensions?

"Anomalies" in atomic decays:  and   further hints of NP? Flavoured or not?8Be 4He ⇒

 Production and decay of (hypothetical) light vector boson      eV 

 If such a state exists, could it ease further SM "tensions"?

⇒ mX ∼17 MeV, ΓX ∼0(10−5)

⇒

Angular correlation of   internal pair creation 
       @  

Similar deviations in   angular correlation 
                 @ 

8Be e+ e−
8Be*( jπ = 1+ , T = 0) → 8Be0( jπ = 0+ , T = 0) 5σ − 6σ

4He e+ e−
4He(0− → 0+ , E = 21.01 MeV) 7.2σ

Anomalies in “nuclear” transitions: 8Be8Be8Be and 4He4He4He

⋆⋆⋆ 8Be8Be8Be: anomaly in angular correlation of e+e−e+e−e+e− internal pair creation @ 5σ − 6σ5σ − 6σ5σ − 6σ

8Be∗8Be∗8Be∗ (jπ = 1+, T = 0) → 8Be08Be08Be0 (jπ = 0+, T = 0) , E = 18.15 MeV

⋆⋆⋆ Similar anomaly in e+e−e+e−e+e− angular correlation

of 4He4He4He (0− → 0+, 21.01 MeV decay) @ 7.2σ7.2σ7.2σ

""" Both anomalies can be interpreted as production and decay of hypothetical

light vector boson mX ∼ 17mX ∼ 17mX ∼ 17 MeV, ΓX/Γγ ∼ O(10−5) [Feng et al., ’20]

(regime subject to very strong experimental constraints...)

""" If such a state exists, could it ease/solve other SM tensions?

Feng et al [2006.01151]



Cancellation of scalar/vector contributions leading to �ae, �aµ�ae, �aµ�ae, �aµ
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comb.

Z 0

hX

� MEMEME = MLMLML ' 90 GeV, �L�L�L = �E�E�E = MLMLML/vX(' 6.4), mhX ' 70 GeV,
"B�L = 2 ⇥ 10

�3, " = �8 ⇥ 10
�4, kekeke = kµkµkµ = 10
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� Dashed lines: change of sign when pseudo-scalar contribution larger than scalar
and/or axial larger than vector
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Hati, Kriewald, Orloff, AMT  [2005.00028]

A simultaneous explanation to  and  and to  atomic decay "anomaly"? 
 Could a light  boson framework explain these and account for neutrino masses?

Δaμ ΔaCs
e

8Be
⇒ Z′�

Cancellation of NP contributions: saturate  and  

Constrained parameter space!   and    ! 

(More challenging with ...) 

Minimal “prototype model”  incorporated into  
protophobic U(1) SM extensions  

Δaμ ΔaCs
e

8Be Δaμ ⇒ Δae
ΔaRb

e

↝

Minimal framework: SU(3) x SU(2) x U(1) x U(1)    

  additional RH neutrinos, heavy vector-like leptons, new scalar  

  from mixings with  and   (dynamical seesaw)      

diagonalisation of  

   

B−L ↝ Z′�
h X

⇒ mν NR L0

Unflavoured atomic anomalies,  and mν (g − 2)ℓ

“Nuclear” 8Be∗ →8 Be08Be∗ →8 Be08Be∗ →8 Be0 anomalies and LFUV (g − 2)ℓ(g − 2)ℓ(g − 2)ℓ
!!! Could a light Z′Z′Z′ boson (mZ′ ∼ 17 MeV) framework simultaneously explain ννν masses,

the nuclear decay anomalies and the LFUV tensions in (g − 2)e,µ(g − 2)e,µ(g − 2)e,µ?

!!! Minimal framework: SU(3)×SU(2)×U(1)×U(1)B−L

Additional RH neutrinos, heavy vector-like leptons and new scalar hXhXhX

⇒⇒⇒ ννν masses from mixings with NR, L
0: diagonalisation of

""" mνmνmν ≃ −
y2
νv2

mM
, with mMmMmM = vXvXvX yM

⇒⇒⇒ new neutral currents (hX and Z′Z′Z′); suppressed Z′ννZ′ννZ′νν couplings (mixings with L0)

!!! Extensive experimental constraints!

- Searches for Z′Z′Z′, Caesium atomic PV, ...

- ν − eν − eν − e scattering: TEXONO and CHARM-II

Z′νν|vector → 0; new Z′νν|axialZ′νν|axialZ′νν|axial (νe,µ)

!!! Cancellations between NP contributions allow to saturate both observed (g − 2)e,µ(g − 2)e,µ(g − 2)e,µ

!!! Constrained parameter space: experimental bounds, 8Be8Be8Be & ∆aµ∆aµ∆aµ ⇒⇒⇒ “predict” ∆ae∆ae∆ae

“Nuclear” 8Be∗ →8 Be08Be∗ →8 Be08Be∗ →8 Be0 anomalies and LFUV (g − 2)ℓ(g − 2)ℓ(g − 2)ℓ
!!! Could a light Z′Z′Z′ boson (mZ′ ∼ 17 MeV) framework simultaneously explain ννν masses,

the nuclear decay anomalies and the LFUV tensions in (g − 2)e,µ(g − 2)e,µ(g − 2)e,µ?

!!! Minimal framework: SU(3)×SU(2)×U(1)×U(1)B−L

Additional RH neutrinos, heavy vector-like leptons and new scalar hXhXhX

⇒⇒⇒ ννν masses from mixings with NR, L
0: diagonalisation of

""" mνmνmν ≃ −
y2
νv2

mM
, with mMmMmM = vXvXvX yM

⇒⇒⇒ new neutral currents (hX and Z′Z′Z′); suppressed Z′ννZ′ννZ′νν couplings (mixings with L0)

!!! Extensive experimental constraints!

- Searches for Z′Z′Z′, Caesium atomic PV, ...

- ν − eν − eν − e scattering: TEXONO and CHARM-II

Z′νν|vector → 0; new Z′νν|axialZ′νν|axialZ′νν|axial (νe,µ)

!!! Cancellations between NP contributions allow to saturate both observed (g − 2)e,µ(g − 2)e,µ(g − 2)e,µ

!!! Constrained parameter space: experimental bounds, 8Be8Be8Be & ∆aµ∆aµ∆aµ ⇒⇒⇒ “predict” ∆ae∆ae∆ae

with dynamical mM = vXyM

23

 New neutral currents (  and ); suppressed  couplings (mixings with ) 
(regime subject to extensive experimental constraints!)

⇒ Z′� h X Z′�νν L0
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The flavour puzzle: the role of symmetries

See talks by J.Valle, August 19th 
                  P.Fileviez Perez, L.Merlo, S.Pokorsky, August 20th



Theories of flavour and the lepton sector

Extensive examples of complete constructions aiming at a “theory of (lepton) flavours”

!!! Discrete Flavour symmetries: GfGfGf ∼ ∆(3n2)∆(3n2)∆(3n2) type

⇒ lepton mixings & CP phases (low and high-energies)

Strong predictions for 0ν2β0ν2β0ν2β decay meemeemee

Interplay of low-energy CP phases and BAU

[Hagedorn and Molinaro, ’16]

!!! Discrete Flavour symmetries: A4,5, S4A4,5, S4A4,5, S4 type ⇒ leptonic mixing parameters

⇒ Impact for future ννν oscillation experiments

[Blennow et al, ’20]

!!! Restrictive Abelian groups: U1, ZNU1, ZNU1, ZN and Dirac ννν in 2HDM

⇒ Impact for tests of LFU in τ → ℓνν̄τ → ℓνν̄τ → ℓνν̄ decays and cLFV rare decays... [Correia et al, ’19]
24A.M. Teixeira, LPC Clermont

Flavour symmetries & more

 Discrete flavour symmetries:  type 
Patterns for lepton mixings and CPV phases  

 predictions for  ( ) 
 interplay of low-energy CP phases and BAU

Gf ∼ Δ(3n2)

⇒ mee 0ν2β
⇒

Hagedorn and Molinaro [1602.04206 ]
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Figure 4: Case 1). Baryon asymmetry YB of the Universe as function of the lightest neutrino mass m0

in the case of a light neutrino mass spectrum with NO (IO) in the left (right) panels. The plots at the top
(bottom) are realized for s = 1 (s = 3) that predicts ↵ = ⇡/2 (3⇡/2). This explains the di↵erent sign of YB

for s = 1 and for s = 3. The other parameters are fixed as in figure 3. The horizontal blue band indicates
the experimentally preferred 3� range of the value of the baryon asymmetry YB = (8.65± 0.27)⇥ 10�11 [1].
The di↵erently colored areas correspond to di↵erent choices of the parameter ⇣ shown in (109-111).

In contrast, ✏3 is in this case positive for small m0 . 3⇥ 10�2 eV and negative for larger values of
m0. It is, however, always strongly suppressed with respect to the other two CP asymmetries and
thus irrelevant for the computation of YB (unless ⇣ ⇡ ⇡/2, 3⇡/2), since such a strong suppression
cannot be compensated by the e�ciency factor ⌘(mi), see plot on the right of figure 2.

The described behavior of the CP asymmetries ✏i for NO and IO, respectively, explains the
results obtained for the baryon asymmetry YB, shown in the upper panels of figure 4. For NO,
upper-left panel of figure 4, only values of m0 ⇡ 10�3 eV allow for the correct sign as well as size of
YB for most of the values of ⇣. Indeed, in about 80% of the parameter space YB > 0 is reproduced.11

Moreover, YB within the experimentally preferred 3� range, indicated by the blue band in figure
4, is achieved for 6.8 ⇥ 10�4 eV . m0 . 1.7 ⇥ 10�3 eV. The contribution YB1, arising from N1

decays, dominates YB and is maximized for this particular range of m0, since the e�ciency factor
⌘(m1) takes the largest value, see figure 2. For larger values of m0, m0 & 0.02 eV instead YB can
take positive values, but only for a rather small portion of the choices of ⇣. In addition, its size is
slightly too small compared to the experimentally preferred 3� range for YB. This can be cured by
choosing a value for ̃ slightly larger than ̃ = 4⇥ 10�3, see (108). Since YB is proportional at LO

11We compute this percentage as follows: we take the interval of m0 with m0 . 3⇥ 10�3 eV and in which for some
value of ⇣ the size of YB can be correctly achieved and calculate the size of the light-blue area I+(�) with YB > (<)0
for this interval of m0. The ratio I+/(I+ + I�) then corresponds to the percentage of parameter space in which YB

is positive – in this case about 80%. We do so, since by changing the size of ̃, we can in principle for all choices
of ⇣ that lead to YB > 0 also achieve the correct size of YB , see (1). We use this measure also in the other cases to
estimate the predictive power of our approach regarding the sign of YB .
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Figure 4: Case 1). Baryon asymmetry YB of the Universe as function of the lightest neutrino mass m0
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 Hints of an organising principle: reduce arbitrariness of flavour sources ( , LQ couplings...) 

 increase prediction power (and testability!)  
Discrete and continuous (flavour) symmetries, extensions of the SM gauge group, ..., GUTs

Yf
ij

⇒

 Discrete flavour symmetries:  type   leptonic mixing parameters 

 Impact for future  oscillation experiments 
A4,5, S4 ⇒

⇒ ν

Theories of flavour and the lepton sector

Extensive examples of complete constructions aiming at a “theory of (lepton) flavours”

!!! Discrete Flavour symmetries: GfGfGf ∼ ∆(3n2)∆(3n2)∆(3n2) type

⇒ lepton mixings & CP phases (low and high-energies)

Strong predictions for 0ν2β0ν2β0ν2β decay meemeemee

Interplay of low-energy CP phases and BAU

[Hagedorn and Molinaro, ’16]

!!! Discrete Flavour symmetries: A4,5, S4A4,5, S4A4,5, S4 type ⇒ leptonic mixing parameters

⇒ Impact for future ννν oscillation experiments

[Blennow et al, ’20]

!!! Restrictive Abelian groups: U1, ZNU1, ZNU1, ZN and Dirac ννν in 2HDM

⇒ Impact for tests of LFU in τ → ℓνν̄τ → ℓνν̄τ → ℓνν̄ decays and cLFV rare decays... [Correia et al, ’19]

Blennow et al [2005.12277 ]

 Restrictive Abelian groups:  and Dirac  (realised in 2HDM)   
 Impact for tests of LFUV in  decays and cLFV rare decays... 

U1, ZN ν
⇒ τ → ℓνν̄ Correia et al [1909.00833 ]



  

'4321' model  

Coloron (vector octet)

-26-

Pati-Salam Leptoquark

 Towards "complete" flavoured constructions

25A.M. Teixeira, LPC Clermont

See, e.g., 

di Luzio et al [1808.00942]

Bordone  et al [1805.09328, 


1903.11517]

Greljo and Stefanek [1802.04272], ....

 From Pati-Salam  to "4321" to "flavoured 4321" models SU(4) × SU(2)L × SU(2)R

!32

Matter content

SU(4)3 × SU(3)1+ 2 × SU(2)L × U(1) SU(3)c × SU(2)L × U(1)Y

⟨Ω1,3,(15)⟩

Field SU(4)3 SU(3)1+2 SU(2)L U(1)Y 0

q
i
L 1 3 2 1/6

u
i
R 1 3 1 2/3

d
i
R 1 3 1 �1/3

`
i
L 1 1 2 �1/2

e
i
R 1 1 1 �1

 
3
L 4 1 2 0

 
3
Ru,d

4 1 1 ±1/2

�
i
L 4 1 2 0

�
i
R 4 1 2 0

H1,15 1,15 1 2 1/2

⌦1 4̄ 1 1 �1/2

⌦3 4̄ 3 1 1/6

⌦15 15 1 1 0

Flavoured 4321: low-energy limit of PS3 
    flavour dependent embedding 

 coloron  coupled mostly to 3rd generation 
 TeV scale  (LH & RH couplings) and ;  masses

⇒ G′�
⇒ U1 Z′� ν

Cornella et al [2103.16558]

One of the most successful  
attempts at  

UV completion! 

Exciting prospects for  
model building and  

quark-lepton unification

 Neutrino masses in flavour non-universal Pati-Salam extra-dimensional 3-site model  
 unification of all families of quark and leptons 

 natural description of SM Yukawa couplings 

 account for B-meson decay anomalies

⇒
⇒
⇒

Natural implementation of neutrino masses via  
Inverse Seesaw (additional singlet fermions )S(i)

L

Fuentes-Martin et al [2012.10492]



A.M. Teixeira, LPC Clermont

Concluding remarks



New Physics and "flavoured" lepton observables

26A.M. Teixeira, LPC Clermont

Confirmed observations and several "tensions" suggest the need to go beyond the SM 

In the lepton sector, -masses provided the 1st laboratory evidence of NP 
Many experimental "tensions" nested in lepton-related observables

ν

Lepton physics might offer valuable hints in constructing and probing NP models 
New Physics can be manifest via cLFV, LNV, ... even before any direct discovery! 
(Synergy of) lepton observables can provide information on the underlying NP model 

New Physics is there! Attempt at identifying the underlying model capable of accounting  
for all SM problems and "tensions" with observation! 

(Possibly deeply related with -mass generation, or at least encompassing a mechanism!) 

Explore different paths, and profit from amazing experimental prospects in the near future! 

ν
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26A.M. Teixeira, LPC Clermont

Confirmed observations and several "tensions" suggest the need to go beyond the SM 

In the lepton sector, -masses provided the 1st laboratory evidence of NP 
Many experimental "tensions" nested in lepton-related observables

ν

Lepton physics might offer valuable hints in constructing and probing NP models 
New Physics can be manifest via cLFV, LNV, ... even before any direct discovery! 
(Synergy of) lepton observables can provide information on the underlying NP model 

New Physics is there! Attempt at identifying the underlying model capable of accounting  
for all SM problems and "tensions" with observation! 

(Possibly deeply related with -mass generation, or at least encompassing a mechanism!) 

Explore different paths, and profit from amazing experimental prospects in the near future! 

ν

"Leave no (flavoured) stone unturned" - 

leave no single grain of sand unobserved,  

or flavour unte(a)sted!   "  

Thank  you !


