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SM+3 massive neutrinos



New results from T2K 

T2K CONSTRAINT ON δcp

✦To determine δcp intervals, produce the 1-D Δ[-2ln(Lmarg)] curves relative to 
the global minimum in the two hierarchies 

✦Critical Δ[-2ln(Lmarg)] values using the Feldman-Cousins prescription

✦The 2σ confidence interval is:
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Why are neutrinos so much lighter ?
Neutral vs charged hierarchy ?

mf	



CKM
Why so different mixing ?

3s
NuFIT 2.1 (2016)
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Why so different mixing ?
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A new physics scale ? 

Neutrinos are different…they can have majorana masses: 

�L
Majorana

= ⇥̄Lm�⇥
c
L + h.c. ⇥ L̄�̃ � �̃Lc + h.c.

[↵] = �1

Weinberg

↵ =
�

⇤

m⌫ = �
v2

⇤

Scale at which new particles will show up 
(mass of the neutrino mass mediators)



L

mn

Seesaw mechanism: 
Minkowski
Gell-Mann, Ramond Slansky
Yanagida, Glashow
Mohapatra, Senjanovic



What originates the neutrino mass ?

Could be  L >> v… the	standard lore (theoretical prejudice ?)

� ⇠ O(1)
m⌫

p⇤ = MGUT



Hierarchy problem ? 

not natural in the absence of SUSY/other solution to the 
hierarchy problem

MN � mH

eV keV MeV GeV TeV MPlanck
MN

The new scale is stable under radiative corrections due to Lepton Number 
symmetry but the EW is not!

H H

N

�m2
H =

Y †Y
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N log

MN
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Vissani

Hierarchy	problem	



mH

The Standard Model  is healthy as far as we can see…

Could be naturally  L ~ v ? 

Yes !

l in front of neutrino mass operator must be small…



Type II see-saw:
a heavy triplet scalar

Konetschny, Kummer; 
Cheng, Li;
Lazarides, Shafi, Wetterich…

Resolving the neutrino mass operator at tree level

Type III see-saw:
a heavy triplet fermion

Foot et al; Ma; 
Bajc, Senjanovic…

Type I see-saw:
a heavy singlet scalar

Minkowski; 
Yanagida; Glashow; 
Gell-Mann, Ramond Slansky; 
Mohapatra, Senjanovic…

E. Ma

l ~ O(Y2) l ~ O(Y2)l ~ O(Y µ/MD)



MN = GUT

MN~ v
n

Yukawa

Yukawa

MN~ GUT
n



Where is the new scale ?

eV keV MeV GeV TeV MPlanck
MN

“Once you eliminate the impossible, whatever remains, no 
matter how improbable/unnatural, must be the truth.”



eV keV MeV GeV TeV MPlanck
MN

Where is the new scale ?

Generic predictions 

Ø there is neutrinoless double beta decay at some level (L > 100MeV) 

model independent contribution from the neutrino mass 

bb0n



Where is the new scale ?

GeVMeVkeVeV TeVeV keV MeV GeV TeV MPlanck
MN

Leptogenesis

Generic predictions:

Ø a matter-antimatter asymmetry if there is CP violation in the 
lepton sector via leptogenesis

model dependent…



eV keV MeV GeV TeV MPlanck
MN

Generic predictions:

Ø there are other states out there at scale L: new physics beyond 
neutrino masses 

potential impact in cosmology, EW precision tests, LHC, 
rare searches, bb0n, …

model dependent…

Where is the new scale ?

new	states	accessible



eV keV MeV GeV TeV MPlanck
MN

Where is the new scale ?

bb0n

new	states	accessible
Leptogenesis

The EW scale is an interesting region: new physics underlying the 
matter-antimatter asymmetry  
could be tested !



Minimal model of neutrino masses:

Type I seesaw: SM+right-handed neutrinos

Minkowski; Yanagida; Glashow; Gell-Mann, Ramond Slansky; Mohapatra, Senjanovic…

MN

mn

nR � 2

m⌫ = �
v2

⇤
⌘ Y T v2

M
Y
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2
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Type I seesaw models

nR =3 : 18 free parameters (6 masses+6 angles+6 phases)  
out of which we have measured 2 masses and 3 angles…

m1
m2

m3

M1

M2

M3

MN
Dirac Seesaw

Light	neutrinos



Type I seesaw models

Phenomenology (beyond neutrino masses) of these models depends on 
the heavy spectrum and the size of  active-heavy mixing:
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Type I seesaw models

Casas-Ibarra

Strong correlation between active-heavy  mixing and neutrino masses:  

( but naive scaling too naive for nR >1…)

W/Z

l/ν

N

H

N

ν

Ulh
Ulh

p
2Mh

v

R: general orthogonal complex matrix (contains all the 
parameters we cannot measure in neutrino experiments)

Ulh ' iUPMNS
p
mlR

1p
Mh

light param
heavy param



Baryon asymmetry
The Universe seems to be made of matter



Baryon asymmetry

Can it arise from a symmetric initial condition with same matter & antimatter ?

Sakharov’s necessary conditions for baryogenesis

ü Baryon number violation (B+L violated in the Standard Model)
ü C and CP violation (both violated in the SM) 
ü Deviation from thermal equilibrium (at least once: electroweak

phase transition) 

It does not seem to work in the SM with massless neutrinos … 

Massive neutrinos provide new sources of CP violation and non-equilibrium 
conditions 

CP violation too small ✘
EW phase transition too weak ✘



Leptogenesis

GeVMeVkeVeV TeVeV keV MeV GeV TeV MPlanck
MN

Leptogenesis I

Standard leptogenesis in out-of-equilibrium 
decay MN> 107GeV

Fukuyita, Yanagida

Models with massive neutrinos generically lead to generation of lepton and 
therefore baryon asymmetries

Can be extended to lower scales at the expense of a extreme degeneracy of the
heavy states: resonant leptogenesis

Pilaftsis,…



High–scale leptogenesis
New sources of CP violation and L violation in the neutrino sector 
can induce CP asymmetries in decays of heavy Majorana n

Generic and robust feature of see-saw models for large enough scales
MN > 107-109 GeV (unless an extreme degeneracy exits)

Fukuyita, Yanagida



High-scale leptogenesis

(decay rate < hubble expansion)



Leptogenesis

GeVMeVkeVeV TeVeV keV MeV GeV TeV MPlanck
MN

III

Akhmedov, Rubakov, Smirnov; 
Asaka, Shaposhnikov,…

Leptogenesis from neutrino oscillations 
0.1GeV <M < 100GeV



Low-scale Leptogenesis

CP asymmetries arise in production of sterile states oscillations

L↵ ! L� 6= L̄↵ ! L̄�

La

F

Lb

F

Different flavours different efficiency in transfering it to the baryons 

X

↵

�↵
CP = 0 YB /

X

↵

�↵
CP ⌘↵



Low-scale leptogenesis

TEW

(scattering rate < hubble expansion)



Testability/predictivity ?

• YB cannot be determined from neutrino masses and mixings only 

• More information from the heavy sector is needed:

High-scale scenarios: very difficult for MN > 107 GeV

Low-scale scenarios:   N’s can be produced in the lab 
and could be in principle detectable !



Full exploration of the  minimal model N=2

Bayesian posterior probabilities (using nested sampling Montecarlo Multinest) 

Use Casas-Ibarra parametrization: fix light neutrino masses and mixings to
the best fit oscillation points (IH/NH) and vary

Flat priors in: 



Full exploration of the  minimal model N=2

Inverted	neutrino	ordering	(IH)

PH, Kekic, Lopez-Pavon, Racker, Salvado
arxiv:1606.06719



In the  minimal model with just nR=2 neutrinos (IH)	

Colored regions: posterior probabilities of successful YB

SHIP
DUNE FCCee

PH, Kekic, Lopez-Pavon, Racker, Salvado
arxiv:1606.06719

68%

90%



In the  minimal model with just nR=2 neutrinos (IH)	

Rare meson 
decays searches Displaced

vertex searches in 
Z decays

Neutrino 2016, London, UK, July 2016 R. Jacobsson (CERN)

� B-factories e. g. 𝐵 → 𝜋±𝜇∓𝜇∓ (CLEO, Belle, BaBar and LHCb)
• 𝑙ᇱ, 𝑙 = 𝑒, 𝜇

� (Hadron colliders)
• 𝑙′, 𝑙 = 𝑒, 𝜇

� Proton beam dump 𝑋 → 𝑋 + 𝑁 𝑙𝑜𝑛𝑔 − 𝑙𝑖𝑣𝑒𝑑 , 𝑁 → 𝑙𝜋, 𝑙𝜌, 𝑙𝑙′𝜈, 𝑙 = 𝑒, 𝜇

6

𝑁ூ

𝑊∓

𝑢

𝑏

𝜈௟ᇱ
(     )

𝜈௟
(     )

𝑙′∓

𝑙±

𝑊∓

Like-sign case: LNV
𝐵∓, 𝐷∓, 𝐾∓

𝜋∓

𝑁ூ

𝑊±

𝑞(ᇱ)

𝑞

𝜈௟ᇱ
(     )

𝜈௟
(     )

𝑙′±

𝑙∓

𝑊±

Like-sign case: LNV

𝑞(ᇱ)

𝑞

2 jets

𝑁ூ
𝜈௜

(     )

𝜈௟
(     )

X

𝑙±

𝑊∓

𝐾,𝐷, 𝐵

𝜋±, 𝜌±

𝑁ூ

𝑙′ି

𝐵଴,∓

ത𝑞

𝑏 𝜈௟ᇱ
𝑊ି

𝑐(𝑢)

ത𝑞

𝑙ି

𝑊ା

𝜋ା
𝜈௟

ℎ଴,∓

Neutrino 2016, London, UK, July 2016 R. Jacobsson (CERN)

� Lepton collider – circular/linear (Z, W, H factory), also 𝜇𝜇−, 𝛾𝛾−, 𝑒𝛾 −colliders
• Collider detectors sensitive to detached vertex 100µμ𝑚 ≲ 𝑐𝜏 ≲ 10𝑚 (masses ≳ 10 𝐺𝑒𝑉)

• Most promising channel: 𝑒ା𝑒ି → 𝑁 → 𝑙∓𝑊± 𝜈௟ ∶ 𝑙∓ + 2𝑗 + 𝐸௠௜௦௦

Æ Both s- and t-channel, insensitive to Majorana nature of 𝑁
Æ Limited hadronic activity at lepton collider, controlled by kinematical cuts

• Alternative: 𝑒ା𝑒ି → 𝑁(→ 𝑙′∓𝑊±)𝑙∓𝑊± ∶ 𝑑𝑖 − 𝑙𝑒𝑝𝑡𝑜𝑛 + 4𝑗
• Sum of s- and t-channel contributions for 𝑙ᇱ = 𝑒
• Same sign di-leptons to remove background Î LNV Î sensitive to Majorana nature
• Extremely clean

• Other t-channels:  𝑒ା𝑒ି → 𝑁(→ 𝑙′∓𝑊±)𝑒∓𝑙±𝜈௟
• Also Higgsstrahlung : 𝑒ା𝑒ି → 𝑍𝐻(→ 𝑁𝜈௟) , for 𝑚ே > 𝑚ு

• Inverse 0ν𝛽𝛽 𝑑𝑒𝑐𝑎𝑦: 𝐿𝑁𝑉 𝑒ି𝑒ି → 𝑊ି𝑊ି mediated via t-channel N exchange (No SM background)
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Predicting  YB in the minimal model nR=2  ?

Assume a point within SHIP reach that gives the right baryon asymmetry

• SHIP measurement could provide (if states not too degenerate)

M1,	M2,	|Ue1|2,	|Uµ1|2,	|Ue2|2,	|Uµ2|2	

• Future neutrino oscillations: d phase in the UPMNS



Predicting  YB in the minimal model nR=2 (IH)
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PH, Kekic, Lopez-Pavon, Racker, Salvado
arxiv:1606.06719

0.

Ø Grey band: standard light neutrino contribution to mbb for IH
Ø Significant interference between light/heavy neutrino contributions to mbb



Predicting  YB in the minimal model nR=2

Heavy states also contribute to the bb0n amplitude…

the heavy contribution is sizeable for	Mi of O(GeV)

Blennow,Fernandez-Martinez, Lopez-Pavon, Menendez;
Lopez-Pavon, Pascoli, Wong; Lopez-Pavon, Molinaro, Petcov

m�� =
3X

i=1

[(UPMNS)ei]
2 mi

| {z }
Light states

+
3X

i=j

U2
ejMj

M0⌫��(Mj)

M0⌫��(0)
| {z }

Heavy states

Mj ! 1 M0⌫��(Mj)
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/

✓
100 MeV
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◆2

The non standard contributions bring essential information of some CP phases
and other unknown parameters 



Predicting  YB in the minimal seesaw model M~GeV
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The GeV-miracle: the measurement of the mixing to e/µ of the sterile states, 
neutrinoless double-beta decay and d in neutrino oscillations have a chance to give a 
prediction for YB

PH, Kekic, Lopez-Pavon, Racker, Salvado
arxiv:1606.06719



Sample point

d=	234o		 a=	254o		

Yukawa

M1 ~M2~0.77 GeV , DM/M ~10-2



How fine-tunned is the range of parameters for successful
leptogenesis ?

The very degenerate regions could be understood in terms of an approximate
global symmetry U(1)L

0

@
0 Y v 0
Y v 0 MN

0 MN 0

1

A

L(N1)=	+1,		L(N2)	=	-1 �L⌫ � N̄1MN c
2 + Y L̄�̃N1 + h.c.

Degenarate heavy neutrinos and massless light neutrinos…

Wyler, Wolfenstein; Mohapatra, Valle; Branco, Grimus, Lavoura, Malinsky, Romao;Kersten, Smirnov;
Abada et al; Gavela et al….many others



How natural is the range of parameters for successful
Leptogenesis ?

The very degenerate regions could be understood in terms of an approximate
global symmetry U(1)L

Wyler, Wolfenstein; Mohapatra, Valle; Branco, Grimus, Lavoura, Malinsky, Romao;Kersten, Smirnov;
Abada et al; Gavela et al….many others

Ø How small must the small entries be ?

0

@
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A



How natural is the range of parameters for successful
ARS leptogenesis ?

  

Ø Blue region prefers a mild hierarchy in all U(1)L breaking terms
Ø Red region points requires µ, µ’ entries significantly smaller than e



How large can the mixing be (even if less probable) and still 
have successful  baryogenesis ?

Figure 9: The solid, dark blue lines show the largest and smallest value of U2 we find to be consistent
with neutrino oscillation data and the requirement to explain the observed BAU as a function of
M̄ = (M

1

+M
2

)/2. They are compared to the upper bound from direct search experiments summarised
in Ref. [14] (solid black line), the lower bound from neutrino oscillation data (gray dashed “seesaw”
line) and the lower bound from the requirement that the Ni have a lifetime of less than 0.1s so that
their decay does not modify primordial nucleosynthesis (dotted gray “BBN” line). The upper panel
corresponds to normal neutrino mass hierarchy, the lower panel corresponds to inverted hierarchy.

28

Drewes, Garbrecht,Gueter, Klaric
arxiv: 1606.06690 Abada, Arcadi, Domcke, Lucente

arxiv: 1709.00415

Figure 5: Mixing between the active and singlet neutrino sector in the LSS-ISS model for viable leptogenesis solutions.

The black line denotes the existing bounds discussed in Section 2.1, the colored lines refer to the sensitivity curves

of the planned experiments NA62, LBNF/DUNE, FCC-ee and SHiP. For comparison, the dashed gray line indicates

the largest mixing found in the weak washout regime in Ref. [17]. As in Fig. 2, the blue (red) points correspond to

normal (inverted) hierarchy. The di↵erence between inverted and normal hierarchy is most evident in the mixing

with the electron neutrino, here the inverted hierarchy leads to a significantly larger mixing.

4.2 The Inverse Seesaw

4.2.1 Parameter space

To perform the numerical exploration of the parameter space of the minimal Inverse Seesaw models

discussed in Sec. 2.3 we adopt a parametrization inspired by the Casas-Ibarra one [114], but adapted

for the ISS(2,2) and ISS (2,3) models. In the framework of a generic ISS mechanism, the low-energy

e↵ective neutrino mass matrix m
⌫

is given by the relation

d
�

n�1

�

T

⇠ ⇤
�

n�1

�

dT = m
⌫

= U⇤m̂
⌫

U †, (65)

where m̂
⌫

is a diagonal matrix containing the physical neutrino masses and U is a unitary matrix,

which approximately coincides with the PMNS mixing matrix U (⌫) measured in experiments.12 By

working in a basis in which the sub-matrix ⇠ ⇤ in Eq. (12) is real and diagonal, it is possible to

rewrite Eq. (65) as

UTd
�

n�1

�

T

p

⇠ ⇤
| {z }

K

p

⇠ ⇤
�

n�1

�

dTU
| {z }

K

T

= m̂
⌫

, (67)

where we have defined a complex (3 ⇥ 2)-dimensional matrix K. The relation
P

i=1,2

K
↵i

K
�i

=

�
↵�

m
↵

, with the additional constraint m
↵

= 0 for ↵ = 1 (↵ = 3) for normal (inverted) hierarchy

12The two matrices are related by

U (⌫) =

✓
1� 1

2
⇥⇥†

◆
U +O(⇥3), (66)

where the matrix ⇥ parametrizes the deviation from unitarity of the PMNS matrix. Given the strong experimental

constraints on it, ⇥ can be neglected in the present discussion.
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The seesaw path to leptonic CP violation: 
flavour ratios of heavy lepton mixings strongly correlated with ordering, UPMNS matrix:  d, f1

In minimal model:

Superb sensitivity to Majorana CP phases: complementary to oscillations

Caputo,	PH,	Lopez-Pavon,	Salvado arxiv:1611.05000	



If SHIP/FCC-ee measures the heavy neutrinos and their  mixings to e/µ:

Can we exclude a real UPMNS matrix ie.
discover leptonic CP violation in mixing ? 

(d, f1) ≠ (0/p,0/p)
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Leptonic CP violation 5s CL discovery regions (SHIP)

(no systematic error included)

RCP=5s CP-fraction = 
fraction of the area of the CP rectangle which is colored

Inverted	HierarchyNormal	Hierarchy

0 ⇡/2 ⇡ 3⇡/2 2⇡

�

0

⇡/2

⇡

3⇡/2

2⇡

�

� = 3.1375

� = 3.4

� = 4.275

0 ⇡/2 ⇡ 3⇡/2 2⇡

�

0

⇡/2

⇡

3⇡/2

2⇡

�

� = 3.75

� = 3.05

� = 2.7

Caputo,	PH,	Lopez-Pavon,	Salvado arxiv:1611.05000	



Beyond the minimal model

Many possibilities:

Examples: type I +W’, Z’, 
left-right symmetric models
GUTs, etc

Keung, Senjanovic; Pati, Salam, Mohapatra, Pati; Mohapatra, Senjanovic; 
Ferrari et al + many recent refs…

Ø Generically gauge interactions can enhanced the production in colliders
Ø But they make leptogenesis more challenging (out-of-equilibrium 

condition harder to meet)



Interesting possibility:

EW SM + neutrino mass mediator (N)

TeV Extra interactions (LR, etc)

Effective theory SM+N’s 



Model independent approach: EFT

correlations between the light and heavy neutrino masses and mixings [30] that underlie

the predictivity and testability of this model could be preserved or under what conditions

they might be.

A model independent way of answering this question is by building the e↵ective theory

and analysing what modifications on the correlations higher dimensional operators can

induce. The list of higher dimensional operators in the SM up to dimension d = 6 is well-

known [31–33] and has been studied extensively. Interestingly however in the extended

theory with fermion singlets [34–36], there are more d = 5 operators than in the SM. The

relatively light singlet states provide a new portal into BSM physics. In this paper we will

restrict ourselves to the lowest dimensional operators of d = 5, which are expected to be

dominant.

The paper is organized as follows. In the section 2 we describe the minimal model and

the extension by d = 5 operators. In section 3 we consider the di↵erent constraints on the

d = 5 operators from neutrino masses and LHC and in section 4 we conclude.

2 The seesaw e↵ective theory

At energies much smaller than the new physics scale, ⇤, the theory is just a type I seesaw

model [37–40] with two Majorana neutrinos in the GeV range, with the Lagrangian

LSS = LSM �
X

↵,i

L̄↵Y ↵i�̃Ni �
2

X

i,j=1

1

2
N c

i M ij
N Nj + h.c.

The leading e↵ects of the new physics should be well described by higher dimensional

operators of d = 5 that can be constructed in a gauge invariant way with the Standard

Model fields and the heavy Majorana neutrinos. These have been classified in Refs. [34–

36]. There are three independent operators:

OW =
X

↵,�

(↵W )↵�

⇤
L↵�̃�

†Lc
� + h.c., (2.1)

ON�

=
X

i,j

(↵N�

)ij
⇤

N iN
c
j�

†�+ h.c., (2.2)

ONB =
X

i 6=j

(↵NB)ij
⇤

N i�µ⌫N
c
j Bµ⌫ + h.c. (2.3)

The first is the well known Weinberg operator OW [31] that induces a new contribution to

the light neutrino masses, independent of the contribution of the N fields. The new operator

ON�

contributes to the N Majorana masses, and interestingly gives additional couplings

of these heavy neutrinos to the Higgs [19, 34], which are not necessarily suppressed with

the Yukawa couplings. Constrains on this operator have been extensively studied in the

context of Higgs portal dark matter [41]. In that case however, it is assumed that the

Majorana fermion constitutes the dark matter and therefore does not decay, for which it is

necessary to forbid the yukawa coupling to the lepton doublet. In our case the states can
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Figure 4. Higgs decay to two heavy neutrinos leading to displaced vertices

Our aim in this section is to do a simple estimate of the bounds on the coupling ↵N�

/⇤

from searches of higgs decays to two displaced vertices at LHC. A closely related calculation

has been done in the context of U(1)0 models in [50], where the signal selection has been

performed following recent searches by the CMS collaboration [51, 52]. We have considered

two di↵erent analyses: 1) a search of displaced tracks in the inner tracker where at least one

displaced lepton, e or µ, is reconstructed from each vertex; 2) a search for displaced tracks

in the muon chambers and outside the inner tracker where at least one µ is reconstructed

from each vertex. The charges are not restricted and therefore events with same-sign or

opposite sign leptons are possible.

For simplicity we will consider only semileptonic decays of the Ni which give rise to

two lepton final states through the decay

Ni ! l±W⌥ ! l±qq̄0. (3.17)

We consider a parton-level Monte Carlo analysis using Madgraph5 [53] at LHC with

a center-of-mass energy of 13TeV and 300 fb�1 luminosity. We include only the dominant

gluon fusion higgs production and we consider the production of just one neutrino species,

N
1

. The production cross section pp ! h ! N
1

N
1

is shown in Fig. 5 as a function of the

heavy neutrino mass for various values of the coupling gN�

⌘ v(↵N�

)

11p
2⇤

. In Fig. 6 we show

the Br(H ! N
1

N
1

) as a function of gN�

for various values of the mass (here we assume

the higgs decays just to one neutrino).

The pT of the two leading leptons is shown in Fig. (7). Following [50], the signal

selection is done by requiring two lepton tracks, e or µ that satisfy the following kinematical

cuts on transverse momentum, pseudorapidity and isolation of the two tracks:

pT (l) > 26 GeV, |⌘| < 2, �R > 0.2, cos ✓µµ > �0.75. (3.18)

In the case of muons a constraint in the opening angle ✓µµ is imposed in order to reduce

the cosmic muon background. The e�ciencies resulting from these consecutive cuts for
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could lead to spectacular signals at LHC/colliders of two displaced 
vertices from higgs decays (production independent of U)
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Figure 11. Regions on the plane (M, U2) where LHC displaced track selection e�ciency (eq. (3.20)
and (3.21)) is above 10% in the IT (blue band) and MC (red band). The grey shaded region cannot
explain the light neutrino masses and the green lines correspond to the upper limits of the 90%CL
bayesian region for successful baryogenesis in the minimal model for NH (solid) and IH (dashed),
taken from [13].

On the other hand, large hierarchies ↵W ⌧ ↵N�

⇠ ↵B could be present undisrupted

by radiative corrections. In this case, direct bounds on the other two d = 5 operators

might be competitive and o↵er a new window into neutrino physics at the LHC. We have

considered the bounds on ↵N�

from searches of displaced leptons at LHC and we have

found that LHC with 300 fb�1 at 13TeV could set bounds
�

�

�

�

↵N�

vp
2⇤

�

�

�

�

 10�3 � 10�2 ! ↵N�

⇤
 6 ⇥ (10�3 � 10�2)TeV�1. (4.2)

It is important to note that if the coe�cient of this operator is above this sensitivity limit,

LHC could detect the sterile neutrinos for significantly smaller mixings than it is possible

in the minimal model, in particular LHC could even reach the seesaw limit as shown in

Fig. 11.

The bounds on ↵NB were considered in ref. [36] and found to be

↵NB

⇤
 10�2 � 10�1TeV�1. (4.3)

These operators could appear at tree level in extensions with scalar singlets, such as the

Majoron model, where the singlet can couple to the singlet Majorana contraction N̄N c and

the Higgs portal �†�. The exchange of the singlet scalar leads at tree level to the operator

ON�

. On the other hand the operator ONB needs to be generated at one loop.

Finally flavour symmetries could also explain a large hierarchy of ↵W and ↵N�

or ↵NB.

An approximate U(1)L could explain the hierarchy ↵W ⌧ ↵N�

, ↵NB. Such symmetry is

also the most natural scenario within the minimal model to have mixings significantly

larger than the naive seesaw limit as required for their observability. Similarly, hierarchies
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In the case of muons a constraint in the opening angle ✓µµ is imposed in order to reduce
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A large hierarchy between the coefficients would be needed since the 
Weinberg operator is much more strongly suppressed: technically natural 
with U(1)L 
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Conclusions
• Exploring the EW-> TeV region for NP related to neutrino masses is very 

well motivated 

• A minimal model of neutrino masses with a new scale near GeV can 
explain the baryon asymmetry and might do so in a testable way (IH more 
promising)

• Testability in simplest model will require the contribution of very different 
type of experiments:

SHIP/FCCee: masses and mixings of the heavy neutrino states 

 DUNE/HyperK: CP violation n neutrino oscillations

 bb0n: non-standard contributions from heavy sector

• Flavour mixings of the heavy states high sensitivity to CP phases in UPMNS
(in particular Majorana phases!)

• Mediators of neutrino mass at the EW provide a new portal to BSM 
physics 


